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Abstract

This thesis presents an in-depth analysis of the nonlinear optical response in super-
conductors exposed to intense THz pulses, using a quasi-equilibrium approach rooted
in many-body perturbation theory. By establishing connections between nonlinear
response functions and experimentally measurable quantities, we investigate how
superconducting systems respond to single-pulse and two-pulse (multidimensional)
protocols. Special focus is given to understanding how diverse light-matter coupling
mechanisms and electronic excitations shape the observable outcomes across different
experimental setups. We examine, for instance, the role of phase fluctuations in
single-layer and bilayer cuprates, which show marked differences in third harmonic
generation (THG) along the CuOy stacking direction due to the combined action of
their momentum dispersion and light polarization. Our work then moves to two-
dimensional (2D) THz spectroscopy, which offers unique capabilities to distinguish
various nonlinear pathways in quantum materials. We begin with a simplified semi-
conductor model where we can explicitly compute different light-matter interaction
processes and analyze two applications in superconducting systems, applying insights
from the THG analysis. We then examine 2D THz spectroscopy of cuprates, where
internal screening effects present challenges in disentangling distinct contributions,
and subsequently turn to NbN thin films. In the latter case, we demonstrate how
specific nonlinear pathways can be uniquely sensitive to amplitude fluctuations,
revealing a fresh perspective on the analysis of superconducting dynamics.
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Introduction

Understanding and controlling the emergence and temporal evolution of quantum
phases following external perturbations provides critical insights into the roles of
charge, spin, orbital, and lattice degrees of freedom in shaping the macroscopic,
functional properties of materials. This endeavor is not only of substantial funda-
mental interest but also represents a foundational step toward realizing a range of
future quantum technologies, including quantum sensing, high-speed data processing,
and storage solutions. Recent advances in laser technology have enabled the use
of optical pulses to externally drive quantum materials, either through impulsive
interactions or sustained perturbations, to induce transient states that reveal novel
physical phenomenal48], 1T}, 138 [51].

The strength of the perturbation serves as a primary control parameter for the
range of phenomena emerging from the interaction of a light pulse with a quan-
tum material characterized by a complex phase diagram with multiple, intertwined
degrees of freedom[27]. In the weak-pulse regime, optical driving can transiently
activate collective oscillations of underlying order parameters, and by monitoring
these modes in the time domain, one can disentangle distinct microscopic excita-
tions and their interactions[98] 113, 50]. In some materials, photoexcitation can
induce transitions to alternative low-energy or hidden states that are unfavored or
metastable in thermal equilibrium. Under carefully controlled excitation conditions,
ultrafast changes in the free energy landscape may also trigger nonequilibrium phase
transitions, providing insights into nonthermal critical behavior[37, [101]. At even
higher excitation strengths, the system can enter nonlinear regimes where effective
microscopic couplings dynamically evolve, modifying the quantum many-body wave
function and revealing emergent phenomena without equilibrium analogs[4T], [64].

Given these distinctions, a primary theoretical challenge lies in adapting many-
body methodologies, typically formulated in the frequency domain, to time-resolved
protocols. In a fully nonequilibrium setup, these approximation schemes are more
complex than in equilibrium, as time translational invariance cannot be exploited
and, generally, two time variables instead of one energy variable must be managed.
Consequently, significant theoretical work has been devoted to either perturbative
calculations of the nonlinear response, applicable in the weak-pump regime including
many-body effects, or to incorporating periodic drive effects in frameworks for
weakly correlated materials, such as Floquet formalism and time-dependent density
functional theory, suited to the strong-pump regime [132], 8 27].

In this thesis, we employ a quasi-equilibrium perturative approach, which restricts
the range of field strengths and phenomena that can be described but nevertheless
captures a wide array of experimental findings in various quantum materials[142].



2 Introduction

More specifically, we apply the standard diagrammatic theory in an effective-action
formalism, which allows to handle the dynamics of the various degrees of freedom at
play in a compact way[108], 25]. To motivate the need for our effective-action ap-
proach, we will start in Chapter 1 by recalling the limitations of the time-dependent
Ginzburg-Landau framework applied to superconducting excitations, emphasizing
the necessity of a many-body Hamiltonian that treats fermions as dynamic degrees
of freedom|[21], 128]. This method is particularly relevant under the non-adiabatic
conditions encountered with THz waveforms and the electronic response in super-
conductors, a distinctive feature that sets superconducting excitations apart from
other collective modes, such as phonons in wide-band insulators. In our case, in fact,
the typical energy scale associated with the collective amplitude mode of the order
parameter coincides with the scale of the fermionic excitations, ultimately mediating
the coupling between light and matter.

Having clarified the limitations and strengths of our methodology, we proceed
by reviewing the link between microscopically derived response functions—defined
at nonlinear order in the spirit of the Kubo formula for linear response—and the
experimental observables accessed in measurements. We will examine the reason-
ing that connects the measured quantities in the case-study experiment of Third
Harmonic Generation (THG) to a microscopic response function derived from a
theoretical description of the superconducting state. A central theme of this thesis
will be determining the conditions under which the above-mentioned connection
can be applied across a range of superconducting (and other) systems, experimental
geometries, and increasingly complex time-resolved protocols that generate nonlinear
signals. In several key cases discussed in the following chapters, we will examine how
this link can—and sometimes must—be refined and expanded to accurately capture the
mechanisms underlying nonlinear current generation. Chapter 1 ends by introducing
a compact yet versatile tool for describing the outcomes of THz experiments in
both single-pulse and multi-pulse protocols, based on the perturbative solution of
Maxwell’s equation in presence of a non-linearly generated current, a framework
that will be applied in subsequent chapters to various experimental scenarios to
capture the effects of light propagation.

In Chapter 2, we examine the case of third harmonic generation (THG) in
layered superconductors, specifically focusing on cuprates[39]. The weak coupling be-
tween CuOq planes induces strong anisotropy between the in-plane plasma frequency
wgy and the out-of-plane plasma frequency w, in the long-wavelength limit. While
wgry lies at an energy scale largely unaffected by the superconducting transition,
the softer w, plasmon becomes undamped with the opening of the superconduct-
ing gap below T,., manifesting as a sharp plasma edge in c-axis reflectivity at a
temperature-dependent scale, w,(T") [137]. In cuprates, pair tunneling dominates
inter-layer hopping below T, justifying a Josephson-like description for out-of-plane
plasma/phase modes. The intrinsic anharmonicity of this model serves as a primary
source of nonlinear optical response below 7., encoded in the minimal coupling of
the phase gradient to the gauge field [I1§].

Analogous to nonlinear phononics [41], the primary THG mechanism can be
understood as a sum-frequency process in which two photons of the THz pulse,
centered at frequency €2, simultaneously excite two plasma waves with opposite
3D momental45]. As a result, while linear reflectivity is sensitive only to the long-



wavelength plasma frequencies w;, and w, nonlinear optics probes a convolution
of plasma excitations at finite momenta, which shows marked differences between
single-layer and bilayer structures.

In single-layer systems, the light polarization fully projects the plasmon dispersion
toward the lower energy w, value measured by linear optics. In bilayer superconduc-
tors, however, the modulation of intra-bilayer (J.1) and inter-bilayer (J,2) Josephson
couplings along the stacking direction—with J,; > J,2-leads to a doubling of the
Josephson plasmon branches, producing two scales in the long-wavelength limit:
W,1 > ws9. The smaller scale, w.s o< v/J.2, determines the lower, sharper reflectivity
edge at zero momentum. By calculating the THG in the bilayer case, we show that
the dominant contributions to THG originate from intra-bilayer phase fluctuations,
which scale conversely with the larger Josephson stiffness, J,;. Consequently, in
bilayer systems, momentum integration shifts the THG spectral weight towards a
higher energy scale, accounting for the absence of any resonance associated with the
lower Josephson plasmon seen in linear optics[73].

In the remaining part of the thesis, we delve into two-dimensional coherent
spectroscopy (2DCS), a powerful nonlinear spectroscopic technique that tracks
system dynamics by exciting a sample with two time-delayed pulses [26]. The
resulting spectra, mapped over two independent time axes and Fourier-transformed,
provide a comprehensive view of the nonlinear response, capturing specific four-
wave mixing processes and revealing the underlying interactions within the system.
Initially developed for molecular and semiconductor systems, 2DCS has now been
extended into the THz range to investigate collective modes and interactions in
quantum materials, including superconductors[92] [75] [72, [89].

The two-dimensional nature of this protocol makes it uniquely suited for identi-
fying coupled modes and interaction mechanisms by resolving different nonlinear
pathways that are otherwise challenging to disentangle in single-pulse experiments.
In Chapter 3 we establish a basic theoretical framework to model THz 2D exper-
iments across various electronic system having as core ingredient the third-order
response function. These are characterized by two ingredients making them different
from previously studied molecular systems: (i) a continuum of electronic excitations
and (ii) the existence of paramagnetic and diamagnetic microscopic couplings to
light. An application to a model semiconductor demonstrates how these two different
types of coupling yield different signatures in the 2D spectral maps, showcasing the
technique’s potential to reveal subtle distinctions between nonlinear processes.

In Chapter 4, the focus narrows to two applications of two-dimensional spec-
troscopy on superconductors. The first example investigates the c-axis response in
single-layer cuprates [89], combining insights from previous analyses of THG dis-
cussed in Chapter 2 within the 2DCS framework developed in Chapter 3. Emphasis
is placed on understanding how the linear response of the system influences the
resulting 2D spectral map. A key challenge in this case is disentangling contributions
from the two-plasmon processes—characteristic nonlinear pathways in these systems—
from simpler, instantaneous processes [52]. This complexity is further compounded
by disorder-related effects, which add yet another layer of difficulty in isolating the
nonlinear signatures of the two-plasmon response. This example underscores the
challenges and the critical refinements needed for effective analysis of 2D spectra in
superconducting materials.



4 Introduction

We then report the results of our work [72], conducted in collaboration with
N. Peter Armitage’s experimental group, which used THz-2DCS to examine the
properties of superconducting thin films of niobium nitride (NbN). Specifically, we
focused on measurements using narrowband THz pulses with an angular frequency
), collected at zero-time delay between the two pulses. The intrinsic subtraction
method in 2DCS enabled us to isolate two prominent peaks in the power spectrum,
observed at 2 and 3(2, corresponding to first harmonic (FH) and third harmonic
(TH) of the pump. Notably, both FH and TH intensities scaled with the third
power of the field strength, confirming these as third-order nonlinear responses.
The TH signal exhibited a temperature-dependent peak intensity when 22 matched
twice the superconducting (SC) gap energy, 2A, consistent with previous reports
[98]. Meanwhile, the FH signal showed a resonance when the driving frequency
equaled 2A, a behavior that was consistently observed across NbN samples with
varying critical temperatures T.. This FH signal, usually masked by the dominant
first harmonic from linear transmission in single-pulse experiments, was distinctly
resolved here due to the unique difference-signal analysis encoded in 2DCS.

To better understand the experimental observations, we employed the diagram-
matic approach to analyze the different nonlinear processes occurring in the super-
conducting state, which arise from the combination of diamagnetic (quadratic) and
paramagnetic (linear) couplings between electronic excitations and the electromag-
netic field. Our findings indicate that the enhancement of the first harmonic (FH)
signal observed when €2 = 2A can only be explained by incorporating paramagnetic
processes that are activated by disorder. We investigated these expectations through
numerical simulations performed on the attractive Hubbard model on a square lattice,
incorporating Anderson-type impurities to account for disorder, in collaboration
with G. Seibold, separating the contributions from quasiparticle excitations and
amplitude fluctuations of the superconducting order parameter. The results for the
third harmonic (TH) signal revealed that the relative ratio of these contributions
aligns with previous studies, indicating that the amplitude mode gains significant
spectral weight in the presence of strong disorder. Conversely, the FH resonance
was found to be predominantly influenced by the amplitude mode across all levels of
disorder examined, suggesting a consistent dominance of this mode in shaping the
resonance behavior in the superconducting state.

To offer analytical insight that supports our numerical findings, we finally compute
with a semi-analytical treatment of disorder the process identified in our simulations
as the primary contributor to the enhancement of the amplitude-mode contribution
to the non-linearly generated FH current. We demonstrate that the enhancement of
the fundamental harmonic can be readily understood as a result of two key features
influencing this specific four-wave-mixing process. The first is the Eliashberg effect,
which describes how the value of the order parameter is modified when the system
is irradiated by an electromagnetic field [55, 29]. The second feature is the presence
of a sharp absorptive threshold at the spectral gap, 24, leading to a divergence in
the derivative of the current-current response function with respect to the order
parameter at 2 = 2A. Consequently, the FH signal offers a distinct channel through
which the amplitude fluctuations couple quadratically to light.
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Chapter 1

Nonlinear THz response in
superconductors: a short
overview

Part of the contents of this chapter has been published or used in Refs. [143, [40, 12,
39, [77)].

1.1 Introduction

Light-matter interaction has represented for a long time a preferential tool to
gain information on the physical mechanisms underlying macroscopic properties
of materials. Well-established experimental protocols like infrared absorption or
Raman scattering have relied on the excitation of the material through a weak,
frequency-tuned probe to measure microscopically specific correlation functions in
the linear response regime. The advent of more intense, coherent and ultrashort laser
pulses, spanning now most of the electromagnetic spectrum relevant for condensed
matter systems, has paved the way to access the nonlinear response regime, hosting
a richer dynamics involving several intertwined degrees of freedom, with the ultimate
purpose to drive the system through non-thermal states inaccessible at equilibrium
48, 27].

Accessing this high-intensity regime for the THz region of the electromagnetic
spectrum has represented for years a holy grail for the experimental community,
since the generation of such light pulses presented more challenging difficulties with
respect to the optical or X-ray region [83]. The interest in this spectral range is
driven by the possibility to access the low-energy excitations of emergent states
of matter, like in the case of superconductivity. Indeed, collective excitations in
superconductors have usually a scalar coupling with the electromagnetic field, being
unaccessible to the conventional linear spectroscopies that only probe excitations
with a dipolar-like coupling. The relatively recent availability of these THz sources
has thus enabled the possibility to probe nonlinear phenomena induced by the
interaction of the sample with such intense electric fields[70} 109, [150].

In this view, we start by examining a prototypical experimental technique which
in the last ten years has been widely used to access the nonlinear response in
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Figure 1.1. The experimental results on NbN obtained in Ref. [98]. Four narrowband
THz pulses at various central frequencies 2 resonates at different temperatures with
the superconducting optical gap 2A(T) of NbN (left panel). The THG intensity at 32
increases below the superconducting transition and it is maximised at the temperature
T* such that 20 = 2A(T™*) (right panel).

superconducting systems, Third Harmonic Generation (THG). This process is a
four-wave mixing which occurs when an intense electric field oscillating at frequency
) impinging on a sample induces an outgoing electric field at three times the incident
frequency, 3€2. By studying the characteristics of the outgoing radiation, such as
its intensity and polarization dependence as a function of € or the temperature, it
is possible to gain information on the nonlinear processes that occurred inside the
system to generate the observed higher harmonic.

We report in Fig. [I.1] the results of one of the first experiments that studied THG
from superconductors, led by Shimano’s group in Tokyo [98]. A thin film of niobium
nitride (NbN) is illuminated by an intense THz field, in this case a multicycle pulse
with a temporal envelope of the order of ten picoseconds with a tunable central
frequency. The transmitted THz signal is then filtered through band pass filters
and in this case also the polarization dependence is analyzed. As it possible to see
in Fig. there are two experimental facts that must be explained. First, there
is an enhancement of the THG signal going below the critical temperature T, of
the sample, signaling that the phenomenon is intimately related to the onset of
the superconducting state. Second, we notice that the THG intensity is maximum
when the frequency of the incident field is resonant with the gap amplitude at the
temperature considered, as can be seen from the corresponding color cuts in the gap
vs temperature plot.

In the past ten years, a significant amount of experimental work has then focused
on capturing the dynamics of superconducting excitations in various classes of
materials using several non-linear THz spectroscopy setups, changing field strength,
spectral content, and acquisition protocols. For instance, we mention the observation
collective modes in iron-based and MgBs multiband superconductors. Measurements
have revealed amplitude modes related to order parameters opening at different
Fermi surface sheets [145] [77, 56], as well as the Leggett mode associated with
oscillations of their relative phase [50], with the activation of harmonics higher than
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third-order at strong fields [I15], 92]. Another important research line, inspired
by early predictions in the context of Raman spectroscopy [87, 88], examines the
dynamic interplay between amplitude excitations associated with charge density
waves and superconducting order, as reported in NbSey [38] and various cuprate
classes [23], 24, 152]. From a theoretical perspective, explaining these phenomena has
been a source of ongoing debate, with various groups contributing to the discussion.
Several studies have emphasized the crucial roles of light-matter coupling, impurities,
and the polarization of incoming light [139, 21, 20} [99] 19, 105, 130, 123, 143] in
shaping the contribution of collective modes to the non-linearly generated signal.
Furthermore, different investigations have highlighted the importance of the nature of
the pairing interaction, reflected in the momentum-dependence of the order parameter
[121), 119, [120} [14], the presence of two or more superconducting gaps at the Fermi
level [106], 105], 57, [40], and the transition to non-perturbative regimes under strong
fields [103] 102] in determining the non-linear response of superconducting systems.

We then start by following the line of reasoning which allowed to connect the mea-
sured quantities of the case-study NbN experiment mentioned above to a microscopic
response function derived from a theoretical description of the superconducting
state. Indeed, one of the common thread of this thesis is to understand under which
conditions it is possible to apply this relatively intuitive procedure to situations
where one studies different superconducting systems, probes them in various experi-
mental geometries and collects the nonlinear signal generated by more complicated
time-resolved protocols. In some paradigmatic cases which will be illustrated in the
following chapters, we will then appreciate how it is possible, and sometimes neces-
sary, to refine and extend the procedure to get the right clue on what is happening
during the nonlinear current generation.

1.2 Third Harmonic Generation: from experiments to
theory

In conventional linear spectroscopy the experimental findings are usually described
through response functions, like the dielectric function € or the conductivity o, that
relate an observable of the physical system under exam, for instance the current
JM) to the perturbation represented by the experimental probe. Introducing the
linear electromagnetic kernel KM one usually writes the current as a function of
the gauge field A(t)

IO (t) ~ / dt' Kop(t — ') Ag(t), (1.1)

where greek indices stand for the cartesian components. The phenomenon of third
harmonic generation is a third-order process, in a diagrammatic approach one would
then need three photon lines, or three fields, to interact and produce the measured
nonlinear current. In this view, we can place THG inside the wider class of four-wave-
mixing (FWM) processes, with three photons incoming and one photon outcoming.
Extending the previous formalism we can then introduce a nonlinear electromagnetic
kernel such that

I ~ KU) 5454, A5, (1.2)
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where for simplicity we subtended the time dependences of the kernel, the current
and the fields, that have to be properly convoluted. What is important at this point
is to give a form to this response function through the microscopic description under-
pinning our system. In linear-response theory, for instance, one treats perturbatively
the coupling between some internal degree of freedom of the system and the external
perturbation to derive the response of the observable of interest. This is exactly the
mechanism underlying the Kubo formula [79, [2].

Let us now extend naively this approach to the nonlinear case and explain how
THG can be used to detect collective excitations of the system. Suppose in general
to have in the hamiltonian a quadratic coupling of the gauge field with some internal
degree of freedom 01 of the system

6H ~ TopA%(t), (1.3)

where I is a suitable coefficient taken for simplicity constant. Here d1 can represent
a Raman-active phonon, or a collective electronic excitation as the ones that we will
discuss in the rest of the thesis. The current generated by this term reads

0H
JO(t) = ——~ ~ TA(t)5p(2). 1.4
1) = 515 ~ TS (14)
The dynamics of 6 (t) under the action of the perturbation in Eq. can be
evaluated through a two-point, Kubo-like response function, which allows one to

find the induced current as
T (1) ~ T2A(1) / O sw(), s A2 = A(t) / KD (L —¢)A2(1). (1.5)

As one expects, the all important quantity that determines the response of the system
is the propagator of the fluctuations 61, i.e. ([d¢(t),d1(¢')]). Let us now consider a
monochromatic perturbation like A(t) ~ Acos (Qt) and replace the corresponding
terms in the previous expression. One can find two harmonic contributions to the
non-linearly generated current

TO() ~ A3 2K (0) + KP(20)] ¢ + AR (20)eBY 4 (Q - Q). (16)

The term oscillating at € will represent the nonlinear contribution to the first
harmonic 2 of the field: since usually linear response effects are orders of magnitude
larger than nonlinear ones, one expects this contribution to be negligible unless,
as we will see in Chapter [, one devises a specific experimental scheme to isolate
it. The third harmonic contribution at 32 is instead a genuine signature of the
four-wave-mixing process described above, and it is connected to the nonlinear
response kernel evaluated at 2().

We want at this point to relate the induced current J®), that can be theoretically
derived through some microscopic model, to the electric field E measured for instance
in a transmission experiment on a thin film of thickness d. This can be done, and we
will provide a general treatment at the end of the chapter, thorugh a perturbative
solution of Maxwell equations in presence of a nonlinear source current. If the film
is in vacuo, one can write for the third harmonic field[17]

_2nd

C

E,(3Q) = JO)(30), (1.7)



1.3 Phenomenology of collective modes inside a superconductor 11

where we put ourselves in the approximation of d < A, i.e. the thickness of the
film is much shorter than the wavelength A of the incident field. In the experiment
one uses a band pass filter to select the third harmonic 3€2 in the transmitted field,
getting

Itng ~ A5 K@) (20)]2. (1.8)

All we have to do, and it is not an easy task, is to give a form to the nonlinear
response function K®)(2Q) of the system. In the scheme mentioned above, if §1)
is a propagating mode of the system with mass w,, we could expect the resulting
propagator to acquire the typical form

O pep——

we — W

(1.9)

This is for instance the case of lattice vibrations, where w, coincides with the
oscillation frequency of the corresponding phonon mode. But then, using Eq.
in the previous Eq. we observe that we end up with a resonance in the third
harmonic response when 2{) = w,;, since

K®(20Q) ~ T2(64%)(29). (1.10)

It is tempting now to interpret the the results of the experiment in Fig. in light
of what we have just illustrated. The enahncement is observed when 22 = 2A and
the amplitude mode, as we will recall in the next section, has exactly that mass.
Nonetheless, what we observe in the previous equation is not only the dependence
of the third-harmonic kernel on the spectrum of the collective mode, but also on
the coupling I' between light and d. In the case of a Raman-active phonon, one
can compute I' e.g. through ab-initio methods, tipically by calculating the phonon
Raman tensor in the adiabatic approximation [I8]. In the case of superconducting
collective modes, which have an electronic nature, one nonetheless violates the
requirements of adiabaticity, since the fermionic quasiparticle dispersion, ultimately
coupling light and amplitude fluctuations, has a typical energy scale of exactly 2A.
One then needs to compute the coupling I' starting from a microscopic model which
treats on equal footing the two ingredients entering Eq.

1.3 Phenomenology of collective modes inside a super-
conductor

In order to understand why THG experiments on superconductors triggered an
intense discussion on the role of collective modes, it is useful to start with a
phenomenological description stemming from an approximate expression of the
free energy. In 1950 Ginzburg and Landau developed a phenomenological theory of
superconductivity based on the concept of spontaneous symmetry breaking occurring
at a phase transition [49]. The key quantity in their theory was the expansion of
the free energy of the system below the critical temperature T, as a function of a
complex order parameter

Flg] = Fa+ ol + Shtt + o V9P, (111)
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where F, is the free energy in the normal state and o ~ T"—T,. In this picture, 1 is
zero above T, and acquires a finite complex value by lowering the temperature below
the superconducting transition, signaling the realization of a specific value of the
order parameter. The ground state of the system is characterized by a homogeneous
value v = |1o|e’® upon which one can consider fluctuations d¢(r) both in the
amplitude and in the phase of the order parameter, namely

W(x) = [ + 8¢ (x) [P0, (1.12)

We rewrite then F¢)] = Fue[tbo, Oo] + Fald), 6], where the first part depends only
on the constant part of the order parameter, while the second one contains the
contribution from the fluctuations. Minimizing F,,¢ with respect to ¢y and 6y and
choosing 6y = 0 in the mean-field order parameter, as allowed by the U(1) global
gauge symmetry of Fpr, we get at second order in the fluctuations

2
Fi = 2o(a + Buig) 00 + (o + 3845)00% + %\vaw + ;%\vaey?. (1.13)

Naturally, since the minimum of F,¢ occurs for ¢)2 = —a/3, the linear coefficient of
01 in the first row vanishes. As a result, we notice that the phase fluctuations are
massless, since there are not terms at order 662, while the amplitude fluctuations are
massive since the coefficient of the d¢? term is —2a > 0. Introducing m% = —2a
we rewrite then

2502 L 2, U8 ospp2
Fo = myou’ + o[ Voul + 0 |veoP. (1.14)

The description so far employed lacks any dynamical information. A possible
extension is a Lorentz invariant model that preserves the U(1) symmetry of the
classical free energy. Even though this is not appropriate for superconductors [21]
we discuss it here just to give a first account of the role of fluctuations. We try to
consider then a time dependence in the order parameter 1 (r,¢) and rewrite

]:[1/}7 0] - ]:[iﬁ(rv t)? 0(1‘, t)] - |8tw(r7 t)|27 (1‘15)
where the contribution of the fluctuations will be given now by
Fa — Fa — |06 > — 9§|0,60)*. (1.16)

At this point it is possible to write the correlation function of the amplitude and
phase fluctuations of the order parameter, since the theory so far is gaussian and we
can read the corresponding quantities from the coefficient fo 612 and 662, respectively.
We have for the amplitude fluctuactions, or Higgs mode,

1
S1)?) ~ , 1.17
< ¢ > m%[_’_v?‘q‘g_wg ( )
The propagator for the phase fluctuations, or Goldstone mode, is instead
—2
(662) ~ %o (1.18)

vilal? —w?’
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manifestly displaying a massless character, where we have denoted as v, the sound
velocity. A picture of the situation is reported in Figure [T.2]

At this point one would be tempted to couple somehow the system to the gauge
potential that is the experimental probe at our disposal. In the gauge invariant
theory so far developed we could add the free energy of the electromagnetic field
and perform a minimal coupling substitution sending —iV — —iV — 2eA /¢ and
10y — 10y — 2e¢. Indeed, as one can check by performing the above mentioned
replacement in Eq. and proceeding as in Ref. [128], one would obtain a coupling
~ 351h A? between the amplitude fluctuations §) and the square of the gauge field
A? scaling with 92, predicting then a substantial contribution to THG according
to Eq. [I.I0] Nonetheless, we still miss an important part of the problem, due to
the fact that at microscopic level the gauge field couples to the fermionic degrees of
freedom of our superconductor, i.e. the electrons.

As we know from the Landau theory of Fermi liquids, for instance, fermionic
systems are characterized not only by collective excitations, like those described by
the above Lorentz invariant generalization of the Ginzburg-Landau expression,
but also by particle-hole excitations, a true fingerprint of the realization of the Pauli
exclusion principle. These latter are overlooked in the previous formalism and have
to be taken into account by introducing a proper microscopic model involving the
electrons [21].

We then proceed by introducing the Bardeen, Cooper and Schrieffer [9] (BCS)
hamiltonian, that in 1957 succeeded in describing the superconducting behaviour
through the formation and scattering of the so-called Cooper pairs, formed by
electrons with opposite momenta and spins in proximity of the Fermi surface through
an effective attractive interaction. Their celebrated result was originally obtained by
a mean-field treatment of the hamiltonian

H =Y el — Y Viawerely cowiaior, (1.19)
ko kk’

where & = € — p is the band dispersion of the metallic state and Vi is the
effective attractive interaction originated from the interplay between the electronic
and lattice degrees of freedom. Assuming a momentum independent Vi ~ U, one
can diagonalize at mean-field level the previous hamiltonian and get the eigenvalues

+Ey = £/ + A2, (1.20)

where A can be determined self-consistently through the weel-known gap equation.
We can immediately notice that the fingerprint of the superconducting state in the
band structure is the opening of a gap 2A at the Fermi level, that determines the
spectrum of the possible particle-hole excitations in the BCS model.

The bridge between the BCS and Ginzburg-Landau theories was built by Gor’kov
[53], who showed how the Ginzburg-Landau equations could be obtained from the
response of the BCS model to a transverse electromagnetic field near the critical
temperature. Notably this naturally required the identification of the gap amplitude
with the order parameter introduced by Landau. This is the key point: being
—a = 2A, the mass of the amplitude fluctuations becomes 2A at |gq|= 0, the
same threshold for the creation of particle-hole pairs. This spoils irremediably the
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F

Figure 1.2. Left: the Ginzburg-Landau free-energy profile at T' < T,. Right: the dispersion
of the phase (orange) and amplitude (blue) fluctuations [128]. Massless phase fluctuations
are lifted to the scale of the plasma energy due to the Anderson-Higgs mechanism.

relativistic nature, see of the amplitude fluctuations predicted through the
phenomenological model devised before. In the microscopic BCS model we will see
how the spectrum of the Higgs fluctuations immediately acquires a finite lifetime
above 2A due to the proliferation of Cooper pairs. In addition, this result made
the interpretation of THG experiments problematic: the enhancement of THG at
2€) = 2A can be due both to purely quasiparticle and Higgs contributions.

1.4 Coupling between light and collective modes

Having at our disposal a microscopic model for the superconducting system, we
can now illustrate a general procedure that allows one to clarify the mechanisms of
light-matter coupling involving the various degrees of freedom at play.

In a minimal coupling scheme, light-matter coupling enters the hamiltonian of
the system through a modification of the kinetic term. Introducing appropriate
fermionic operators ¥ and \IIT, in a continuum model the kinetic term Hy;, of the
hamiltonian would be replaced by

1 + . e 2
Hign = 7/\1, v —SA) W, (1.21)
2m c

where from now on we set i = kp = 1 unless explicitly stated. Expanding this
expression one finds two terms beyond the non interacting piece, namely

e
0H =
2mic

o2
vIhHw — oi(vE))- A /\Iﬁpr?. 1.22
Jivehy - wive) A+ (1.22)
Assuming a uniform (|q| = 0) gauge potential A, one can rewrite the first term in
momentum space as
S

(& .
5Hpara = _E Z %CkgckcrAa ~ —JaAas (1'23)
k,o a

where j, defines the « cartesian component of the paramagnetic current operator.
Here we generalized the coupling to lattice models with band dispersion €, with
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Figure 1.3. Diagrammatic representation of the contribution from the fully-paramagnetic
(a), full-diamagnetic (b) and mixed (c)-(d) processes to the third-order current in Eq.
[[:27 The dashed line is the field vertex on which one is performing the derivative in Eq.

27

&k = ex — 1 and p the chemical potential. The second term reads instead

1 e 2 82§k +
OHgia = 2 \¢ Z CroCkoAaAg ~ papAaip, (1.24)
k,o B

where p,g reduces to p/mdag for parabolic bands, i.e. is proportional to the density
operator, while for lattice models it is related to the inverse mass tensor. To find the
current induced by the external field one should integrate out both in the kinetic and
in interacting part the matter degrees of freedom, represented here by the fermionic
operators [108, 25]. This can be efficiently done by introducing the action

B
Sle, e A] = /0 dr (cdrc+ Hle,d + 6H|c, & A)), (1.25)

where we separated in H the hamiltonian in absence of the external gauge field
and in 0H the part containing the ligh-matter coupling. After integration of the
fermionic variables one is left with an effective action S[A] where terms at all orders
in A™ are present. Proceeding schematically, one can construct a perturbative theory
in powers of the gauge field A, such that the value of the n—th order induced
current J(™ can be obtained through a functional derivatives of the resulting action
expanded at order A"*!. For the linear response one gets
2
I ~ O (o) + () A = KL} A, (1.26)
(0%
where (jqjs) is the two-point current-current response function and (pag) in a
continuum model is just proportional to the electron density. For the third-order
response one has instead

95 A4 o . .
I ~ 81[4 ]N(<]a]ﬁ3796>+<Pa5/’75>+<JaJBP'y§>+<Paﬁ]7]6>)AﬁA7A5

(1.27)

3
= K\ AA As,

where the four types of contribution, for the continuum model, are displayed in Fig.
L3l

As one can see, at third order both four-point, three-point and two-point response
functions need to be calculated, and we will do this calculation for a toy-model
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Gjay — (4jj)

(a)

Sy

Figure 1.4. Sketch of the paramagnetic processes, where the paramagnetic vertex is
represented as a white dot. In the clean case the fermionic bubbles are exactly zero,
while in presence of disorder they are finite due to self-energy and vertex corrections
(grey shading). (a) The paramagnetic process involving only quasiparticle excitations,
(jjj7) in Eq. (b) The diagram in Eq. involving an intermediate amplitude
excitation xaa (orange dashed line), where the amplitude vertex is the orange dot.

(pA) (Ap)

(b)

(pp) A

Figure 1.5. Sketch of the diamagnetic processes, where the diamagnetic vertex is represented
as a grey dot. (a) The diamagnetic process involving only quasiparticle excitations, {pp)
in Eq. which dominates in the clean limit. (b) The diagram in Eq. involving
an intermediate amplitude excitation yaa (orange dashed line), where the amplitude
vertex is the orange dot, which is suppressed in the clean limit.

semiconductor in Chapter 8] Up to now, we have left aside the contribution of
collective excitations, which can be actually included in this scheme using the
Hubbard-Stratonovich decoupling [4]. The procedure is similar to the mean field
decoupling, that is usually accomplished by replacing the interacting term in the
BCS hamiltonian by

o 1 - ~ o
~U Y ik cow it — oA+ D Acoyyaq + Y Ay, (1.28)
KK/ k k

so that one is left with a quadratic action in the fermionic operators at the price of
including new A and A to be determined self-consistently. To include fluctuations,
one promotes them to new dynamical variables A(q,7) and A(q,7), in the same
spirit of Eq. and Eq. but within a microscopic framework. After integrating
out the fermionic variables ¢ and ¢, one still is left with S[A, A, A], where now A
and A can be mapped into amplitude (§A) and phase (66) fluctuations of the order
parameter, which can be as well integrated out. We refer for details to previous
studies [20], for our purposes the all important news is that now one can identify in
the response function pieces where intermediate excitations of the collective mode
can be explicitly taken into account.

For instance, in a clean superconductor one can verify that the paramagnetic
processes involving purely quasiparticle excitations

3), Ce
KSOR™™ ~ (jid), (1.29)
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or intermediate amplitude fluctuations

YITANK(IAY K]

@pora <Jg +><<5 o R INIONTINNe (1.30)
are suppressed, where we adopted the same notation used above and included the
amplitude fluctuations, see Fig. and Fig. In this view, (j70A) represent the
coupling of light to the amplitude mode via paramagnetic processes, i.e. it has the
role of the I' parameter in the phenomenological coupling [I.3] while the xaa part
contains the spectrum of the amplitude fluctuations, corresponding thus to (5¢)?)
in the derivation presented at the beginning of the chapter. For the diamagnetic
processes, instead, one finds out that in the clean limit

3),di
KS0§™ ~ (pp), (1.31)
far outweight the contribution coming from

KGha® ~ (p0A) (6Ap)xan- (1.32)

This example illustrates how the phenomenological description presented above
through the Ginzburg-Landau approach can give spurious results if it is not substan-
tiated by a microscopic calculation involving fermionic degrees of freedom. For what
concerns the diamagnetic contribution, the spectral content of K](gsc)’sma and Kg’i)g’gsla
is very similar [20], so that only by performing the computation, or looking at the
experimental polarization dependence of the THG signal, one can determine which
process is playing the major role in the nonlinear current generation.

We notice here that the situation is radically different when disorder is included.
Both analytical calculations in self-consistent Born approximation [105} 130] and
numerically exact computations on finite size systems [123] have shown that a
considerable paramagnetic contribution is to be expected already at a small level
of disorder, parametrized as v/(2A), where v is the impurity scattering rate that
determines the width of the Drude peak in the optical conductivity. The paramagnetic
response almost immediately overcomes the diamagnetic contribution of the clean
case in every fluctuation channel. Most importantly, one finds a larger contribution
of collective modes to the THG intensity increases as disorder increases, eventually
becoming bigger than the purely quasiparticle one in the v > 2A limit. In
we report a brief overview of the numerical results in the disordered case from
[123]. We notice also that numerical simulations show that the spectral content
of paramagnetic and diamagnetic contributions are similar in the s-wave case, as
was also shown in Ref. [I30)}, 105], making it difficult to disentangle the two in the
THG signal. The situation can substantially change when one for instance includes
disorder in d-wave superconductors [14], which show a different frequency dependence
of K®)dia and KG)para that would be witnessed by THG experiments. Finally, in
Chapter [d] we will analyze in more detail how can hope to get distinct signatures
from the various processes by looking at other experimentally accessible quantities,
such as the non-linearly generated first harmonic or to the map extracted from a
two-dimensional spectroscopy.

We end this section by noticing that the general scheme outlined above can
be extended to several situations. Multiband superconductors, for instance, can
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Figure 1.6. Third harmonic paramagnetic current at various disorder levels from [123]. In
terms of the disorder parameter v/(2A) from the left to the right we have 0.035, 0.68,
2.86, 18.87. The black line is the quasiparticle only contribution, the blue line includes
amplitude fluctuations, the green line includes charge and phase fluctuations, the red
line includes every collective mode. The grey stripe signals the range of variation of half
the spectral gap in the different configurations.

host collective excitations with marked differences with respect to their single-band
counterpart. In a recent work [40], which will not be discussed in the thesis, we
first studied the spectrum of collective amplitude fluctuations in a clean two-band
superconductor, showing that the spectral weight of the Higgs mode rapidly deviates
from the naive extension of the single band case as the interband coupling is turned
on, focusing in this perspective on the zoology of the possible fluctuations present
in this kind of systems as shown in Fig. [I.7] These results were then used to
critically analyze the nonlinear optical response in MgBs, providing an explanation
for the apparently contradictory results of recent experiments, pointing towards a
selective relevance either of the Leggett mode [50], associated with the relative phase
fluctuations between the two order parameters, or of the amplitude fluctuations at
twice the lower gap[77]. By using numerical simulations and realistic estimates of
disorder we computed the relative contribution of the quasiparticle, amplitude, and
phase fluctuations to the nonlinear optical response by modelling the coupling of
these latter with light. We showed that at low pumping frequency only the resonance
at twice the smaller gap emerges, as due to the BCS response, while the Leggett
mode dominates only in a narrow range of higher pumping frequencies matching its
low-temperature value.

1.5 Comparing experiments and theory: a generalized
Fresnel approach

The following chapters of the thesis will analyze in detail the outcome of some
measurements carried out on superconducting systems with different experimental
geometries and protocols, that we want to use as benchmark for the theoretical
predictions that we try to make. We want then to understand whether the relation
that we have presented above, Eq. to connect the transmitted third-harmonic
electric field, collected via electro-optic sampling, to the third-order nonlinear current,
calculated theoretically, can be extended without further effort. What we want to
understand, in particular, is wheter the connection

B s JO) o KO (Eot)3, (1.33)
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Figure 1.7. The zoology of collective excitations in MgBs analyzed in Ref. [40]. Dotted
lines denote the temperature dependence of the two order parameters and of the Leggett
mode, while shaded areas mark the typical frequency broadening of the corresponding
resonances in the nonlinear optical kernel. Around 2A, both the BCS and Higgs
fluctuations have a sizable weight, while around 2A, BCS fluctuations dominate. The
orange shade covers the region of the plot where BCS/Higgs resonances are smeared out
and damped by thermal fluctuations.

can always be made, clearly having verified experimentally that the collected signal
still depends on the incoming external field as E°% oc (E*)3. Indeed, a substantial
amount of experimental and theoretical works in this field have clarified the necessity
to take care of the so-called screening, or propagation effects, of the incoming
radiation inside the superconducting sample. A common procedure that is for
instance adopted in the case of transmission experiments with monochromatic THz
light [147), 115, 24), 152], is to connect the outgoing radiation with the internal,
screened field E™, modifying the previous relation to something like

Eo 5 JO) o KO)(EM)3, (1.34)

where E™ is either approximated by the transmitted field in linear response regime or
calculated thorugh Fabry-Pérot-like formulas. This of course changes in some cases
significantly the temperature dependence of the THG signal, since the transmissivity
of thin superconducting films strongly depends on temperature [32]. A similar
procedure was for instance adopted by us in Ref. [40] discussing MgB,. In reflection
configuration a similar calculation can be made with minimal modifications to take
into account the modified Fresnel-like coefficients due to the changing geometry
[153, [73].

In order to present under a unified and versatile formalism a possible solution
to this issue, in this section we set up a general framework which allows one to
compute the outcome of a nonlinear spectroscopy experiment on some prototypical
systems, exploring how varying the protocol and the geometry one can relate the
measured quantities to the nonlinear response kernel K®). The procedure will
then be applicable to any spectral content of the incoming field, overcoming the
limitation of the commonly used Fresnel formulas for the monochromatic limit,
and to a generic form of K (3) (w1, w2, ws), which can be the outcome of a numerical
simulation or some analytical result from a specific model. Clearly, the result can be
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used also for computing the outcome of experiments in non-superconducting systems
or generalized to second-order non-linearities, as we have done in a forthcoming
work for non-centrosymmetric polar insulators.

From the theory point of view, what we have in our hand up to now is a recipe
to compute the nonlinear current having as a given, external source the gauge field
A. What we are missing is the dynamics of this field, which is determined by the
Maxwell equations or, equivalently, by the free action of the electromagnetic field.
One can then treat on equal footing the light and matter degrees of freedom by
solving a coupled system of equations for the two.

1.5.1 Perturbative solution of Maxwell equations

We consider then a nonlinear material in the region of space 0 < z < d characterized
by a uniform (z—independent) nonlinear third order susceptibility K®)(wy,ws, ws)
sandwiched by vacuum, on which we shine the transverse field A = (A;(z,w),0,0).
The non-linearly induced current reads in the most general case

I (z,w) = /dwi K® (w1, w2, w3) Az (2, w1) Ay (2, w2) Ay (2, w3) 8 <w - ZM) :

(1.35)
This source term will enter the Maxwell equations resulting in the following Helmholtz
equations

{agA(z,w) + 9 A(z,w) =0 (z<Oz>d) g 55

O2A(z,w) + 9 Az w) = — 42 JO) (2, w)  (0< 2 < d),
where we now omit the x pedix everywhere. In principle one has to solve self-
consistently the two equations since there is a dependence on the vector potential in
the source term of the right hand side. As nonlinear effects are usually smaller with
respect to linear ones, which are already taken into account by n(w), it is possible
to solve with a perturbative approach the previous differential equation. Let us

introduce a fictitious small parameter 7 in order to keep track of this perturbative
expansion, such that

K®) (w1, wa,ws) = nf((?’)(wl,wg,wg). (1.37)

Then we suppose

A(w) = A (2, ), (1.38)
and replace these expressions in Eq.
JO(z,w) = Z ppratrl /dwi KO (wy,wa,w3) AP (2,01 AD (2, wo) AT (2, ws) x

DT
X0 <w — Z wi> .

(1.39)
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Figure 1.8. A film of thickness d with refractive index n(w) and nonlinear response kernel
K®) is sandwiched by vacuum at z = 0 and z = d. The gauge potential Aey(w) impinges
from z < 0 and generates the fields A®)(z, w), containing linear effects, and A™M(z, w),
containing nonlinear effects. The latter depends on the coefficients A, B for 0 < z < d,
and A, B’ for z > d and 2 < 0, respectively, which enter the system for the boundary
conditions in Eq. [I.50}

We can solve the Eq. [[.36] order by order in 7, collecting the corresponding terms in
the two sides of the equation. For ° we have

{agA«D(z,w) + 2% A0(z,w) =0 (2<0,2>d) (1.40)

I2AO0) (z,w) + %A(O) (z,w)=0 (0<z<d),

which is the usual propagation of waves in a slab of thickness d in the linear regime.
The solution to the system for the linear response in the region 0 < z < d reads

A (2, w) = Ay(w)en@F/e L A (w)ewnw)z/e, (1.41)

Here we have
Ap(w) = Aext(W)t(w) f(w), (1.42)
Ar(w) = Aot (@)t (w)e® O er(w) f(w), (1.43)

in terms of the spectrum of the incident field Aey(w), the usual vacuum-material
transmission and reflection coefficients

2
tw) = ) 11 (1.44)
- nw) -1
r(w) = @) i1 (1.45)
and the Fabry-Pérot factor
flw) = ! (1.46)

1— r(w)2€i2wn(w)d/c ’

Due to the linearity of Maxwell equations in absence of source terms, one can
in principle extend by superposition the previous solution for arbitrary frequency
spectrum of the incident field. For ' we obtain

I2AW (z,w) + L AN (2,w) = (2<0,z>d)
2

1.47
O2AM (z,w) + MA(l)(z,w) =4 8 w) (0<z<d), (147)
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where

Jé?)(%w) = /dwi K(g)(whwz,w?,)A(O)(Z?M)A(O)(Z»wz)A(O)(va:a)X

) <w - ch,) .
The solution to the last equation of the previous system reads as usual
A(l)(z, w) = A,(z) + Aelnwlz/e  Be—iwn(w)z/e (1.49)

where we denote as A,(z) the particular solution. Considering the outgoing nonlinear
signal in free space, A (z < 0,w) = B'e=®*/¢ and AW (z > d,w) = A’e™?/ the
boundary conditions read,

(1.48)

B’ =A,00+A+B
—lwpt = AL(0) + M@ (4 B) (L.50)
Al giwd/c — Ap(d) + Aetn(wwd/c + Be—in(w)wd/c .

i?wA/eiwd/c _ A;)(d) + m(‘:)w (Aein(w)wd/c _ Befin(w)wd/c)'

If one is interested in finding the nonlinear signal detected in reflection configura-
tion, the all important coefficient is B’, while in transmission the relevant quantity
is A’; both of them can be found by inverting the linear system written before in
terms of the values of the particular solution A, and its first derivative A;, at the
two ends of the slab.

We now focus on the expression for A’, which is the relevant quantity to derive
the expression for the electric field right beyond the sample in the standard THG
experiments in transmission configuration. If one uses a reflection geometry, one
analogously computes the B’ coefficient, as we will see later in the limit of bulk
samples. Redefining now A’ to include the pure phase factor e®“%/¢_ it reads explicitly

A= (n(z)((:_) 1)2 {2n(w)ein(w)m/c (Ap(o) - ZJCA;(O))

+n(w) — 1)ei2n(w)wd/c <n(w)Ap(d) + SA;(d)) (1.51)

—(n(w) +1) <n(w)Ap(d) - ijA;,(d)ﬂ .

In order to compute the transmission one should then evaluate the particular solution
and its derivative. One can use for instance Fourier transforms and consider the
following expression of the particular solution

4 1 etkz 3)
Ay(z,w) = ?%/dk e e (1.52)

where Jﬁ)(k,w) is the Fourier transform of the non-linearly induced current, Eq.
[1.48] that we rewrite as

d )
IR h) = Y [ [ doy T 0 ) oy, )

tes} (1.53)

X Ay (w1)Aa, (w2)Any (ws)d <w - Zwl> .
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Figure 1.9. The integration contours used in Eq. The green pole lies in the upper or
lower half-plane according to the signs of «;.

Here we used the z-dependence of the field inside the material given by Eq.
separating the (eight) contributions according to the number of forward (o< Ay)
or backward (x A,) propagating fields appearing in the triple A©®) product. This
amounts to sum over the possible {«;} = (a1, a2, @3) combinations where o; = +1
for A; terms and «; = —1 for A, terms. The integral over z can be performed
immediately and one gets

z(k—i-z a;n(w;)w;fe)d

(3)
k: w) Z/ w; TS cm(wei/d) K (w1, wa, ws) X

(1.54)
X Agy (1) Aa, (w2)Ans (w3) <w — Zw@> .

Plugging the last expression in A,(z) we get

Ap(z,w) = Z /dw KO (wi,wa,w3)Aa, (W1) Ay (w2) Aay (w3)d <w - ch,)
{C“z}

ik ikt ain(wi)wi/c)d _ 4
o K T T S

(1.55)

The k-integral can then be computed through residues. Since we are interested
in the particular solution for z — 0% and z — d~, we need to choose the integration
contour accordingly. For the first term in the k-integral (o< e*ik(zfd)), we should
close the contour in the upper half plane, since z — d < 0, while for the second term
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(ox e7*2) we should close in the lower half plane, since z > 0. Explicitly we have

1 ” e—ikz i+, cain(wilwi/e)d _
3 | e Tt £ e
—ik(z—d) i ) . ayn(w;)wid/c

= [ ak e ket 2y (1.56)

et (K2 =n?(w)w?/c)(k + 3; ain(wi)wi/c)

—ikz
+ [ dk c
c-  (k? = n?(w)w?/c?)(k + X, ain(w;)w;/c).

In both contours we will have one pole determining the (forward or backward)
Maxwell-like propagation of the non-linearly generated radiation (k = +n(w)w/c)
and the one(s) corresponding to the propagation of the internal fields generating
the nonlinear signal (k = — ), a;n(w;)w;/c). According to the overall sign of
> ain” (w;)w; /¢ the corresponding pole(s) will lie in the lower or upper half complex
plane, thus being enclosed in one or the other integration contour. Denoting for
brevity n = n(w) and n; = n(w;), in the end we get, for 0 < z < d,

1 " 6—ikz el(k-‘rzl ainiwi/c)d -1
27 / k2 —n2w?/c? i(k+ Y; ainiwi/c)

einwz/c efinwz/cei(nw%*zi ainiwi)d/c (1 57)
T (—nw/e+ Y ainaw /o) (2nw/c)  (nw/e+ Y, ainiwi/c)(2nw)/c) '

ei ZZ a;n;wiz/c
(nw/c)? — (T; ainjwi/c)?’

Using this result in Eq. we are able to compute the values of the particular
solution and its first derivative at the boundaries of the slab. The A’ coefficient then
reads

4mi feinwd/c
T w n+1

A 3 / deoi KO (w1, wn, 63) Au (1) Ay (@) Ang (w3) X

fai}
1 A, aimiwitnw)d/e (Y, ciniwi—nw)d/c _
X(n - 1"‘6 ! 5(&1-2%).

n+1 i}, ainw +nw) /c i (3 ainiw; —nw) /e
(1.58)

This result is valid for any value of the thickness of the film and takes into account
all the propagation effects inside the material. We recognize in the second line
the phase matching conditions between the non-linearly generated radiation and
the internal fields, which appear with both minus and plus signs according to the
specific combinations of forward or backward propagating waves that we can consider.
Clearly, in non-dispersive media the phase-matching condition coincides with the
energy conservation, while here it strongly depends on n(w). As a final remark we
point out that a similar result has been obtained in Ref. [65], where the effects of
phase-mismatch between THz-pump and eV-probe have been studied in the context
of ultrafast Kerr effect, i.e. considering an instantaneous K3). A minor difference is
just that here we looked for a solution to the full second-order Maxwell equation in
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Figure 1.10. Scheme for the approximation used in trasmission experiments on thin films,
where the thickness is the smallest lengthscale at play. The crudest approximation in
Eq. amounts to consider the profile of the field constant inside the material, while
in Eq. one keeps the effect of screening.

the second line of Eq. while in Ref. [65] the authors explicilty integrate the
z—dependence of the nonlinear polarizarion by using the slowly-varying amplitude
approximation.

1.5.2 Approximate expressions for limiting cases

It is useful to derive an approximate expression of Eq. [I.58 to be used in some
limiting cases. For very thin films with thickness d much shorter than wavelength
A = ¢/(n'w) and the penetration depth § = ¢/(n"w) of the radiation inside the
material, one can expand the term in round brackets at the second line of Eq.
using e'® ~ 1 +ia for o < 1, obtaining

n—1leed_1 giald_7 2nd

~ . 1.59
n+1 i« + Yo% n+1 ( )

If one is interested in the electric field at leading order in d, one must set d = 0 in
all other pieces of Eq. Using the relation F(w) = iwA(w)/c, one recovers the

expression
2md
B(z=d"w)=EO(: =d",w) — % Bz =0,w), (1.60)

where now, since for d = 0 one has A (z = 0,w) = Aex(w) in Eq. the

nonlinear current becomes

TV (z=0,w) = / dw; K® (w1, wa, w3) Aext(w1) Aext (w2) Aext (w3)0 <w - ZwZ) .

7

(1.61)

This result is not surprising: in the approximation d — 0 neither the non-linearly

generated current nor the field generating it are sensitive to any propagation effect.

We stress that this is exactly the result presented at the beginning of the chapter to

connect the transmitted third-harmonic field to the corresponding harmonic of the
nonlinear current.

A less crude approximation is instead obtained if one consistently takes into

account the screening of the incoming field inside the material. Assuming nonetheless
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Figure 1.11. Scheme to approximate the reflection from bulk samples as a process of
reflection from a semi-infinite medium. Since the field penetrates just in a small fraction
of the sample, one can neglect in both the transmitted field outside the material
and the back-propagating internal one.

that |n|wd/c < 1, one can rewrite the previous Eq. as

A — 27ZdT(w)/dwi K® (w1, w, w3) Ain(w1) Ain (w2) Ain (w3)d (“’ - sz> )
(1.62)
where we defined
9 1
o) n (1.63)

~ o cos(nwd/c) —i(n? + 1) sin(nwd/c) 1z i(n? 4+ 1wd/(2¢)’

which is the transmissivity of the vacuum-film-vacuum sandwich, and the internal

field Ajp(w) = A©) (2 = 0,w) appearing in Eq.

2n cos(nwd/c) — 2isin(nwd/c)
2n cos(nwd/c) — i(n? 4+ 1) sin(nwd/c)
1 —iwd/c
1 —i(n?+ wd/(2¢)

Aip(w) = Aext(w)
(1.64)
~ Aext(w)

Since wd/c < 1, comparing the last two equations one can also approximate the
internal field with the transmitted one, i.e. one can take Aj,(w) ~ T'(w)Aext(w). This
result validates then the common approximation presented at the beginning of this
section for THG experiments, see Eq. where Ei,(w) = T'(w) Eout (w).

On the other hand, we can consider reflection from bulk systems, considering
the opposite limit when d > A, §, as it usually happens for experiments with c—axis
polarized electric fields on cuprate samples[153, [73]. One gets from an equivalent
system of Eq. including only the boundary conditions at z = 0

1 ic
B =——— Ay(0) + —AL(0 > . 1.65
77 (n4,0 + 4,0 (1.65)
Considering the expression of the particular solution
4 1 e~ tkz 3)
A =—— [ dk k 1.
p(2w) c 2w / k? —n?(w)w?/c? Jop (B, w), (1.66)

we should compute the Fourier transform of the non-linearly induced current. We
notice that in the bulk limit, i.e. for samples much thicker than the penetration
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depth of the radiation inside the material, the backward propagating internal fields
entering A)(z,w) in Eq. thorugh A, (w) are exponentially suppressed. Thus
only forward propagating internal fields (ox A}) contribute, giving

Jf]:f)(k:,w) :/ dz/dwi ei(k+zi”(w")w"/c)zK(?')(wl,wg,w3)><
0

XAext(Wl)t(Wl)Aext (w2)t(w2)Aext(W3 (w - Z wz) .
(1.67)

Here we extend the upper limit of integration to infinity since the thickness is the
largest lengthscale at play here. We can nevertheless assure the convergence of the
integral in z since i) wn”(w) is positive-definite for any frequency and ii) the field
has a finite cutoff in frequency given by the incident radiation. Then one gets

Aext (w1)t(w1) Aext (w2 )t (w2) Aext (w3)t(w3) y
k432 n(wi)wi/c

Jﬁ)(k‘,w) = i/dwi K(3)(w1,w2,w3)

X0 (w — Zwl> .
Z (1.68)

Plugging the latter expression in Eq. [I.66] to find the particular solution and com-
puting the coefficient B’ from Eq. one gets finally

B = Ly [ e K, 09) A1) ) )

(1.69)
t(w:)t(w2)t(ws) N
n(w)w/0+2in(wi)wi/05 (W ZZ: Z>‘

The reflected electric field, using again the relation F(w) = iwA(w)/c, reads in this
case

E(z<0,w) = EO(z < 0,w)

+ 2mit(w) /dwi K® (w1, w2, ws) Ain((w)i:l_ingiéjn) (w - Z%) ,

(1.70)

where the internal field is in this case given by Aj,(w) = Aext(w)t(w). This result,
specialized for a monochromatic incoming field and focusing on the third harmonic,
has been used in Ref. [39] to compare the experimental measurements of Ref. [73] to
the computed two-plasmon kernel, as we will see in Chapter 2l We stress also that
an analogous expression was obtained by a similar perturbative calculation in Ref.
[52]. In that case, however, the obtained expression was specialized to the case of the
sine-Gordon model, which is used to describe the c—axis response of superconducting
cuprates mediated by Josephson plasmons, while the result presented here is valid
for a generic third-order optical kernel. In Ref. [I53] as well a similar procedure is
presented to simulate the two-dimensional THz map of cuprate LBCO.
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Chapter 2

Phase excitations in cuprates:
the case of c—axis Josephson
plasmons

The content of this chapter has been published in Ref. [39)].

2.1 Introduction

Plasma modes describe the propagation of longitudinal electromagnetic waves in
metals, hybridized with electronic charge fluctuations. As such, they can be detected
via density-sensitive probes, like inelastic X-ray scattering[5] (RIXS) or electron
energy-loss spectroscopy[46] (EELS). Whenever the metal becomes superconductor
the fluctuations of the superconducting phase, canonically conjugate to the density,
bring up the information on the plasma mode[I0§].

In layered superconductors, as e.g. cuprates, the weak coupling between CuO,
planes induces a marked anisotropy between in-plane w,, and out-of-plane w, long-
wavelength plasma frequencies. While w,,, lies at an energy scale where no appreciable
change occurs across the superconducting transition, the soft w, plasmon becomes
undamped by the opening of the superconducting gap below T, as evidenced by
the emergence of a sharp plasma edge in the c-axis reflectivity at a temperature-
dependent scale w, (T)[137, 63, [74] 12, [144), [104], 69, [33, 64} B31]. At finite momentum
the two energy scales w,, and w, get mixed, and the energy-momentum dispersion of
the layered three-dimensional (3D) plasmon, shown in Fig. [2.1f(a), acquires acoustic-
like branches at fixed k., see Fig. 2.Ib), due to the reduced screening between
neighboring layers. RIXS and EELS can probe such a dispersion both in the normal
and superconducting states, see Fig. [2.1[(b) and (c), even though they cannot access
the long-wavelength limit due to charge conservation[61], [86], 107, [13].

In cuprates pair tunnelling is the dominant inter-layer hopping mechanism below
T., justifying a Josephson-like description for the out-of-plane phase modes|[118, [117].
The excitation energy of superconducting Josephson plasmon scales with the cosine
of the superconducting phase gradient. Such an intrinsic anharmonicity turns in
a primary source of nonlinear optical response below T, thanks to the minimal
coupling of the phase gradient to the gauge field[I18, 117]. A typical hallmark of
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Figure 2.1. (a) Plasmon dispersion in a layered superconductor from Eq. Red and
green solid lines highlight cuts at fixed k.. (b) RIXS measurements (dots) from Ref.
[107] superimposed to plasmon branches plotted with a line intensity proportional to
the THG polarization weight. In the bilayer case (c) the plasmon branches (shown in
log scale) double, the upper one (dashed line) being the analogous of the single-layer
mode. The lower branch, which rapidly approaches the wr scale seen in absorption (see
text), is not visible in RIXS measurements [I3]. The momentum scale and color codes
are the same in panels (b) and (c).

nonlinear response is THz Third Harmonic Generation (THG). THG from Josephson
plasmons[I14] [73], 68, [153], as well as additional effects connected to their nonlinear
response[81] 42, 8Y], have been experimentally proven in cuprates. In analogy
with nonlinear phononics[67, 146 411, 133} 84, [10], the main THG process can be
understood as a sum-frequency process where two photons of the THz pulse centered
at Q excite simultaneously two plasma waves[45] with opposite 3D momenta. As a
consequence, while linear reflectivity is only sensitive to the long-wavelength limits
Way, W, of the plasmon dispersion, nonlinear optics is sensitive to the convolution of
plasmon excitations at finite momenta. This process retrieves the density of states
of plasma excitations in a momentum region complementary to the one measured
by RIXS, see Fig. (b) and (c), providing in principle a mechanism to selectively
tune the resonance energy for THz THG in a layered heterostructure.

In this chapter we demonstrate this principle by comparing single- and bi-layer
structures. In single-layer systems, with a single plane per unit cell in the stacking
direction, the light polarization projects out the full plasmon dispersion towards the
low-energy w, value measured by linear optics. Since experiments are performed at
a fixed pump frequency 2 as a function of temperature, the largest THG is expected
at T where Q = w,(T). Such a prediction, qualitatively similar to what obtained[45]
by neglecting the plasmon dispersion, is consistent with experiments [114) [68].

In bilayer superconductors the modulation of intra-bilayer J,; and inter-bilayer
J.2 Josephson couplings along the stacking direction, with J,; > J.o, leads to a
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doubling of the Josephson plasmon branches, as originally explained in Ref. [144],
giving in the long-wavelength limit two scales w,1 > w.2. The lower one w,s o v/J,2
controls the lower and sharper reflectivity edge at zero momentum[63, [74) 12} [144] [69]
33, [64], while the upper Josephson branch has been recently measured by RIXS[I3],
that turns out to be insensitive to the lower plasmon branch, see Fig. [2.1c). By
computing the THG for the bilayer case we show that the dominant contributions
of plasma modes to the THG arise from intra-bilayer phase fluctuations, scaling
with the larger Josephson stiffness. As a consequence, in the bilayer system the
momentum integration moves the THG spectral weight towards a higher energy
scale w,r ~ w,1, explaining the lack of any resonance at the temperature 7 where
Q = w.o(T) in the measurements of Ref. [73].

2.2 Single-layer case

The contribution of plasma waves to the nonlinear optical response can be qual-
itatively understood within a simplified anisotropic Josephson-like model for the
superconducting phase. Labelling with 6,, the superconducting phase in the n-th
layer one can write an effective classical Hamiltonian:

1
= / d2rd§n: [Day (V) — 8- cos(0n 1 — 62)] (2.1)

where the in-plane phase difference has been already promoted to a continuum
phase gradient, Dy, is the in-plane stiffness (equivalent to h%ns/m in the continuum,
isotropic limit) and J, is an energy density defining the superfluid stiffness as
D. = 4J.d? along the out-of-plane z direction, d being the interlayer distance.
Henceforth, unless explicitly displayed, we set A = kg = 1. The classical model
in Eq. 2] is promoted to a quantum equivalent by including dynamical effects
related to the phase gradient in time, scaling as ro(9,0,)%, with ko the charge
compressibility. Once that Coulomb effects are included, kg is replaced by the RPA
charge compressibility [I5] 134]. By retaining only the quadratic term in the expansion
of the cosine in Eq. we obtain the following Gaussian quantum action[I10, 28]:

oy 3 P (i) + 3 0)) i, K 22)

Wm,

Sa =

where iw,, = 2rmT are bosonic Matsubara frequencies, and wy (k) includes the full
momentum dependence of the layered Josephson plasma mode (JPM):

wL( )_wzy‘k|2 +wz ’k|2’ ( : )

where wgyyz = 4me?Dyy », ¢ = (2/d)sin (k.d/2) and |k|> = kgy + ¢%. An external
gauge field A, polarized along the z direction enters the model in Eq. via the
minimal coupling substitution 6,41 — 0, — 0,41 — 6, — 2edA,/c. As detailed in
the following Section the third-order current JN¥* ~ K A3 can be obtained
by expanding the cosine Josephson interaction in Eq. [2.I] beyond second order in

the gauge-invariant phase gradient along z, and integrating out the phase degrees
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Figure 2.2. Comparison between the nonlinear kernel |K (29, T)| of Eq. for (a) non-
dispersive plasmon, corresponding to replacing wr, (k) with w,, and (c) the dispersive
plasmon. (b) Sketch of the THG process. The wy, (k) dispersion from Eq. is plotted
in log scale, with a line intensity weighted with the spectral weight of the two-plasmon
process from Eq. Only for Q > w, two light pulses at {2 can decay in two plasmons
with opposite momenta. At larger energies the number of available states increases, but
these correspond to a region with smaller spectral weight (see text and ). The shaded
area corresponds to the region k;, < 1/¢ of allowed in-plane momenta. (d) |K(2€)]
from panel (c) as a function of temperature for three selected pump frequencies (dashed
lines in panel (c)), where each curve is normalized to its maximum.

of freedom[45]. For a monochromatic incident field A, = Ag cos(Q2t) the resulting
THG intensity is proportional[20}, 142, 123] to ITpc o< |K(29Q)[%. The resonant part
of the nonlinear kernel K accounts for the density-of-states of the process involving
the generation of two JPMs with opposite momenta, see Fig. (b), and it is given
explicitly by:

) o J2 1 Z coth(—ﬁ“”;( ))
\k[4 wr(k 4wL(k) (Q+1i6)2)’

(2.4)

where iw,;, — Q + i0. Within the Josephson model in Eq. the coupling J,
controls both the stiffness and the anharmonic interaction terms. Thus we will adopt
the same experimental temperature-dependent stiffness D, (T"), Dy, (1) both in the
plasmon dispersion in Eq. and in the effective anharmonic couplings, see[127].
In Fig. we show the nonlinear kernel K as a function of temperature and
frequency, by setting wgy (T = 0) = 250 THz and w.(T = 0) = 1.7 THz, as
appropriate for optimally-doped LSCO samples (7, = 38 K)[68]. We compare the
case where the full plasmon dispersion in Eq. is included (panel c) with the
case, considered previously[45], where wy, (k) is assumed to be non dispersive (panel
a). The latter case is equivalent to setting wr (k) = w, in Eq. which results
in a resonance at ) = w, of the kernel K(2Q2). As one can see, even though the
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Figure 2.3. Diagram corresponding to the nonlinear current in Eq. excited through the
the two-plasmon nonlinear kernel in Eq. [2:20] Wavy lines represent the incoming field
exciting a plasmon pair with opposite momenta k and —k and energy wy,(k), represented
with dahed lines. The interaction vertex is in this model represented by the out-of-plane
superfluid stiffness, pictured as the black bullet.

dispersive case leads to a smearing of such a sharp resonance, the nonlinear kernel
shows nonetheless a marked maximum around w,, see panel (c). The reasons are
the following. As detailed in Section [2.5.3] the spectral weight of the two-plasmon
process is zero when ) < w,, with a discontinuity at the edge, which consequently
causes a singularity in |K(2Q = 2w,)|. Secondly, the overall factor ¢:/|k|* in Eq.
which accounts for the polarization of the light in the z direction, projects out
the full dispersion on the phase space where ¢, /|k| is large, that corresponds
to an energy around w,. In addition, the resonance at wy, in Eq. scales overall
as 1/w?, highlighting further low-momentum processes, i.e. those less relevant for
RIXS[61], 86, [107], see Fig. 2.1(b). The combined action of these effects is visualized
in Fig. [2.2(b), where the intensity of each plasmon line is proportional to its
contribution to the nonlinear kernel in Eq. 2.4 The overall enhancement of the
kernel at energies around w, leads to a non-monotonic 7" dependence of the THG
measured at a fixed pump frequency Q < w,(T = 0), see Fig. (d), maximum
at T where Q = w,(T), in qualitative agreement with the result obtained for a
non-dispersive plasmon[45]. Notice that even if the two-plasmon process is only
possible above 2w,, the real part of the optical kernel in Eq. is finite below it,
giving THG even when the pump frequency is below w, (7).

2.2.1 Derivation of THG from phase-only action

In this section we give an extended derivation of the THG kernel presented in Eq. [2.4]
starting from the Josephson model. We start by recalling that the superconducting
phase-only action in the isotropic case reads [43], 110, 28]

S—- /05 dr /d% [0(8:6)2 + D(V8)?], (2.5)

where kg is the bare charge compressibility and D is the superfluid stiffness. In
layered systems one can modify the previous expression in order o account for the
anisotropy of the superfluid stiffness in the following way

S= ;/Oﬁ dr /d37" [£0(970)* 4+ Day(Vay)® + D.(V.0)7]. (2.6)

The phase-only model in Eq. [2.5]is assumed to be a coarse-grained model on the scale
of the superconducting coherence length £. Since in-plane phase variations appear
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usually on a scale £, > a, where a is the in-plane lattice constant, we can retain a
continuum description for the in-plane phase gradient, as already done in Eq. [2.5
On the other hand, the weak coupling among layers make &, ~ d, with d interlayer
distance, calling for a discretization of the model in the stacking direction. We can
then describe the system as a stack of weakly Josephson-coupled superconducting
layers, placed at a distance d, such that the superconducting phase takes a defined
value 6,, in each plane. The phase interactions along the z direction can then be
described by a Josephson-like model

H,=-7. Z €08(bn+1(ray) — On(ray)), (2.7)

where 7, is the Josephson coupling among neighboring layers. In this description,
the model of Eq. is modified to

1 2D,
H = 8/d2rdzn: {Dw(%yﬁ)Q — 5 0801 — )|, (2.8)

where the relation D, = 4.J,d? holds, having defined the energy density J, = 7. /(a?d)
and given a?d the volume of the unit cell. When only the quadratic term of the
cosine is considered, this hamiltonian leads to the following action in Fourier space

1 ) .
So =5 3 [=Holiwn)? + Duyk?, + Dag2)|0(k, iwa) (2.9)

k,iwn,

where k = (kgy, k.), with ¢. = (2/d)sin(k.d/2) due to the discretization, and
iw, = 2mnT are the bosonic Matsubara frequencies. To account for Coulomb
interactions one can follow the standard procedure used in the isotropic case[I5], [134],
that amounts to dress at RPA level the charge compressibility with the three-
dimensional Coulomb potential V (k) = 4me?/|k|?, i.e. ko — ko/(1 + V(k)ro). As
a consequence at long wavelengths, and neglecting plasma dispersion scaling with
the Debye screening length A2 ~ 1/(4me?k0)[43], as appropriate in the momentum
region we are interested in, this leads to the action

1 2 2 N2 2 k92cy 2 q,? . 2
Sg = 39mc2 Z k| [_(an) +me|k’2 +wz|k|2 10(k, iwn )|, (2.10)

k,iwn,

where we defined wgy = 47762ny and w? = 47me?D, the in- and out-of-plane plasma
frequencies, respectively. One can at this point introduce the coupling with a uniform

external gauge field polarized along the c-axis, i.e. A,(t) = A,(t)2. This will enter

Eq. 27 via
2e
HZ = —jz En COS <9n+1 (rxy) — Gn(rxy) + CAZd> 5 (211)

with e > 0. In the spirit of Ref. [45], we model the nonlinear coupling between the
phase degree of freedom and the gauge field as the one coming from the fourth-order
expansion of the cosine in Eq. 2.11] Even though it is known that the quantum
Josephson model is just an approximation for the microscopically-derived anharmonic
phase model[15], such an approximation already captures the main experimental
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findings, as we will discuss below. This amount to add to the Gaussian action ([2.10)
the term

AS = 116 (%) D.d>VT Y ¢20(—k, —iwy,)0(k, iwn) A2 (iwy, — iwp,), (2.12)

Kk iwn, ,iwm,

where A2(iw,) is the Fourier component of the squared gauge field A2(t). By
denoting k = (k,iwy,) and k¥’ = (K',iw,,) we can rewrite the total action as:

Stot]0, Az] = Sa[0] + AS[0, A,] 29 k') + R(k,k)O(K), (2.13)
Kk’
where
2 . ka2:y 2 qz
Mk, K') = 30 2|k[ —(iwn)? +wxy|k’2+wz|k’2 Ot s (2.14)
and
1 /2e\? . , 9 9. .
R(k, k') = 6 () D.d*VTk2 A2 (iw, — iwn) e (2.15)

It is then immediate to integrate out the phase variables obtaining the effective
action of the gauge field written formally as S[A,] = Trlog (1 + M ' R), where the
trace Tr acts on momenta indexes. The induced current density for a uniform gauge
field reads

¢ O0S[A] ¢ 0 1
T = =30 G~ 2y 9 (i) Tloe (L MTR) (2.16)

In order to obtain the third-harmonic current, we should keep terms up to fourth
order in the gauge field. Thus, by expanding the logarithm we get,

0

T®) (i) = QWA(); Te (MR = 3 AL (9 — iton) K (iton) A2(it0n), (2.17)

Wn

where the nonlinear kernel K is, see also Fig. [2.3]

o= S (2 D s () 1 :
K (iwn) = 5 ( c) Wil 2 (Ik!2> (iwm)? — wi (k) (iwn + iwn)? — wi (k)

2
k,iwm L
(2.18)
and we defined again the plasmon dispersion as
wi (k) = Wi kz,/[k|* +wie?/ |k, (2.19)

Considering monochromatic incident field A,(w) centered at frequency 2 in Eq.
the third harmonic nonlinear current reads J®) (3Q) = K(2Q)A(Q)3. Thus, summing
over the Matsubara frequencies and after analytic continuation iw, — € + id, the
kernel reads

_c 2e 1 qg 2 COth(M)
K@) =5 (%) wtaty Z(W) L@t 07— @y 2
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Figure 2.4. (a) Sketch of the c-axis nonlinear response for the YBCO bilayer system. Since
J.1 > J.o the THG signal is mainly determined by the intra-bilayer phase fluctuations.
(b) Plasmon branches wy (k) (dotted lines) and wo (k) (solid lines) at selected k, for a wide
range of kg, value. (c) Zoom-in of panel (c) in the region of integration relevant for the
THG, as denoted by the grey shaded area. Here the line intensity is rescaled according
to the relative weight of intra-bilayer phase fluctuations 7501,1 of each mode, shown as a
color-bar on the right of the panel. A sketch of the corresponding polarizations of the
modes[126] in each momenta region is also reported. (d) Frequency dependence of the
nonlinear kernel |K (2Q2)| at T = 0. Vertical bars denote the position of w1, w,r and
wya. (e) Temperature dependence of the nonlinear kernel |K(2€2)| (solid line) for fixed
pump frequency € = 0.5 THz. The dots represents the experimental data from Ref. [73].

which coincides with Eq. [2.4] and whose behavior is shown in Fig. [2:2] above. In
order to compute the response, we choose to model the temperature dependence
of the in- and out-of-plane stiffness as D,(T) = D,(T = 0)(1 — (T/T.)*) and
Dyy(T) = Dyy(T = 0)(1 — T/T.)e/Te, fitting data of Ref. [127]. We explicitly
integrate Eq. over a cylindric region in momentum space with height k, = 27/d,
where d the distance between planes, and radius ks, = 1/, with { = 5d the in-plane

coherence length[7, 135], that is the k-region where a phase-only model can be
defined.

2.3 Bilayer case

In the bilayer case one has two planes denoted as A = 1,2 per unit cell, so that one
introduces two phase variables ¢, ,. The out-of-plane hamiltonian density is

/H,,% = —Jz1 COS(QLn — (92771) — JZ2 COS(QLnJrl — 927,1), (221)

in close analogy with Eq. while the in-plane part has the same form. Here
we introduced two different Josephson couplings J.; and J,s, with J,;1 > J,o,
corresponding to a phase difference between the two nearest planes within the same
unit cell (at distance d; = 3.2A for YBCO) or in neighboring cells (at distance
dy = 8.2 A for YBCO), d = d; +dy being the periodicity in the z direction[126) 3, [144],
see Fig. (a). The corresponding stiffnesses D,y = 4JZ)\d§\ are also modulated.
By introducing the spinor § = (A1, 6) the generalization of the Gaussian quantum
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action in Eq. to the bilayer case reads

S = 64% .Zk O(—R)K? (—(iwm)*1 + QF (K)) (k). (2.22)

Wm,

Here we introduced the 2 x 2 matrix K2 = kfcyl + KK, which generalizes the
quadratic term in momentum, where

e—ikzdy /2 eikzdy /2

V2 7 aa Vd1/d
/CZZF eikzdgl//2 efiklz/d2/2 ) (2.23)

Vdz/d  \Jd2/d

keeps track of the discretization of the phase variables along the z direction.
Analogously Q2% (k) generalizes the plasma dispersion in Eq. , with Q% (k) =
(ICQ)_l(wgykgyl + KIQ2K.), where (Q2),, = dy,w?, and w?, = 47e®D,). From the
structure of Eq. one readily sees that the doubling of the layers per unit cell
leads to a doubling of the JPMs, defined as the square-root of the eigenvalues of
the matrix Q7 (k), and shown in Fig. [2.4(b). The upper plasmon ws (k), dispersing
between w,; and wyy, is the equivalent of the single-layer plasmon wr,(k), while
the additional low-energy out-of-plane plasmon wo(k), dispersing away from w9, is

characteristic of the bilayer case. For increasing in-plane momentum wq (k) evolves

rapidly towards an energy scale w,7 = \/(wgldg +w?ydy)/d ~ wyy for Jy > J.o,
usually named transverse plasmon in the literature because it identifies the scale of
a resonance peak in the c-axis optical conductivity [144, 104, [64]. For even larger
values of kg, wo(k) grows slowly towards the in-plane frequency wy,.

The computation of the nonlinear kernel follows the same steps as before, with
both plasmon branches contributing to the out-of-plane response, so that K () =
K (Q)+ K_(9), where

Wy & wyr coth (6°2J") + coth (m;”’)
dwowyr (we T we)? — (24 i6)?

Ki(Q) =Y W,y

oo’ k

(2.24)

combines two JPMs from the same (0 = ¢') or from different (o # o) plasmon
branches, with 0,0’ = 1,2, weighted by the k-dependent W,,: prefactors, which
project out the contribution of each mode to selected region of momenta. A full
numerical computation of the kernel at T = 0 for parameter values appropriate
for YBCO is shown in Fig. 2.4(d). We set T, = 61 K, w.1(T = 0) = 15 THz and
wy2(T = 0) = 1.2 THz[73| 64], that gives a peak in the transverse conductivity at
w,r(T = 0) = 11 THz, in agreement with the experiments[64]. As one can see,
| K (2€2)| shows a marked resonance near the value Q ~ w,; ~ 15 THz, without any
signature at the lower plasmon w,s ~ 1.2 THz, that is the energy scale defining
instead the sharp plasma edge in the c-axis reflectivity below 7.[63] 12, 144 [64].
A better insight into this result can be obtained by introducing a new sets of
phase variables, corresponding to the intra-bilayer 8; ~ 02, — 01, and inter-bilayer
0y ~ 6, +1 — 02, phase gradient in the n-th unit cell, respectively. As manifest from
Eq. @ the larger scale J,1 couples the gauge field A, to ;, while J,o controls its
coupling to fy. By changing basis from (81, 62) to (1, 0) one can write the projectors
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as Woor o< Tr (P,CP,C), where the diagonal matrix Crp = DZ,\dg\(S)\M comes from
the coupling with the gauge field (~ D,yA2d)?) and the matrix P, weights each
plasmon branch according to its projection onto inter-bilayer (11 element) and intra-
bilayer (22 element) phase fluctuations. Since D,; > Do, one finds that plasmon
branches contribute to THG in the momentum region where they have a large
intra-bilayer component, P (k). This effect is highlighted in Fig. (c), where the
line intensity for each plasmon dispersion, plotted at fixed k., scales with its P! (k)
intra-bilayer weight. The upper plasmon branch wi(k) is purely intra-bilayer for
kzy = 0, and gradually acquires an inter-bilayer component as k;, increases. Thus,
it contributes to THG in the low-momenta region where w;(k) ~ w,1, as already
observed for the wy, (k) in the single-layer case. Conversely, the lower plasmon branch
wa (k) has exactly zero intra-bilayer projection at k,y = 0, where it is associated with
purely inter-bilayer phase fluctuations[126], while it acquires intra-bilayer character
as it approaches the w,r energy scale. The suppression of spectral weight at low
energy comes from the deep entanglement between the momentum dependence of
the plasmon energies and of the polarization weights, which would not be captured if
the system were described neglecting the dispersion of the plasmon branches. These
two ingredients explain the lack on any signature at w,o in the numerical result of
Fig. 2.4[(d) at 7" = 0, and the absence of a THG enhancement at Q = w.»(T) in
the THG measurements Ref. [73], performed with fixed € ~ 0.5 THz. At the same
time the condition Q = wzl(f) is achieved at a temperature T so close to T. that
the resonance itself is washed out by the thermal depletion of the stiffness. Thus
the computed THG, given by the solid line in Fig. (e), increases monotonically
in temperature, in remarkable agreement with the experimental THG of Ref. [73],
extracted by the measured reflected electric field E,.. The latter is obtained by using
the results presented in the previous Chapter [1}, in particular Eq. where we
computed the reflected electric field from a bulk sample. Computing the expression
in the monochromatic case we have

2 3 1 1
71 nE @ e T1E

E, x K(QQ)( (2.25)

where n(€2) (n(392)) is the experimentally-measured index of refraction at Q (392).

2.3.1 Derivation of the RPA dressing of k; in the bilayer case

In this section we explicitly derive the gaussian action in Eq. by computing
the RPA dressing of the bare compressibility with the scalar potential in the case
of a bilayer system. We consider a model for the bilayer crystal in which each unit
cell (label n) contains two planes (label 1,2). We consider plane 2,n separated
by a distance d; from plane 1,n and by a distance ds from plane 1,7 + 1. The
Josephson-like couplings in the same unit cell are considered different, as well, being
J.1 between plane 2,n and plane 1,n and 7,2 between plane 2,n and plane 1,n + 1.
The hamiltonian in the out-of-plane direction is then a straightforward modification

of Eq. namely

HL = _jzl Z COs (el,n(rxy) - ‘92,n(ru’vy)) - sz Z COs (917n+1 (rxy) - 02,n(rry))-
! ! (2.26)
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By expanding the cosines up to second order in the phase fluctuations the action
can be written as

8/ dr /d2 [k0(10:010” +10:02.%) + Dy (Viy1.0)’

+ Da;y(vxyez,n)2 + 2D 21 (A16010)% + 2Dz222(Az292,n)2} )
(2.27)

where we defined z) = d)/d and d = dy + d3 is the length of the unit cell along the z
direction. Analogously to the single layer case we defined the stiffnesses D,y = 4J, ,\di,
with the two out-of-plane values scaling as D,,(T) = D,\(T = 0)(1 — (T/T.)%),
while for the in-plane values we retained the same single-layer plasma frequency. For
the sake of notation we also introduced the discrete derivative in the out-of-plane
direction as:

f2 n_fl n :

a2 L ifta=1

Aonfan = {f B (2.28)
fuai—fonif ) =9

We want now to obtain the expression of the action in the Fourier space, following
the procedure used in Ref. [126]. Adopting the notation k = (iwy, k), we have

. i 7 2 2 2D 2Dz2> 2 2
S0= 152 (a0 + 82,y 4 252 4 222 (10 + [62(0))
2D —ikzdi ikzdy (2.29)
— 2o, (1 (R)a(=k)e + 01(=k)02(k)e™) :
2D22

o (01(k)0o(—Fk)e*=d2 1 91(—k)92(k)6—ikzd2)] _

Defining now

—ikzdy /2 ikydy /2
ﬁ _e e
ICz = 7 eikz\égQ e)z/g@/z 5 (2-30)
V72 T /=
the out-of-plane plasma frequencies wg)\ = 4mwe’ D, and the matrix
2
2 (wz O
Q= ( 0 w§2> , (2.31)
we can rewrite the action simply as
Sal Z Q) e gz gy KEO2K, | 6(k) (2.32)
alf 6471'62 a me *y ’ '

where we defined 6 = (0y,62) and a = 1/(4mwe’kg). The coupling to the electromag-
netic field can be straightforwardly obtained via the minimal-coupling substitution:

iaTe)\,n — Z.87'0)\,71 - 2e¢>\,n
sze)\m — nye)\’n + 26Azy)\’n/c . (2.33)
Aze,\’n — Aze,\,n + 2€AZ)\7n/C
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As detailed in Ref. [126] for the bilayer case, in the layered systems one cannot
achieve a decoupling of the phase to the vector potential. However, as we show
explicitly in the single layer case in Sections and this effect is irrelevant
for the THG and one can retain only the coupling to the scalar potential ¢. By
adding the free electromagnetic action for the electromagnetic field, one is thus left
with an action for 6 and ¢ that reads

16,6 = Sal6] - 1= S (k) (S1+ K, 1+ KL ) 600
k

; i (2.34)
ol 1\
After integrating out the scalar potential, the action reads
S[e) = ! > 0T (—k) _(wn)®y +w? k2, 1+ KI02K
6dme? < a ey S
(i0,)? (2.35)
W, 1| 5
+— (1+ak?, 1+ aklKC) ™| 0(k).
By defining the matrix K? as
2 _ 1.2
K?=k2,1+KIK., (2.36)

the effective action for the superconducting phase fluctuations can be rewritten as

S[0] = 64;2 ;97(—%)(1 +ak?)
_(Wn)2 2 2092 2 (iwn)? | 2
T (14 ak?) + K207 (k) (1 + ak?) + =1 O(k).

(2.37)

Here we introduced the generalization of the single-layer plasma frequency in Eq.
2.19] as the matrix

Q2 (k) = (K2)"Yw? k21 + KIO2K.). (2.38)

zyVry
By taking the limit for a — 0, as appropriate for cuprates, we finally get

1

S10] = 64me2

> 0T (—k)KP [~ (iwn)*1 + Q7 (k)]0(k). (2.39)
k

By comparing Eq. 2.39 with the bare phase action in Eq. [2.32] one sees that, in full
analogy with the single-layer case, also here the coupling to the scalar potential
dresses the bare compressibility as

kol = ko(1 + 47re2(lC2)_1/10)_1, (2.40)

with the latter term being dominant at small momenta. Eq. [2.39 shows that the
dispersions wy 2(k) of the two Josephson plasma modes of a bilayer superconductor,



2.3 Bilayer case 41

plotted in Fig. (b) above, are found as roots of the determinant of —(iw, )21 +
07 (k). As mentioned above, these modes do not include the coupling between the
phase fluctuations and the vector potential, but are nonetheless good approximations
of the exact modes, derived e.g. in Ref. [I126], at momenta k 2 k.. As discussed in
Ref. [126], wa(k) can be intuitively understood (for d; = da = d/2) as a back-folding
of the ¢, = 7/(d/2) soft plasmon of the single-layer, due to the breaking of the
periodicity along z when J,; # J,2, as evidenced by the fact that it describes
out-of-phase oscillations of the intra-cell phases. As such, it always has virtually a
large ¢, component, making it a longitudinal out-of-plane phase fluctuation in the
usual sense.

2.3.2 Derivation THG in bilayer superconductors

In this section we derive in detail the THG kernel in the bilayer system, considering
again a z-polarized external field incident on a bilayer superconductor, introduced
by means of a minimal coupling substitution in the Josephson-like model in Eq.
In the spirit of what was done for the single-layer case, the total action of the system
is written as

S[0,A;] = S[0]+ AS[0,A.] => 07 (—k) [M(k, k) + R(k, k)] 0(K'),  (2.41)
k,k'

where the matrix M(k, k") of the Gaussian phase fluctuations is defined by Eq.

Mk, K = K2 [~ (iwn)?1 + Q3 (k)] 0k, (2.42)

647T62
while the coupling matrix R(k, k') reads

1

R(k,K) = o

( > VTKICK. A2 (iwm — iwn) e (2.43)
Here we defined (C)y, = D, ,\d?\d Ap» Which comes from the nonlinear coupling between
the external gauge field A, and the phase variables (~ D,)A2%d3). Here M and
R are the straightforward extension to the bilayer case of the matrices M and R
introduced for the single-layer case in Eq. 2.14] and Eq. [2.15] respectively. After
integration of the phase degrees of freedom we obtain the third-order nonlinear
kernel which reads

K(iQ) = ( > > TrM Tk, iwn)Ps M7k, iw, +iQ)P,]. (2.44)

k W,

The matrix
P, = (K} Kl4ne’CK, (2.45)

plays the same role of the factor ~ w?d?k?/|k|? in the single-layer case, i.e. it
projects the phase fluctuations on the polarization direction of the external probe.
In Eq. we introduced the matrix M = —(iw,)?1 + Q2 (k), whose inverse can be
decomposed in terms of the two plasmon branches in the usual way

P (k) Pa(k)

S
M7 etn) = e — 20 (i) - )

(2.46)
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having defined

ot (02 2)~1
Pl = (—1)7 22 )i%(lf) t_(S%()k()QL)

By performing the Matsubara summation as in Eq. above we obtain:

) T % Z Te(P, P, Py P,)

o0’

(2.47)

2e
c

K(i©2) = 1 (

Wo + We coth(Bw")+coth(6w') Wo — We coth(ﬁ‘;") coth(ﬁw')
dwowyr (We +wer)? — (Q 4 i6)? dwowyr (We — wer)? — (Q+16)2
(2.48)

In order to better visualize the role of the projectors P, and P,, let us make a
change of basis from the spinorial representation in the layer index 87 = (61 92)

to a new one 7 = (9~1 52) defined from

0 0
< é) = dK. < é) . (2.49)

One can indeed show that the new spinorial basis reads in real space

él,n =/ % (‘92,n - el,n) 92.50
~ _ 2 Y ( * )
O, =1/% (rn+1 —b2n)

i.e. its basis elements correspond to (rescaled) intra-bilayer (61) and inter-bilayer
(02) phase differences. In this new basis the coupling to the gauge field is diagonal,
namely we can rewrite

Rk, ) = (112 312 ( ) VTC A (it — itm) e (2.51)
This is expected since the the Josephson couplings J,1 and J,2 are indeed coupled
to phase differences 6; and 6 in the real-space hamiltonian in Eq. Notice that,
as compared to the expression in Eq. of the single-layer case, the equivalent of
the k2 — ICIICZ term does not appear in Eq. since it has been included in the
definition of the new phase variables in Eq. that scale actually as a discrete
phase gradient along z. For the same reason they appear instead in the definition of
the phase-fluctuation matrix that is rewritten as

1
64m 2d2(
As before the kernel is proportional to the trace of the product (M~1R)?2, so we

decompose again [—(iw,)?1 + Q7 (k)]~! in terms of the projections over the two
plasmonic branches w; 2(k), as in Eq. so that

1
—1 k kl — 4 2d2
M) = bire Y g
7511 7)12 1
— 2 72 o
= 647['6 d ; (7531 7)22 (an)Q — (,UQ’

g

M(k, k) = KD 7 2 [ (iwn) 1 + Q2. (KK, Lopp. (2.52)

K. Py (KH) LT 5
(2.53)
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where the matrix elements of P, determine the amount of intra-bilayer (11 element)
or inter-bilayer (22 element) or mixed character of the two plasmonic branches as a
function of momentum. We notice that in the end the kernel is written in the same
way as before, since we have only reshuffled the matrices appearing in the trace of
Eq. 2:48 due to the change of basis, but the physical meaning is now more clear.
Indeed, the projector Tr(P,P,P,P.) appearing in Eq. reads in terms of the
new matrices as:

Tr(PyP:PorP:) = Tr(PsCPyC). (2.54)

Being C diagonal, it is easier to disentangle the various contributions. Since J,1 > J,o
and given dy, ds, one realizes w? d} > wl,d3, then the leading contribution to the
THG kernel will be the one proportional to w di. Thus, working out the previous
trace, one has

TH(P,CP, ) = whd! [(PH)2 + (P + 2PMPY] 4., (259)

where we neglected terms proportional to w? d? or less. Hence, Eq. proves that
the leading contribution to the THG kernel come from the plasmonic branch having
the largest projection onto the intra-layer phase fluctuations, which are controlled
by a larger stiffness J,;. One could then approximate the nonlinear kernel in Eq.

248 as

c (2e\* N coth (22z(k)
KG9~ 5 (%) wht > = §<P;1<k>>2%(k)((£;§ - 2(2wi(k)>2)- (2.56)

In this expression we neglected the mixed process involving the excitation of
two plasmons in different branches since as a function of momentum P Pi! ~ 0,
see Fig. Indeed, the numerical results presented in Fig. above can be
then understood by computing numerically the projections 751112 of the two plasma
branches wy 2(k) onto the intra-layer fluctuations. As one can see in Fig. for
kzy = 0 one always obtains P =1 and P3! = 0: this is a direct consequence of the
fact that for zero in-plane momentum the upper plasmon branch (located at w,)
and the lower branch (located at w,2) describe purely intra-bilayer and inter-bilayer
phase fluctuations, respectively. Nevertheless, as k;, increases, the lower plasmon
branch acquires a sizeable intra-bilayer component, dominating the kernel. Since in

this momenta region wo (k) evolves towards the value w,7 = y/w? d3 + w?,d?/d, this
is the dominant frequency contribution to the nonlinear response, while the region of

W ™~ w,o is essentially projected out from the THG response. Analogously, since the
spectral weight of the wq branch is suppressed for increasing k,,, that corresponds
to the region of momenta where w; disperses towards wy,, such a high-energy part
of the plasma mode does not contribute significantly to the kernel, leaving most of
its spectral content around w ~ w,;. This analysis accounts then for the peaked
structure around w, reported in Fig. [2.4(d) above.

2.4 Conclusions

The present results for the two-plasmon contribution to the nonlinear response
reconcile experiments in single-layer and bilayer cuprates. The combined effect of the
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Figure 2.5. The projectors over the intra-bilayer phase fluctuations (11 element) of the
upper w; (a) and lower wa (b) plasmonic branches.

light polarization and the plasmon dispersion explains a resonant THG for pumping
frequency matching the plasma edge in single-layer materials, while it accounts for a
shift of the resonance frequency towards the larger out-of-plane plasma mode for
bilayer structures. It turns out that in those systems THG is sensitive exactly to
the part of the plasmon branches that are hidden to RIXS, as shown in Fig (c)7
where recent RIXS measurements from Ref. [13] have been reported. Even though
such a dichotomy is not yet understood theoretically[13], we expect that it should
come from different selection rules at play for the plasma-mode contribution to the
current (probed by THG) or to the density (probed by RIXS) response.

On a more general perspective, the present results can serve as a guide to
engineer artificial heterostructures for the generation of THz pulses via THG up-
conversion, using the plasmon dispersion to tune the enhancement of the nonlinear
response for pumping THz field polarized along the layer stacking direction in
cuprate superconductors. In the last few years giant progresses have been made in
the realization of stable superconducting films of Bi-based cuprates, down to the
dimensions of few unit cells[I5T], 155, [I11]. It is now possible to realize efficient and
tunable Josephson junctions by twisting neighbouring films, thanks to the angle-
dependence of the pair tunnelling in a d-wave superconductor[154, [82] [95]. Even
though the present technology is still limited to single junctions, in the near future
the realisation of Junction arrays could lead to controllable artificial bilayer lattices,
with a tunable resonance frequency. At the same time, the full quantum description
of the nonlinear Josephson response is the starting point for the understanding of the
multidimensional spectrum obtained in two-dimensional THz protocols[89], and to
assess its potential for disentangling the intrinsic thermal effects from inhomogeneity
broadening in unconventional cuprates, as we will see in Chapter [4]

2.5 Supplementary calculations

2.5.1 Role of polaritons in the THG response

As recently discussed in Ref. [43], the expression in Eq. provides the correct
description of the plasma modes only for momenta larger than a crossover scale
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ke ~ w%y — w?/c set by the plasma-frequency anisotropy. At smaller momenta
one cannot define two separate longitudinal (plasmon) and a transverse (polariton)
electromagnetic modes, being their character mixed (see also discussion in Ref.
[44]). This effect is a consequence of retardation (or relativistic) effects, that are
relevant at £ < k. and modify the dispersion itself of the electromagnetic modes
as compared to the RPA-like result in Eq. obtained by including only the
effects of the instantaneous Coulomb potential. The longitudinal/transverse mixing
can be rephrased in the language of Eq. 2.9 by noticing that for a layered system
one cannot eliminate the coupling of the superconducting phase to the vector
potential A, even in the Coulomb gauge. In other words, the effect of the e.m.
interactions is not exhausted by including the RPA resummation of the Coulomb
potential, corresponding to Eq. 2.10] since also the retardation effects connected to
the coupling to A must be included. This has a twofold consequence: (i) at low
momenta the plasma modes have a mixed plasmon-polariton character and (ii) the
external field couples also to the transverse modes, so that one should add in principle
also the contribution of polariton-polariton and mixed plasmon-polariton corrections
to the THG. However, as we will show here, item (i) is relevant in the regime k < k.
that has a negligible phase-space contribution to the momentum summation in Eq.
and the additional corrections (ii) are quantitatively irrelevant, since the ¢?|k|?
dispersion in the polarition rapidly suppresses its contribution as compared to the
plasmon one as momentum increases.

To provide a general derivation of the generalized modes and their contribution
to the THG, it is convenient to use the same approach of Ref. [43]. We then write
the coupling between the phase and the electromagnetic potential in the Weyl gauge,
where the potential vanishes and all the components of the (internal) vector potential
are retained. The action is then better expressed in terms of the gauge invariant
variables ¥ = V6 + 2e/cA, and after integration of the 6 field it reads, defining
k= (k,iw,),

1 T —(iwn)? + w2, + k2 —CPligyks
SG["/"] - Wzgk@b (_k) ( —Ckayz?z _(- )2 2 >¢(k)>
(2.57)
where ¥ = (Yuy, ) and (iw,)%1 — Q%(k) = M(k,iw,). In this section we further
consider the continuum limit, since we are interested in the region of momenta
k., < m/d where q, — k.. As one can see, for fluctuations fully polarized in plane
(k. = 0) or out-of-plane (k;, = 0) one recovers the same dispersion of Eq. but
at generica momenta the full electromagnetic modes will be defined by the square
root wy (k) and w_ (k) of the eigenvalues of the 02?(k) matrix, that are in general
different from the expression [2.19]

_wiy el PP (6], - w2)? + k- 220k, — B2) (], — )
B 2

wi(k .
(2.58)

The mixing among plasmon and polariton modes arising from the coupling
between 6 and the (internal) A in the layered system leads also to a coupling
between the external field and the transverse modes. In the presence of a given
external z—polarized gauge field A, = A% the gauge-invariant phase along the z
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direction should be rescaled as ¢, = 1, — 2e /cA.. As a consequence, the quadratic
coupling to the A, obtained in the same spirit of Eq. reads:

1 [/2e\?
AS:1(§> D.VT S (K, —itwn ) (K, o) A2 (i — i)

K,iwn ,iwm

26>2Dzd2\/f S T (ki) (8 (1)>1/)(k,iwm)A§(iwm—iwn)

I
&=
7N

? K,iwn iwm
-T -
= 34" (—k) ROk, Ky ().
kK’
(2.59)
Rewriting, as before, the total action in the form
S =39 (~R)N(k, ) + Rk, k) (K), (2.60)

kK

and integrating out the gauge-invariant variables, we are left with the kernel

K(i) = ¢ (f) 4d4T S Nk, i) M (o + ). (2.61)

k JiWn

where M_,' denotes the 22 term of the inverse matrix M~', and it accounts for
the contribution of each mode in Eq. to the final response, weighted by the
projection onto the external field. We can indeed rewrite

- w? (k) —w?, — k2 1
M2k, iw,) = +l0 — :

zZ

(2.62)

+P_(k)

(iwn)? — w2 (k)

where P, _ (k) represent the projectors on the z-direction of the two eigenmodes.
The nonlinear kernel can then be rewritten, for 0,0’ = +, —, as

= Ky (i)

2e

4
e 1 ax~ L 1
B 4(c> wed ;V;Pa(k Z w2 (iwp, +i02)% — w?,’

(twn)?

(2.63)

The result of the Matsubara summation after analytic continuation i) — Q + iJ is

finally
1 | We + W coth(ﬁ%) —&—Coth(%)

T =
% (iwn)? — w? (iwp, +10)? —w?,  Awewy (We + wer)? — (2 + i0)? (2.64)
Wo — Wer coth(ﬁ‘;") — coth(ﬁw )

dwowy (Wo — wer)2 — (Q+1i6)%"
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Proceeding in terms of gauge invariant variables, we have shown that the plasmon
and polariton branches are indeed coupled and in principle, with a third order
process, one should consider mixed plasmon-polariton and two-polariton processes
contributing to the overall third harmonic signal. However the explicit numerical
computation of Eq. shows that the contributions arising from the polariton are
several orders of magnitude smaller than the plasmon one. In order to provide an
analytical understanding of this finding, in the next section we estimate the relative
order of magnitude of the various processes.

2.5.2 Estimate of the DOS for plasmon-like and polariton-like con-
tributions to the THG

In order to perform the integration over momenta and obtain the nonlinear kernel,
we introduce the quantity akin to a joint density of states

Poo ( Z Po( k)o(z — wy(k))6(2 — wyr(k)), (2.65)

through which we rewrite

z+z’coth( )—i—coth(ﬁz)
4z (z~l—z’)2 (Q+19)?

K(Q) = 2 (2:> 4d42/dzdz Poor(2,2)

o0’

z—z’coth( )—coth(%)
4z (2—2)2 (Q +i0)?

(2.66)

In the case of the plasmon-plasmon and polariton-polariton processes (o = ¢’), one
can define pyy(2,2') = pyo(2)d(z — 2’') and the following kernel is obtained

coth (&
K,5(Q) /dz pm(z)% L jh(i)z_) e (2.67)

from which it is straightforward to obtain the imaginary part in the limit § — 0,
which reads

coth (&)
ImK,»(Q) W/dz pUU(’z)TQQ[é(2Z — ) -0z + Q)] (2.68)

~gore (3) o (7).

From the imaginary part of the kernel it is possible to evaluate the real part through
the Kramers-Kronig relation. Since the nonlinear signal is related to the modulus of
the kernel [20], it is worth computing explicitly the density of states to estimate the
contribution of the various processes to the nonlinear response.

As a first step we evaluate the density of states associated with the plasmon-
plasmon and polariton—polariton We notice that the summation over the momenta
k extends over a region k, < 1/d and kg S 1/€. Both these limiting values are

orders of magnitude larger than the value k. = /w2, —w?/c ~ wyy/c [43] beyond
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which the mixing of the wy (k) and w_ (k) modes is relevant. In particular, one can
consider that the volume of the phase space interested by the mixing is ~ k2, that
compared to the total integration region gives ~ wzyalf2 /c® < 1, since for cuprates
Wey ~ 1€V, d~1nm, {~5nm, so that ¢/(d€?)'/3 ~ 425 eV. Thus, as confirmed
by numerical simulations with the full relativistic dispersion, it is absolutely safe to
consider the k > k. limit of the expressions for the projectors and for the modes
in Eq. such that the w_(k) solution tends to the longitudinal plasmon-like
excitation wr, (k) of Eq. while the w4 (k) solution tends to the RPA-value of
the transverse polariton-like excitation wr(k), with

T _wacy’k‘2+wz’k‘2+c| | ( )

We can show that the projectors over the two eigenvalues then read

2 2

k
=sin®n, P_(|k| > k) =Pr = -2 = cos’n, (2.70)

Pi(k| > ko) = Pr P

_ Sy

k|2
with 7 being the angle of the momentum k with the z direction. To get an analytical
expressions for prr(z) and ppr(z) we first consider the case where the k-summation

is extended over a sphere of radius ko ~ 1/(d€2)/3, that allows one to get at least
the correct order of magnitude of the three processes. We have for the plasmon part

4T z w2, — 2%\ ?
— 0 Yy
prr(w: < z < wgy) = prr ( ) , (2.71)
3 w2, —w? w2, — w?

and zero elsewhere, where we defined p%, = k3/,/ w2, — w?. For the polariton part
we can instead evaluate, in the region w, < z < wyy,

™ z 5 —Ww

— 0
pr7(Ws < 2 < Wyy) = Prram 5 5 X
32 ,/w%y — wg Wy — Wi

(2.72)

where p%, = (wgy —w?)/c3. From Eq. we observe that pr; jumps from zero
to a finite value in correspondence of ) = w,. Since ImK(29Q) x prr(Q2), the
imaginary part of the two-plasmon kernel has the same discontinuity at w,, that
leads by Kramers-Kronig to a logarithmic divergence in its real part. In contrast
the ppr is zero at w,, so that the imaginary part of the two-polariton kernel is
continuous at 2 = w,, and we do not expect anomalies in its real part, making
the nonlinear kernel dominated by the logarythmic divergence coming from the
plasmon-plasmon part. An additional observation is that the relative strength
between the polariton-polariton and plasmon-plasmon processes is determined by
the ratio p%.,/p%; ~ (wgy - wg)%/c%g’ ~ (wgy/cko)?, being wyy > w,. As recalled
before, this ratio is extremely small and thus further suppresses the two-polariton
contribution.
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Figure 2.6. Graph for the plasmon-plasmon and polariton-polariton excitations coming
from Eq. and Eq. respectively, where we set wg, /w, = 10 to better visualize
the overall behavior. Notice that both densities of states are zero for w < w,, but while
prr(w) jumps from zero to a finite value at w = w,, prr(w) is continuous at w = w,.

The mixed plasmon-polariton process, as well, is suppressed by a similar prefactor.
Indeed, the relative joint density of states prr(z,2’) is different from zero in the

region w, < z < wyy and \/w? +w2 — 22 <2 < \/wg + w2, + 2k§ — 22, reading

2 2 2
() 2\ Jwgy —wi Ly 2%+ 22 — wgy —w? 22— W? 22
LT\, 3 2 2 2 2 2 2 2
c w2, — w? w2, — w? w3, — w3 w?
(2.73)

In this latter case, from Eq. one gets for the imaginary part of the kernel a
more involved expression

I (20) o / g, Coth (8= + 9)8 /é)2 = (;(2);5? (Blz=2)/2)
X [prr(z +Q,Q — 2) + prr(—2z — Q,2 + Q)

—prr(z4+ Q2 —=Q) —prr(—2—Q,—2+ Q)]

(2.74)

We notice that the singular denominator in the integral cancels out with an analogous
term at the numerator coming from prr, thus the integrand is regular. One can
easily check that also prr(z,2’) is continuous as a function of z, 2/, hence one does
not expect discontinuities in ImK77(€2). Indeed, one can analytically compute at
T=0

prr(z+Q,Q —2)+ prr(—2—Q, 2+ Q)
4(2%2 — Q?)
prr(z+ Q2 — Q)+ prr(—2 — Q, —2 + Q)
a 4(22 — Q2)

Q
IHIKLT(2Q) XX / dz
0

(2.75)

For € < wyy, replacing Eq. @ in the previous expression, one can find that
ImK 7 (29) is zero, since the region of integration lies into the support of the
function pr7. It is then safe to neglect the polariton-polariton and the plasmon-
polariton processes and proceed with the standard RPA-like result used above, where
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the phase variable is only dressed by the Coulomb potential and in the bilayer case
one works directly with the superconducting phase variables.

As a last point we notice that this suppression of the plasmon-polariton and
polariton-polariton contribution is obtained even in the case when the external field
is polarized along the in-plane direction. In that case, the corresponding plasmon-
plasmon process would produce a logarythmic divergence at €} = w;,, while the
processes involving the excitation of polaritons would be again suppressed by the
relativistic part ~ c¢?|k|? of their dispersion.

2.5.3 Estimate of the DOS in the anisotropic case

In this section we give the full analytical expression of the density of states associated
with the single-layer plasmon, when the discretization along the z-axis is retained
and the integration range is anisotropic, which allows us to calculate the kernel
shown in Fig. above. Although the DOS is different from what we calculated
for a spherical volume in the previous section, we want to show here explicitly that
there are no further singularities originating in the nonlinear kernel and the overall
signal is dominated by the logarythmic singularity at Q = w,.

We start from Eq. where we set 0 = ¢/ = L and instead of expressing the
dispersion and the projector in terms of the angle 1 we retain the dependence on
k., kzy. In cylindric coordinates the density of states reads

2o\ w2, k2, + w2k
pr(2) —2w/k2dk/ dkxykxy<k2 k2> B e

Ty z
(2.76)
In this case one integrates at first the k,, variable, obtaining
2 1.2 27.2
oz w2 k + w3 k
z) =27 —w / dk k26 A Y 2.77

The case with the discretization along z is treated by replacing k, — (2/d) sin (k.d/2)
and considering k, = 7/d, which does not affect the integration of the in-plane
momentum that we have just performed. The Heaviside function depends on k, and
bounds the upper extreme of the integral as a function of z, namely using the fact
that z < wy, we rewrite

2 _ .2
- T dk;k;e’w‘”yzk
pLL(z) =4m W (Z Wz Wacy xy 22 _ w2 z
(2.78)
The integral can be now performed and has a piecewise but continuous behavior
pri(w, < z < wgy) =41 5 2Eiyx3x
wa:y Wz

2 2,2
1 3 wz +UJZX
3 ifw, <z <4/ 7?{4_)(2 (2.79)
2 w2, +w2y? ’
Ty z
1f\/71+x2 <z < Wy
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where we defined x = k./ l;:xy the anisotropy ratio between the out-of-plane and
in-plane cutoffs for the momenta. Since the function is monotonically increasing
in the first region and monotonically decreasing in the second one, the peak of the
density of states is located exactly at energy

IO L Tt G Lol (2.80)
1+ x? A '

whose value is determined by the interplay between the out-of-plane and in-plane
anisotropies of both the plasma frequencies (o = wgy/w;) and the cutoff momenta
(x). In our case, being a ~ 100 and x ~ 5 we have w ~ (a/x)w, ~ bw,. The
non-dispersive case of Ref. [45] is instead recovered in the x — oo limit, since in
that case w — w, irrespectively on a and the peak shifts towards the out-of-plane
plasma frequency.

When the discretization is considered, the computations are performed in the
same fashion and the result is only slightly modified

pri(z) = 47kaacyx X
zy
% fu, <z<w
X 2 _ .2 2
. 1 [Way—%2 z —22 ip - )
arcsin (x P ) 22_w2 \/ 2 i % ifw <z <wy

(2.81)

where now we redefined the anisotropy parameter x = 2/ (l_fxyd) and @ is the same of
Eq. Also in this latter case the DOS is continuous and the kernel is dominated
by the logarythmic singularity at w..

2.5.4 Comparison between instantaneous response and two-plasmon
process

When expanding at fourth order the cosine in Eq. one should consider in
principle also the instantaneous process ~ A*(t) together with the two-plasmon
excitation mediated by ~ A%(A,0)2. Indeed, it has been recently proposed [153]
that this term by itself could provide a justification for the experimental nonlinear
signal, since the sharp plasma edge at 2 = w, filters the incoming field at linear
order. Here we show explicitly that, in the Josephson model, both intantaneous
Kinst and two-plasmon Ko, contributions have a comparable weight in the nonlinear
kernel K (29) in the THz region 2 ~ w,. Indeed, one can immediately evaluate from
Eq. the instantaneous part

c (2e\* c (2e w2d c (2e\*wid
20 D.d* = o~ — =) = 2.82
Hine (282) = 24( > z 24( ) dre?/d 24(c> Wey (282)
where in the last passage we approximated 4me?/d ~ Wzy, as appropriate for the
cuprate case. From Eq. we can instead immediately evaluate

ImK5,(29) = 1 (2c€> 4d4482 coth (?)pLLﬂQ]) (2.83)
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We can now use the analytical expression found in Eq. to evaluate the plasmon-

plasmon density of states at = w], i.e. right above the discontinuity

1672w, 1672w,
pPLL\Wz) = ~ 2.84
)= P, -~ e, (259
Using this value in the previous expression we can evaluate in the end
ImKo,(2Q ~ 2w,) 2413w, (2.85)

Kinst (2(*)2) Wa:y ’

from which we see that the imaginary part of the two-plasmon process and the
instantaneous contribution have a similar order of magnitude when the typical values
w, ~ 1 THz and w;y, ~ 1 eV for cuprates are considered. As recalled before, in
the real part of the two-plasmon contribution there is a logarithmic singularity at
) ~ w, which dominates the nonlinear response, being the latter proportional to
| K (29)| for monochromatic pulses. Nevertheless, if the resonance is broadened by
a finite plasmon damping into Eq. [2.67] for the kernel, the instantaneous processes
could lead to a smoothening of the temperature dependence when the resonance
condition is crossed.

To conclude, we stress that the relative contribution of the two parts has been
computed so far within the framework of an effective Josephson Hamiltionian, which
is used here as an approximation of a more realistic microscopic model in order to get
a qualitative behaviour of the nonlinear response. As discussed recently within the
context of the nonlinear response appropriate for in-plane polarized field[123], the
microscopic coupling of the superconducting collective modes to light is mediated in
general by fermionic susceptibilities that will scale differently from the the effective
w, appearing in Eq. and Eq. As a consequence, a quantitative estimate of
the two relative contributions requires a more microscopic approach, that is beyond
the scope of the present thesis.
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Chapter 3

Two-dimensional spectroscopy in
electronic systems

Part of the contents of this chapter has been published in Ref. [39]. The rest of the
chapter will be submitted soon for publication.

3.1 Introduction

Among the nonlinear spectroscopies developed in the years, 2DCS is capable to
monitor the real-time dynamic of a system following the excitation by two time-
delayed pulses [20, [131]. The spectrum is acquired as a function of i) the time
following the excitation and ii) the inter-pulse delay, producing 2D Fourier spectra
which allow one to directly access the nonlinear optical response function of the
system through a four-wave mixing process. These two control knobs were originally
employed shining IR-visible pulses on molecules and semiconducting quantum wells to
clarify the mutual coupling and relaxation dynamics of different excitation channels,
with only few applications to situations where many-body effects are relevant [71].
More recently, this technique has been extended to the THz region, where the
phenomenology connected with collective degrees of freedom of materials plays a
significant role.

As an example, 2D-THz spectroscopy has been then used to clarify the dynami-
cal interplay between spin and/or lattice excitations, being particularly useful in
disentangling the different nonlinear pathways connecting them in complex free
energy landscapes where anharmonicities come into action [91) 96, [85]. Indeed,
thanks to the intrinsic dependency on two independent timescales, the corresponding
Fourier-transformed 2D frequency map presents unique signatures when two or more
modes of the system are coupled, being particularly sensitive to the nature of the
interaction processes between light and matter [66] [16].

For what concerns electronic degrees of freedom, this technique was proposed
to distinguish between different types of line-broadening in concomitance of phase
transitions, whether related to the formation of structures in real space leading to
inhomogeneities over nano- or mesoscopic length scales or to intrinsic broadening
effects connected to the lifetime of the excitation. The power of the 2D technique
comes also here into help due to its unique separation between the former, leading
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to a distribution of electronic resonances, or the latter, producing a homogeneous
broadening of their linewidth [94] [89].

These two peculiarities of 2D coherent spectroscopy have recently found a common
playground in superconducting systems. On the one hand, multiple and intertwined
electronic and lattice excitation channels are available in the THz region, where the
superconducting gap lies [136, [75]; on the other, unconventional systems such as
cuprates offer the ideal phase diagram to host competition between different types
of electronic order, producing the inhomogeneous picture mentioned above [89].

Although we are experiencing a flourishing period for experimental applications of
2D-THz spectroscopy to quantum materials where many-body dynamics is important,
the theoretical modeling of this spectroscopic tool for those systems is still at its
infancy [58]. For what concerns superconductors, theoretical advances have been
made to simulate 2D dynamics in isotropic systems as well as layered ones, with
particular attention to the role of collective modes [92, 52 [75]. With this respect,
we show how the previously developed insight into the basic mechanisms underlying
nonlinear optical response of superconductors, such as the role of disorder, anisotropy,
gap nature, in determining the properties of the system can be applied to discuss
the results of multidimensional experiments[102, 112].

In this chapter, we first introduce a general framework that allows one to compute
theoretically the result of a 2D experiment, having as key ingredient the nonlinear
third-order optical response function of the system, K. We will put forward the
idea that this protocol is a convenient experimental strategy to extract detailed
information on the nature of the nonlinear processes occurring in the system, taking
advantage of the intrinsic dependence of the protocol on two independent time
delays. We will explicitly see that there is no conceptual difference, from the theory
point of view, between the computation of the nonlinear response function for a
2D protocol and the simulation of simpler single-pulse experiments such as Third
Harmonic Generation (THG). Nonetheless, numerical simulations can be more time
consuming, calling for a semi-analyitical approach to the problem.

Secondly, we apply the developed formalism to compute the 2D response in some
specific cases. We analyze the response of a model semiconductor with a direct
bandgap, for which we compute the contributions to K ) stemming from different
nonlinear processes involving paramagnetic-like or diamagnetic-like light-matter
couplings. We will show that the two give very different signatures in the 2D
experimental map, as opposed to the more ambiguous signal that is collected as a
function of a single time delay. Although the computation is here performed for
a clean semiconductor, we provide some analogies with the case of a disordered
superconductor, which will be analyzed more in depth in the following chapter, where
we discuss and extend the results that we published in Ref. [72] on superconducting
NbN.

A further application is again to cuprate superconductors, where as discussed
previously the strong anisotropy of the superconducting stiffness in the in-plane and
out-of-plane directions gives rise to an undamped low-energy out-of-plane plasma
mode (w;), the Josephson plasmon, which is relevant both in linear [43], 126, [124]
and nonlinear c-axis response of the system [45] 39]. This mode directly affects the
refractive index of the superconductor, providing a soft plasma edge in the c-axis
reflectivity, which acts to reshape the spectral content of the incoming pulse at low
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temperatures. Moreover, inhomogeneity and disorder within the superconducting
planes were proposed to effectively produce a distribution of out-of-plane plasma
frequencies [144] B1], whose width is hard to extract in standard spectroscopic
analysis. The 2D protocol, instead, has recently been proposed as a tool to distinguish
the latter contribution from the usual quasiparticle broadening by looking at the
Josephson Echo, i.e. the (w,, —w,) peak [89, [52] in the Fourier-transformed frequency
map. The extraction of the degree of inhomogeneity with this method requires the
implementation of all the effects that influence the 2D spectrum, like the screening
of the plasmon and the presence of a nonlinear kernel, possibly with contributions
from the same two-plasmon process discussed in the preceding chapter.

We conclude by noticing how, as happens for single-pulse nonlinear spectro-
scopies [142], the formalism is flexible enough to establish a parallel between the
multiphoton excitation of electronic degrees of freedom and phononic ones, providing
a natural extension to situations where diverse hybrid light-matter polaritons become
important, such as the phonon-polariton [90} 125].

3.2 General framework

We begin by considering a system in which a general third-order response function
K®) is present, such that the nonlinear signal reads

IO = [ dti KO t5t1,12,t) A1) Alt2) Alto). (3.1)

where KO)(t;t1,to,t3) = O(t —1)0(t1 — t2)0(ty — t3) KO (t —t1, 11 —to, ty — t3) under
the general assumptions of invariance under time translation and causality, which
are fulfilled in a quasi-equilibrium perturbative approach [36], [I16]. To be concise,
here we also assumed a specific time ordering t3 < to < t; < t, but symmetry
under exchange of ¢; can be always assured. Let us imagine to have at disposal
three delta-like pulses Ag, A-, A, delayed in time as in Fig. i.e. Ag(s) = Ad(s),
A (s) = AS(s+7) and A, (s) = Ad(s + 7 +7') and to collect the nonlinear signal
generated at time ¢, with the possibility of sweeping 7 and 7. Let us imagine to
register at first the nonlinear current generated by the total field

A(5) = Ao(s) + Ar(5) + Arir(5), (3.2)
that we denote as JégT) ++(t), as a function of the three time delays (¢,7,7'). Then

imagine to repeat the experiment when only two pulses at a time are present,
collecting the current Jéi) (t), J ®) (1), Jég) (t). To conclude we sample the

T, 7+7’ ,T+T!
current when only one pulse is switched on, obtaining J(()3) (1), ) (1), JS’F)T, (t). If
we calculate through Eq. [3.]]
WA AU (S K )TN ) IR 5 (3.3)

! ! ! !
0,7, 7+7 T,T+T 0,7+7 T+71"

then we get, replacing for each term the corresponding sum of delta-like A(t),

IO (t,7.7") ~ 0(0)0(r)0 () KD (¢, 7, 7') A3, (3.4)
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Jf‘ri t;s

Arprr(s)  Ar(s) Ao(s) Js=1)

Figure 3.1. The time ordering of the fields in the ideal multidimensional experiment
described above. For the 2D protocol the field A, ./ is absent and one collects the signal
as a function of the times (¢,7). We notice by examining the scheme that in case of
identical envelopes, i.e. A(s) = Ao(t + 7), the time-domain 2D map for 7 < 0 is related

to the one at 7 > 0 by the relation JQ(%) t,—|m)) = J2(3D)(t — 7], |7])-

We notice at first that this procedure completely eliminates the response generated
by the linear response kernel K1), as one can check by direct computation of Jég
by means of the first-order equivalent of Eq. Most importantly, with such
an experimental setup one then directly characterizes the full time-dependence
of the nonlinear third-order response function of the system, thus eliminating
the integrations over time delays which are involved in a standard single-pulse
setup. A two-pulse protocol is then an intermediate platform between the ideal
experiment just described, which was for instance employed in multi-dimensional
spectroscopies of molecules [30] or quantum wells [I41], and the setups commonly
used in spectroscopies of solid state systems. As we shall see, 2D THz spectroscopy
can be used to discriminate among different possible nonlinear pathways that would
lead to similar single-pulse signals but very different 2D maps.

In the rest of the chapter we will consider a simplified 2D protocol where two
time-delayed copies of the same pulse Ag(t) = A(t) and A,(t) = A(t+ 7) are applied
on the system. The non-linearly generated signal

Tt 7) = T2t 7) = I (0) - T8, 7), (3.5)

is detected and a 2D Fourier transform (t,7) — (w¢,w;) is performed. As detailed in
the following, we will consider explicitly the effects of the experimental configuration
on the collected signal, by explicitly taking into account the spatial propagation of
the external field A in the sample and of the non-linearly generated polarization J),
making use of the results presented in Chapter [I] To fix the ideas we will start by
focusing on the effects of the spectral content of the incoming pulse on J2(3D) (wt, wr),
by considering realistic pulse shapes A(t).
Let us consider at first the simplest nonlinear third-order kernel, an instantaneous
one, i.e.
KO (t;t1,tg,t3) ~ 6(t — t1)6(ty — t2)0(ta — t3), (3.6)

such that the corresponding nonlinear current is simply given by J®) (t) ~ A3(t).
Replacing the latter in Eq. one is left with

T, 7) ~ A2(#)A(t +7) + A(t) A2 (¢ + 7). (3.7)

The first term corresponds to a double interaction with the field Ay(t), i.e. the one
whose temporal envelope is centered at zero time delay, and a single interaction with
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Figure 3.2. Frequency-vector representation of the 2D map for the instantaneous response,
which is valid for the monochromatic limit also for general form of the third-order kernel.
The various combinations produce four spots aligned along the direction of the first
harmonic 2 (left panel) and two for the third harmonic 3Q (right panel).

A;(t), which is delayed by 7 from the former. The second term is analogous but the
roles of Ag(t) and A, (t) are switched. In order to understand how the 2D map in
frequency domain looks like, let us assume that the spectral content of the field is
centered around frequency £, namely A(t) ~ Aet°/C7) cos(§2t). One can then
collect the oscillating components in the time domain and represent them as arrows
in the Fourier conjugated (w¢,w;) plane. Their orientation and length will depend
on whether they come from the + or —Q frequency component of pulse Ay(t) or
A (t), which are depicted as i(?o and :ESTT), respectively, see Fig. . Expression
can be then pictorially computed by the vectorial sum of two 42y and one :l:STT>
for the A%(t)A(t + 7) contribution, or one :I:(Tg and two :I:STT> for the A(t)A?(t + 1)
piece. The possible sixteen combinations give rise to twelve dinstict spots, which are
two by two symmetric with respect to the origin of the (w¢,w;) plane. We show in
Fig. the six contributions in the w; > 0 semiplane, whose width will be related to
the inverse of the parameter 7, which determines the time duration of the pulse. We
also show in Fig. and how different conventions to label the time-delays
and the Fourier-transformed peaks are adopted in the literature, with consequently
different outcomes for experiments and simulations.

We remark here that this sketchy derivation is valid for an instantaneous kernel
but for general pulse spectrum. Nonetheless, one can obtain similar results for a
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(a) Conventions used in Ref. [94] [72, 89).
Used names are 2Q (two-quantum), NR (b) Conventions used in Ref. [92]. Used
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REP (rephasing or photon-echo). (four-wave-mixing).

Figure 3.3. Comparison between various conventions adopted in the literature to label
peaks and time-delays in a 2D-THz experiment. We report the region in time-domain
where one consequently expects to observe non-linearly induced oscillations, i.e. when
both pulses come before the detection (orange zone). Panel (a) correspond to the
time-delay scheme shown in Fig. u Panel (b) shows the convention where one reverses
the sign of 7 with respect to panel (a). Processes are distinguished according to whether

two opposite-sign photons are taken from the same pulse (PP) or from different pulses

general form of the third-order response but considering strictly monochromatic
pulses, i.e. A(t) = Acos(Qt), and replacing the corresponding expression in Eq.
and Eq. Since we find more convenient to work in Fourier space, we now
abandon the time-domain representation and move to frequency representation. For
identical field envelopes, indeed, the computation is simplified by noticing that the
Fourier transform of A, (t) reads A,(w) = e~ A(w), i.e. it contains a simple phase
shift with respect to the Fourier transform of the pulse Ag(t).
Let us then consider Eq. in frequency domain

T (wy) = / dwi K® (w1, wa, ws) A(wy) A(wz) A(ws)d(wr — w1 —wy —ws).  (3.8)

Since we define w; as the Fourier conjugate of t;, the third order kernel entering the
previous expression will explicitly depend on the incoming frequencies asE|

K(3)(w1,w2,w3) = K(3)(w1 + wo + ws, way + W3,(,U3). (310)

'Tn order to account for intrinsic permutation symmetry with respect to the indices m € {1,2, 3},
one can explicitly introduce the symmetrized form of K ®),

K (w1, wa, wg) = Z K® (wr(t) + Wr(2) + Wr(3), Wr(2) + Wn(3): Wn(3)) » (3.9)
TeS

where m(m) is the action of the permutation 7 on the index m € {1,2,3}, and S is the symmetric
group over the set of time and frequency indices.
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We anticipate that in a perturbative calculation, as the one we will show later, the
combinations of frequencies appearing in the argument of K®) are then also those
running into the propagators connecting the interactions with the gauge field.

Let us now perform the Fourier transform of the 2D map written in Eq.
using Eq. Replacing the appropriate spectra of the fields Ap(w) and A;(w), we
note that as in time domain the terms proportional to Ag and A3 drop out and we
have, as a function of w; and T,

J2(3D) (wi,7) = /dwi K® (w1, w2, w3)A(w1)A(w2) A(ws)d(wr — w1 — wa — w3) X
% (e—iwl‘r + e—iwg‘r + e—iwg‘r + e—i(wl—i-wg)‘r + e—i(wg-i-ng)T + e—i(wQ—H.ug)T) )

(3.11)

One can now identify, exactly as it happened in Eq. two types of contributions
in Eq.[3.11] The first three terms in the second line correspond to two interactions
with field Ay and one with field A, that we will denote as Jég)T. The other three
terms correspond to two interactions with field A, and one with field Ag, that we
will denote accordingly as Jéi)T.

3)

Let us focus on the first contribution, JOST (wt, wr). The Fourier transform 7 — w;
in Eq. will produce a §(w; — w;), that can be used to eliminate one integral
over frequency and set one of the field frequencies as w;. Since there is still the
energy-conservation delta to exploit, we can use it to eliminate a further integration
over an internal frequency, and we are left with only one last frequency integral to
perform. We notice that this process is symmetric over the choice of the frequency
wi, as all of them appear in Eq. one can use the symmetrized form of the kernel

Kég) to write out
J(()g_)r(wt,wT) = A(w;) /dw KS) (W, wrywr —wr — W) A(W)A(wy — wr —w), (3.12)

where we denoted as w the last frequency over which we integrate, and wy — w, —w
is the one which is determined by using the energy-conservation delta.

A similar analysis can be carried out for the second contribution, Jéi)T. In this
case, one gets from the 7 Fourier transform a §(w, — w; — wj), with ¢ # j. But
then the energy-conservation delta will equivalently read §(w; — w, — wy), where k is
the only frequency index which is neither ¢ nor j. We can then here saturate the
wg-frequency integral by replacing the corresponding value with w; — w;. One of the
remaining frequency integral can be saturated via the §(w, —w; —w;), and as before
we are left with only one last integration. Invoking again the symmetry argument,
one writes out

3 3
JST)T(wt,wT) = Aws — wT)/dw Ké )(w,wt —wr,wr —w)A(w)A(w, —w).  (3.13)
We notice immediately that the two contributions can be transformed one into each
other by means of the exchange w; <> wy — w;, which is enforced thanks to the
invariance under time translations of the system and the approximation of identical
field envelopes.
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We are now ready to show how the 2D map measured by two time-delayed copies
of a monochromatic field looks like. One can replace A(w) = A (0(w — Q) + d(w + Q)
in the previous Eq. from which we get

(wr > 0,07) = 6(wy — Q) [26(wr — Q) + 6(wr + Q) KD (Q,Q, —Q) A°
+ 5(wr — 3Q)6(wr — KD (Q,Q,Q) 43,

3
Joor

(3.14)

and the analogous result for Jéi)T. The final 2D map in the w; > 0 semiplane
contains then six spots, four of them aligned along the vertical direction of the
first harmonic w; = Q (wr = —Q,0,Q,20Q) and two of them aligned along the line
wr = 3Q (w; = Q,29), see Fig. which are exactly the ones presented above. We
notice that in the monochromatic limit the frequency content along the w, direction
does not depend explicitly on the specific form of the third-order kernel, which only
controls the relative weight between the first and third harmonic as one would get in
the usual single-pulse setup. We finally show in Fig. some experimental results
from Kota Katsumi and N. Peter Armitage, where a narrowband pulse is used to
measure the 2D-THz response of superconducting NbN and MgBs. As one can
see, there is a nice correspondence between the theoretical understanding presented
above and the experimental features witnessed in this limit.

We now want to consider the opposite impulsive limit, i.e. A(t) = Ad(t) so
that A(w) = A. In this situation the structure of the (ws,w;) map is completely

determined by the frequency structure of K§3), which will keep track of the nonlinear

dynamics of the system. In a perturbative framework, one can compute the Kég) by
using extensions of the linear-response theory, as presented e.g. in Ref. [116] in terms
of exact-eigenstates representation. The result will in this view crucially depend on
i) the single- or multi-photon nature of the light-matter vertices and ii) the structure
of the matter propagators connecting them.

In order to substantiate what we have found so far, we now introduce a simple
toy-model which allows us to obtain the form of the K®) in a many-body system.
Specifically, we refer to a direct bandgap semiconductor for a two-fold reason.
First, it contains some analogies with the case of a superconductor: the associated
bandstructure hosts the same singularities which are present in the BCS spectrum,
although the particle-hole like character in the semiconducting bands is not mixed
as it happens in the BCS theory. This is a crucial characteristic of the model
which allows for optically-active transitions mediated by paramagnetic processes.
Consequently, as a second point, we use this peculiarity to elaborate on analogies
and differences between this many-body framework and the diffused two-level model
[94] [80], where the light-matter interaction is represented as a single-photon, dipole-
like interaction. To connect with experimental measurements, we will study how the
signal evolves as a function of the spectral content of the incoming pulse A(w), which
interpolates between the monochromatic and impulsive limits described above.

3.3 Nonlinear response for a toy-model semiconductor

Let us consider a simple model for a one-dimensional semiconductor hosting a direct
bandgap 2A. It can be obtained considering a linear chain with two atoms per unit
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Figure 3.4. Experimental 2D-THz map of superconducting NbN (left panel) and MgB,
(right panel) at low temperature, collected using a narrowband incoming field centered
at Q/(2mw) ~ 0.6 THz. Courtesy of Kota Katsumi and N. Peter Armitage.

cell A, B with nearest neighbor hopping ¢ and alternating on-site potential A. The
resulting tight-binding hamiltonian reads

H=—¢ Z (cLAan + CLBanA + h.c.) + Z A (CLAan — cILBan) , (3.15)
n n

that can be written in reciprocal space as

_ t + A e ) [cka
rw D)

with e, = —2t cos (ka) and a the distance between atomic sites. In order to minimally
account also for the dependence on the polarization of the incoming pulse with
respect to the cristallographic directions, we need to extend the model to two spatial
dimensions. We consider then a square lattice with chessboard-like disposition of
the atoms A and B. The 1D dispersion is easily generalized to e, = —2t cos(kya) —
2t cos(kya). The corresponding quantum action reads, setting k = (iwy, k) with iw,
fermionic Matsubara frequency,

5= (cda o) (0
k

—€x

(3.16)

—€k CkA
twn +A ) \erp )’

The corresponding Green’s function, introducting the Pauli matrices o;, is then

Golk) = iwnoo + Aog +exo1 _ [ uk vk Trh 0 ug  —Uk
0 (iwn)? — E o\ —uk uk 0 m Uk Uk

= lié()(k)uka

(3.17)

(3.18)
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Figure 3.5. The set of diagrams presented in Eq. Red wavy lines denote the gauge
field, green bullets denote the o1 vertex connecting the electronic propagators in Nambu
space, represented by solid black lines.

whose poles are the two (valence and conduction) bands +Ey = +4/€f + A2, which
host a direct bandgap 2A. Here we set for simplicity the chemical potential ¢ = 0 and
the usual unitary rotation matrix Uy has been introduced, such that ui — vf( = A/Ex
and 2uy vk = €/ F.

The coupling to a uniform gauge field is introduced as usual via the Peierls
substitution, namely ex — €x_./ca (1), Which upon expansion up to the fourth order
in A provides the set of couplings between gauge field and electrons. One can then
introduce the self-energy

861( 1 /e 2 aQEk 2
O,k A, (10 — A )
P00 = = £ 3 g i o5 (%) e L
1/e\? Pex 3
_a(c) 2 Db DDy 12200 )71 (3.19)
1,002,003

+ i (€>4 Z a €k A4 (ZQ)O-
24 akal 8ka28]€a36ka4 Q120304 1,

a1,002,003,04

where Ay, . (ZQ) denotes the Fourier transform of A, (t)--- A,, (t) in imaginary
time, with «; = x,y cartesian components of the gauge field. Let us denote
the previous four contributions to the self-energy as 31,..., %4, according to the

corresponding power of the gauge field. Then, after integration of the fermionic
degrees of freedom one can collect several contributions to the fourth order S[A%].
These can be classified according to the frequency structure of the corresponding
Feynman diagram, see Fig. [3.5] There is the instantaneous contribution

Sy =Y Tr[Go(iwn, k)Z4(0,k)] , (3.20)
k
then the Kubo-like responses, S13 and Sog (fully-diamagnetic), which can be written
(ij = 13,22) as

Sij = >_ > Tr[Go(iwn, k)i (i, k) Go (iw, + iQ, k)Z;(—iQ, k)], (3.21)
k iQ
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the three-point response Sy12 (1212 = i€y + i€2s)

Stz =Y > Tr[ Go(iwn, k)51 (i, k) Goiwn + i1, k) 21102, k) x
ko {iQ;} (3.22)
X Go(iwn + iQm, k)Eg(—ing, k)] s

and finally the four-point (fully-paramagnetic) response which is written (€123 =
11 + Qs + ’LQg)

Sttt =Y > Tr[ Goliwn, k)21 (i1, k)Go (iwn + iQ1, k) S1 (i€, k) x
ko {i)
X Go(iwn + i19, k)El(ng, k)Gg(iwn + €193, k)zl(—iﬁlgg)] .
(3.23)

We notice that since every ¥; contains a o; Pauli matrix, the products in the
trace actually involve multiplications of a certain number of (diagonal) Go matrices
with L{kall/{T = A/Eyo1 — ex/Exos. We also remark that, differently from the case
of the superconductor where there is alternation between og and o3 for odd and
even powers of the gauge field, in the semiconductor only o1 type of coupling is
present. This difference is crucial in allowing optically-active transitions through
paramagnetic-like couplings in the semiconductor, thanks to the off diagonal mixing
between the poles at +Ey and —FE) mediated by o7;.

In the following we will analyze in particular the contributions to the nonlinear
kernel stemming from the two terms in the effective action Sag, (fully-diamagnetic),
and S1111, (fully-paramagnetic), in order to capture the differences in the 2D map
due to the nature of the light-matter interaction in the two cases. We choose to
analyze the fully-diamagnetic term because, as we will see, it shares its form with
the corresponding process in the superconducting case[20]. Moreover, the frequency
structure that we foresee in the 2D map can be extended to other cases where the
intaraction between light and matter can be mapped in an effective two-photon
process, as we did in the two-plasmon case in Chapter [2| or in the Raman-like
excitation of a phonon [90, [10]. We also explicitly compute the fully-paramagnetic
term since, as we anticipated before, it has a direct counterpart in the two-level
hamiltonian, where only single-photon dipole-like transistions are allowed. It is thus
possible to make a direct comparison between the many-body situation where a
continuum, dispersive set of excited states is present and the discrete, non-dispersive
case of the two-level system.

Eventually, since numerical simulations [I123] show that in disordered supercon-
ductors the fully-paramagnetic process is the one dominating the BCS part of the
nonlinear response, we can also imagine that the result obtained in the semiconduct-
ing system can be somehow extended to nonlinear spetroscopies on superconductors,
given also the similarity between the BCS mean-field hamiltonian and the semi-
conducting system. The key issue is that in a clean superconductor, since the
paramagnetic vertex is represented by a oy matrix, one cannot mix poles at Fy and
— Fj, which would allow for optical transitions. Consequently, the corresponding
Si111 is zero. Indeed, the role of disorder is usually described[I00] as effectively
relaxing momentum conservation during an optical transition, mixing responses at
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different wavevectors k and k’. Indeed, computing the product Z/{kL{lL, one gets

Ukuli/ = Uo(ukuk/ + UkUk/) + iag(ukvkr — vkuk/), (3.24)

where ui and vy are related to the usual coherence factors. From this expression
we see that one can then mix the two poles as soon as the there is a momentum
mismatch between two Gy propagators, thanks to the off-diagonal structure of 0.
Intuitively, then, one can then make a connection between the processes mediated
by o3 and o7 in the clean semiconductor and those mediated by og and o9 in the
dirty superconductor, respectively.

3.3.1 Diamagnetic term
Let us analyze now the fully-diamagnetic contribution coming from S5. One can

define the diamagnetic contribution to the nonlinear current by

i A4 1a
J@)din (o) — (&g” Z 00N A0 — i) A2,(),  (3.25)

where we defined the A?ﬂ;(iﬂ) the transform of A, (t)A;(t) in imaginary time. By
means of a change of variable, the previous expression can also be rewritten in the
completely symmetric form

)dia(50)) Z S (1927) Ap (i1 A+ (i92) A5 (i923)0 (i — i123),  (3.26)

where i€);; is the sum of two incoming frequencies. From Eq. [3.21] one can obtain

e 0Pex
K(3) dla
B Z OkaDks Ok 0ks
1 0 1 0
< Tr [(zwnEk . > A11<k (zwnJerEk . ) All(k] ’
0 &rE 0 T T B

(3.27)

where we defined Akk = Z/{kolb{T As we reported before, in Nambu space the matrix
Ai, is a linear combination of o3 (diagonal) or oy (off-diagonal). Since the matrix
Gy is diagonal as well, one immediately finds out that the only contributions that
survive in the trace are obtained from the product of the two pieces containing o3
or the two pieces containing o1, namely

_ 1 0 1 0
Tr iwn— B 1 Allck iwn+iQ2— Fy 1 Allck _
0 iwn+ Fy 0 iwn+1Q+ Fy

€ 1 1 1 1
G 1 I (3.28)
Ei \iwp, — By iw, +1Q — By iwp + Fy iw, + 180 + By

+A2< 1 1 N 1 1 )
E12< iwn+Ekiwn+iQ—Ek iwn—Ekiwn—i—iQ—{—Ek ’

The first term in the last sum, that comes from the product Goo3Goos, expresses
scattering of electrons and holes belonging to the same band, as can be seen from
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the same sign of Fy in the two propagators, thus it will represent an intraband
process. The second term instead, stemming from the Goo1Gooy contribution,
represents a scattering process between the valence and conduction band, since
it connects propagators having opposite sign of Fy, standing for an interband
process. Evaluating then the Matsubara sum in Eq. one sees that the intraband
contribution vanishes, so that one is left with

dla 8261{ 6261{ AQ( 1 1 >
tanh (3Ey /2 - .
Ko Z@k Ok Ok oky BB e o o T it 2k,

(3.29)
We can recognize in this expression the exact counterpart of the quasiparticle
contribution to the third-order response in a clean superconductor [20]. To capture
the effect of the continuum dispersion, we introduce the density of states associated
with the diamagnetic vertex by

0% 0%
~dia k k
Pasio € 25 ) Bheadley Oy Ok

(3.30)

so that one can rewrite,

KE50) = [ de il o) tanh (5v/e + A2 /2) oK (VET AL ).
(3.31)
Here we isolated the frequency depenent part of the response,
1 1

K% (B,iQ) = -
(E,i8) = o o5 ~ a1 28

(3.32)
and we defined the function pglg s which will encode the information about the
density of states of the dispersion € and the tensorial structure of the response due
to the two diamagnetic insertions. We consider here the case of a two-dimensional
square lattice and compute explicitly the isotropic A1, component of the response.
For the considered symmetry it is obtained by

K(3) dia _ K( ),dia + K(S) dia (333)

TXTT TTYY O
from where it is possible to compute the associated pd‘a

in terms of the elliptic integral K, defining x = e/(4t),

P (2) = 22K (VI=22) 0 (1~ |a]). (3.34)

One can express the result

3.3.2 Paramagnetic term

Let us now analyze the fully-paramagnetic term, which is derived from Sy111 as
~05un [A%]

0AL(—iQ)
= Z Kaﬁ&%ara 11,189, ZQg)Aﬁ(ZQl)A,Y(ZQg)Ag(ZQg)(S(ZQ — inzg).

JéS),para(iQ)

(3.35)
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It reads v Jev Hen
(3),para €k U€k U€k U€k
K 0y,189,1823) E —————Tx|[... .
afyd (Z 1,%0342,1 3 — 8ka 8kﬁ ak’y 8]{35 I'[ ]7 (3 36)

where

Tr[...] = Tr[ Go(k, iw,) Ay Go(k, iwy, + iQ1) Ay X
- - 3.37
X Go(k, W, + ing)All(kGo(k, W + 2'9123)/\11(1(} . ( )

In this case one realizes that the trace will give non-zero results whenever one selects
in A11<k four o3, two o3 and two o1, or four o contributions. These cases will corre-
spond to completely intraband, mixed intraband and interband, or fully interband
interactions, respectively. In order to keep track of the possible combinations and
compute systematically the result, we rewrite the paramagnetic kernel as

(3),para Oey Oex Oey Oex (4) .
Kops (i,iQ0,i3) = {322}%;6%%8k58k8k oy () My, 1y Gy (ki)
(3.38)

Here {u;} = (no, 11, 2, 13), pi = +1, —1, denotes the valence or conduction band
of the semiconductor, respectively, which is encoded in the projector structure
D,,, = (00 + pi03)/2 in Nambu space; analogously {v;} = (v, v1,12,13), v; = 1,3
encodes the possible interband or intraband transitions mediated by o7 or os,
respectively. We singled out the result of the trace in Nambu space by introducing
My vy = Tr[DyyovyDyy 00y Dy 00, Dyyy 0], which will determine which possible
combinations among the various {y;, v;} indices give non-zero result. The function

froy(k) = < Ek>z e <$k>2i6%1 (3.39)

keeps track of the number of o1 or o3 matrices for each choice of {v;}. Finally, we
also introduced the result of the Matsubara sum over iw, by means of

1 1
G (k, i, i, i03) =
sy s 1600, 1622, 8803) gwwwwm%+mrwwf

1 1
X - - - ; y
iwn + Q12 — po By iwy + 182123 — p3 By

(3.40)

which can be carried out explicitly. By computing My, ,,1, one is left with three
classes of processes listed in Table and anticipated before. The first one comes
from fully intraband scattering processes mediated by four o3 interactions and is
cancelled when computing the corresponding Matsubara sum in G¥), as it happened
for the diamagnetic process. The second one comes from the possible terms involving
two o3 and two o1, which allow for mixed interband and intraband scattering, the
various processes differing in the ordering of the single scattering events. The third
one is equivalent to purely interband transitions between the valence and conduction
band of the semiconductor, mediated by four o1 vertices. After lengthy algebra, one
is able to recollect the various terms in a fully symmetric fashion under the exchange
of iQi,
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Type {mi} {vif  Tr
Intra (+1,41,+1,+1) (3,333) 1
Mix  (+1,41,41-1) (3,3,1,1) 1
Mix  (+1,41-1,41) (3,1,1,3) 1
Mix  (+1-1,41,41) (1,1,3,3) 1
Mix  (+1-1-1-1)  (1,33,1) 1
Mix  (41,41-1-1)  (3,1,3,1) -1
Mix  (+1-1-1,41)  (1,3,1,3) -1

Inter  (+1,-1,+1,-1) (1,1,1,1) 1

Table 3.1. Table summarizing the various contributions to the fully paramagnetic third-
order respounse, classified according to the nature (intraband, mixed, interband) presented
in the text. We explicitly report the combinations of the poles {u;} of the Green’s
function, valence (+1) or conduction (—1) band; the combinations of the vertices for
the light-matter coupling {v;}, intraband (3) or interband (1); and the corresponding
value of the trace entering Eq. The same contributions are present with their
particle-hole symmetric copy Ex — —FEx, i.e. sending p; — —pu;, while v; and the sign
of the trace remain the same.

ara 861( aEk (%k Bek
KPP (10,1, i) § A A AT AT Ey/2
aprs (180, ¥z, 162s) ke Dy O, Oy " B (BBi/2)x

(3.41)
A inter - A26k mix -
E4K (E ,ZQZ') + E4 K (Ek,ZQi)
Here we defined the interband contribution
. 1 1 1 1
Klnter E , Q — ( _ > 342
( kot Z) 10193 — 2Fy 1193 + 2Fy ; 1€); — 2Fy ’LQJ + 2E‘k7 ( )
and the mixed one
: 1 1 1 1
K™X(Ey . i8) = —
(Bic, i€2) (mm —2F 2'9123> Z i — 2By ; i — 2Bk
’ (3.43)

1 1 1 1

Also for this process we introduce a function which keeps track of the continuum
of excited states which is present in our system, defining in a similar fashion to the
diamagnetic case

~ aék 861( 861( 861(
para K 7K K K
Pains (€ Z e 8k Okg Ok., ks’ (344)
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through which we rewrite
KB (i, 0, i603) = / de P55 () tanh (Bv/e + A2/2) x

I |
G KT (Ve + A%, i) (3.45)

X

(@1 AY)
A262 mix / :
+ ml{ ( €2+A2,ZQi)] .

We consider also here the case of a two-dimensional square lattice and compute
explicitly the isotropic Aj, component of the response. The expression is as before

Kf)’para _ K(3),para + K(?;),para

1g TTTT TTYYy O

(3.46)
from where it we compute the associated ﬁiﬁa. We omit the details and we give the
result in terms of the elliptic integrals E and K, defining = = ¢/(4t),

ey = [(1- 522 B (VI—22) +22(1+ 30K (VI—22)] 61— Jaf). (3.47)

3.4 Analytical continuation and 2D map

In the previous subsection we computed the nonlinear third order kernel K®) in
Matsubara frequency representation. Before computing the 2D map resulting from
such a response function we need to perform the analytical continuation to real
frequencies. In our simple non-interacting model, this can be obtained [36} [116] by
sending i€); — w; +1n, with n > 0. With this choice one can assure that the causality
properties of the response function in real time, i.e. the analiticity conditions in
frequency space, are those presented at the beginning in Eq. In the following
expressions we assume that 7, the can be thought of as the rate of adiabatic switching,
is the same for all the three incoming fields, and we just denote n3 = 3n, 12 = 2n
and 7; = 7. Using then the prescription in Eq. [3.11] with the analitically continued
K®) it is possible to compute the 2D map for any spectral content of the incoming
fields.

We start by remembering Eq. and that are used to obtain the 2D map
as

JQ(ZB (wi,wr) = A(ws) / dw ngS) (W, wrywr — wr —w)A(w)A(wp — wr — w)
(3.48)
+ A(wy — wy) /dw Ké3) (W, wt — wrywr — w)A(w)A(wr — w).

Examining Eq. for the diamagnetic contribution and Eq. for the paramag-
netic one, we notice that one can always rewrite, in a sketchy expression,

TP ~ [ dBw(E)I(E, ww,) -
N/dEw(E)/dwKéS)(E,w,wt,wT)A3(w,wt,wT).
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where w(FE) is the appropriate weighting function which depends solely on the
energy variable spanning the continuum of possible excitations; K (3)(E LW, Wi, Wr)
is obtained by isolating the propagators at the frequencies read out by Eq.
namely K™ and K™ for the paramagnetic process, K4 for the diamagnetic
one; A3(w,wy,w,) is a shorthand for the product of the three fields read at the
appropriate frequencies. In order to simulate the 2D map in a convenient way, the
crucial point is to first integrate over the internal frequency w, and only later to
integrate over the energy F.

3.4.1 Diamagnetic term

Let us now compute the result for the diamagnetic process, which will be also
the most relevant one for the clean superconductor. In this case, the calculation
is simplified due to the dependence of the nonlinear kernel only on the sum of
two incoming frequencies of the field, i.e. from Eq. one has K dia(wij +ing) as

appropriate for two-photon vertices. For the jég)T part of the 2D map, one needs
then to write out all the possible combinations

K$(E,w,wr,w —wr —w) = KY(E,w+w,) + K9%(E, w — w) + KY(E, w; — w,).

(3.50)
More explicitly, considering the structure of Eq. one finds
(3 i i
Son (B, i, wr) = 2A(wy) [Fiia(=2B) — Figs(2E)|
1 1
A A% (wy — —
- Awr) A% = wr) (wt —wrt+ine —2E  wi —wr +ine +2E> ’
(3.51)
where the function F§i2 reads
; A(w)A(wy — wr —w)
FSia(2E) = /d : 3.52
007 (2E) Y twtin +2E (3:52)

If the spectrum of the incoming pulse is gaussian i.e. A(t) = Ae~ /) cos(Qt),
the function F§i2 can be reduced to a combination of Faddeeva functions, or Voigt
functions, which can be straightforwardly evaluated. The factor two in the first line
of Eq. is due to the fact that the two pieces stamming from K4 (E, w + w,)
and K9%(E, w; — w) can be shown to be equal by changing the intagration variable
w — wr — w; — w. Analogously we obtain the other contribution to the 2D map

~ 3 . .

(B, wp,w0r) = 24wy — wr) [Fiia(—2E) — Fi2 (2E)|

1 ! ) (3.53)

wy +ing —2E  wy; +in +2E)°

+ Aws — wr) A% (wy) (

where F{i2 is obtained from Fgi® by exchanging w; — w, ¢+ w,. The structure of
the F42 functions is characterized by the interplay between the spectral features of
the kernel, encoded in their denominator, and the field envelopes at the numerator,
which tend to redistribute the spectral weight along the lines w, = 0,£2Q2 and

wr — wy = 0, £20.
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To better understand these results, let us consider the impulsive limit, i.e. let us
take A(w) = A. One can note that now the F4# functions can be evaluated through
residues, from which we observe that the combination in the first line of Eq.
and vanishes. The remaining pieces then give

. 1 1 1
T (B wnw.) = < _ >A3, 3.54
007'( ) Wi w‘r) Wi _wT+i772 —2F Wt _WT+Z772+2E ( )
and 1 1
4 (g = < _ ) A3 3.55
orr (B i, or) wr +in2 —2E  wr + iy +2F ’ (559

From this expression we notice that the spectral weight on the 2D map in the
impulsive limit is spread along the lines w; —w; = +2F and w,; = £2F. We simulate
the resulting signal for three values of 7,£2, which correspond to a narrowband,
intermediate or broadband incoming pulse. In order to clarify the role of the
continuum of excitations we simulated two different situations. In one panel, Fig.
we considered the t < A limit, where the bandwidth is taken much smaller
than the semiconducting gap and one has almost non-dispersive bands, akin to a
two level system. In this limit one can approximate w(E) ~ §(E — A) in Eq.
and can just simulate the previous expressions by sending £ — A. In the other
panel, Fig. we considered the t > A limit, where one needs to integrate the
previous expressions over the energy F including in the function w(E) all the factors
foreseen in Eq. We observe that in this case the spectral weight is more spread
in the (w¢,w;) plane going towards the impulsive limit, as expected for a continuum
of excitations which has an onset at the optical gap.

3.4.2 Paramagnetic term

Let us now consider the paramagnetic contribution. As done for K92, we focus on
the structures given by K™ and K™ when plugged into Eq. [3.49l One has for
the fully-interband scattering

) 1 1
Klnter E, , , _ _ — ( — > X
$T B wn e o =) =\ O TR T o i 4 28
" [ 1 1
w4im —2E w, +im + 2F
n 1 1
wr+in —2Fwy —wr —w+1m + 2F
1 1
EF— —F|.
+ wr —wr —w+1in — 2B w+1im + 28 +
(3.56)
Noticing again the symmetry w — wy — w,; — w in the previous expression, one can
write
- 1 1
T (B wy. ) = A < _ ) y
or (B weswor) = Alwr) \ om0 ~ 5 i 1 2E

F@ier(2B) | Fge(-2B) | Fgie'(2F) + Figie"(~2F)
- + - + 5 ,
wr+in —2E  wr+in +2F wr — wWr + N2

(3.57)
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(b) The 2D map obtained for t/A = 100.

Figure 3.6. Comparison between the 2D map obtained from the fully-diamagnetic process,
computed integrating over energy E the sum of Eq. [3.51 and [3:53] In the upper panel
we weight the sum by w(E) ~ §(E — A), corresponding to the two-level limit. In
the lower panel we explicitly include the full form of w(F) derived from Eq.
We show the dependence on the time duration of the incoming pulse, defined by
A(t) = Ae=/27) cos(Qt), and we set 20 = 2A, i.e. twice the central frequency of the
pulse is resonant with the optical gap of the semiconductor.
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where the function FiBt" reads now

Aw)A(wt — wr — w)

Fister(9p) = / d : 3.58
The contribution j(gf’_)T (E,wt,w;) reads as well
- 1 1
JB (B — Alw; — ( - )
orr (B, i, wr) (wr = wr) wy +1in3 —2E  wy+in3 + 2F X

Finter 28 Finter —92E

% Orr ( ) + OrT ( . ) (3 59)
wg—wr+in —2F  w —wr +in +2F :

+ orT .07'7'
wr + 2

9

Finter(QE) + Finter(_zE)]

where the function FiM" is obtained from F{B%*" by exchanging w; — w, > w,. Once
again we analyze the impulsive limit, in which the F' functions can be integrated

out to constants and the resulting 2D map is characterized by

=(3) B _ 1 _ 1 )
oor (E> wr, wr) (wt+in3—2E w +in3 + 2F %

[ 1 1 9 } . (3.60)
X - + - + : )
wr+im —2FE  wr+im +2F wi—wr F+ 12
and
~ 1 1
Ji3) B wy, = < — ) X
orr (Bt wr) =\ S0 ~ o T im 1 2E
1 1 2 -
X [ . + . + , } A3,
W —wr +im — 2w —wr +im +2E 0 wr i
(3.61)

In this case one can immediately recognize four peaked structures in the semiplane
wy > 0, which are obtained from the intersections of the Lorentzian maximized along
the line w; = 2F with the ones in parentheses in the previous expressions, which are
peaked along w; = 0,£2F and w; — w; = 0, £2F. The four spots are then located
at coordinates (2E, —2F), (2E,0), (2E,2F) and (2E,4F).

A similar but more involved computation can be then performed for the mixed
terms in Eq. One has for the K¥™*(F, w,w;,w; —w,; —w) piece contributing to

j[ggz-(vatawT)

KgiX(...)=< ! ! >><

wit+ins —2E  wy +ing

1 1 1
X
{w+im—2E (w+w7+ing—2E+wt—wT+ing—2E)

1 1 1
+ wr +in —2F (w+w7—|—ing—2E+wt—w+in2—2E)

1 1 1
+ w —wr —w+in —2F (wt—wT—i—ing—?E+wt—w+in2—2E>}
_(E_>_E)7
(3.62)
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from which we calculate, using again the symmetry w — wy — w; — w,

_ 1 1
IS (E =24 ( - )
oor (B> or, wor) W\ o i —2E  w i)

mix,1 mix,2
[ Feter) | Ferep)
w —wr +ing —2E  w; +in — 2F

mix, 1 mix,2
+ FOOT (2E)_FOOT (QE)] —(E—) —E)

(3.63)

wr + ”71

Here we introduced the two functions
w)A(w — wr — w)
w41 +2F

- A
Rl = / o A , (3.64)

and
w)A(wy — wr —w)

+wr +ing +2E

- A
FoX?(2E) = / dw uf (3.65)

In the impulsive limit one finally gets

. :< 1 1 >X
oor (Bt r) =\ G —2E oyt g

(3.66)

1 1 <3

X|:wt_w‘r+“72_2E+WT+“71_2E]A (E—> E)
The calculation for the jo(i)r part is here omitted, but as in the previous cases the
associated signal can be obtained by the exchange w; <> w; — w,. Also in this case
the enhancement of the 2D map fro wy > 0 is obtained at the intercepts of the lines
wy = 0,2F with w; = 2F or wy — w; = 2E. While the spots at (2E,0) and (2E,2F)
gain also contributions from the purely interband process described by K™*r we
stress that the two spots at (0,2F) and (0,—2F) are only present if this mixed
interband-intraband scattering is included, making then possible to identify regions
in the 2D map that are selectively sensitive to this specific nonlinear pathway.

As we did in the previous section, we compare also here the non-dispersive
and dispersive limits, by computing the 2D map in the t < A regime where
w(E) ~ §(F — A) and in the ¢ > A limit by taking into account all the prefactors
to KT and K™ of Eq. in the integral over energy EX. We observe that in
the former two-level limit the prefactor of the mixed process is suppressed by a
factor t2/A2, so that only the interband contribution survives. We show in Fig. [3.7al
the obtained result, where one observes the transition from a 2D map witnessed by
a broadband field to the situation where the field gets narrower and the spectral
features associated with the pump are most prominent.

It is interesting to compare what we have just obtained with the two-level formal-
ism usually presented in literature[94) [80], assuming in our case to have the resonance
of the two-level system coinciding with the direct band gap of the semiconductor.
Indeed, we would obtain exactly the previous result from a perturbative solution
of the following hamiltonian coupled to a gauge field A(t) via the standard dipole
approximation,

H = A1+ A= 1)(—1] + pA@t)[+1){~1] + h.c., (3.67)
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where the two states represent the valence (|+1)) and conduction (|]—1)) bands of
the system in the limit of negligible dispersion and u is the dipole moment.

In Fig. [3.7b| we show the results in the opposite ¢ > A limit. As one can
immediately notice, there is similarity between the two cases, at least at the four
spots mentioned above where purely interband transitions play a major role. In
addition to them, we also observe the other peaks along the line w; = 0, which
correspond to the terms involving also intraband scattering, i.e. the K™X which as
explained before are suppressed in the ¢t < A limit.

Comparing the two paramagnetic and diamagnetic contributions, it is evident
the power of the 2D technique in distinguishing the two classes of processes shown
here, that produce very different signals when a sufficiently broad incoming pulse is
used. We remark that this is a crucial point: all the results above have been obtained
by assuming that the spectral content of the field remains intact when entering the
sample, a situation which occurs only in certain experimental realizations, as e.g.
in Ref. [72]. We will then explicitly analyze in the next chapter a case where most
of the features of the 2D map witnessed by the experiment are heavily influenced
by the linear response of the system, making it challenging to distinguish among
different nonlinear pathways.

To conclude the chapter, let us summarize in Fig. and Fig. the results
that we have obtained so far, having for simplicity in mind the two-level limit. Fully-
diamagnetic processes produce two-point response functions which only depend
on the sum of two incoming frequencies. In the monochromatic limit, the four
peaks corresponding to non-linearly generated first harmonic will then be weighted
by the combination K (2€) + 2K(0), while the third harmonic will be weighted
by 3K (212), according to Eq. which can be resonantly enhanced only when
22 = 2A. In the impulsive limit, the same kernel produces pair of stripes along the
lines wy — w; = £2A or w, = £2A: the first pair is realized when only one photon
is exchanged with the delayed pulse, the second one when two photons coming from
it are involved.

Fully paramagnetic processes require to deal with four-point response functions,
which naturally have a more complicated structure. When monochromatic pulses are
used, the kernel is read out at different incoming frequencies, K (2,2, —Q) for the
first harmonic and K (€2, Q, Q) for the third harmonic. In this case enhancement can
occur in principle whenever one, two or three photons from the pump are resonant
with the internal energy scale 2A, an argument which we will encounter again the
next chapter when discussing the experimental results on NbN [72]. In the impulsive
case, one gets four peaks instead of stripes at the intercepts between w; = +2A and
wy — wy = £2A or w; = £2A, i.e. the maximum enhancement occurs when all the
electronic propagators entering the nonlinear response are read out resonantly by
the incoming pulses.
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(b) The 2D map obtained for t/A = 100.

Figure 3.7. Analgous of the previous Fig. and Fig. for the fully-paramagnetic

process, computed integrating over energy E the sum of Eq. and In the upper
panel we weight the sum by w(E) ~ 6(E — A), corresponding to the two-level limit
which is only sensitive to K™, In the lower panel we explicitly include the full form of

w(F) derived from Eq. Also here we show the dependence on the time duration of
the incoming pulse, defined by A(t) = Ae=t?/27%) cos(Q2t). We set 202 = 2A, i.e. twice

the central frequency of the pulse is resonant with the optical gap of the semiconductor.
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(b) Schematic 2D map for the paramagnetic process. We listed the names of the four peaks
which are usually reported in the literature: 2Q (two-quantum), NR (non-rephasing),

PP (pump-probe) and REP (rephasing).

Figure 3.8. Conclusive comparison between the appearance of diamagnetic and paramag-
netic processes in the monochromatic (left column) and impulsive limit (right column).
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Chapter 4

Applications of 2D-THz
spectroscopy to superconductors

Part of this chapter has been published in Ref. [39]. The rest of the chapter will be
submitted soon for publication.

4.1 Application to c—axis response of cuprates

In this section we want to analyze the c—axis response of nearly optimally-doped
Lag_,Sr,CuOy4 (x = 0.17), a single-layer superconducting cuprate, whose 2D-THz
spectroscopy measurements have been presented in Ref. [89]. As described in Chapter
the c—axis polarized THz measurements are particularly sensitive to the presence
of the Josephson plasma mode, at frequency w,. In particular, the experimental work
focuses on the spectral features of the peak in frequency domain called Josephson
Echo, at (w,, —w,), with the aim to extract information on the role of the disorder
in the interlayer tunneling of Cooper pairs.

Indeed, already at level of linear response, the presence of inhomogeneity in the
superconducting phase is invoked to explain the modification of the form of the
reflectivity edge, see Fig. from Ref. [31], that in turns results in the appearance of
an absorption peak in the real part of the conductivity. From the theoretically point
of view, an effective model to explain this observation was proposed in Ref. [144],
where a statistical distribution of the Josephson plasma frequency w, is introduced
in place of a single value. However, a precise estimate of the importance of this type
of spatially-related, inhomogeneous disorder from linear spectroscopy is difficult,
since its effects are often mixed with the more standard broadening associated with
homogeneous, Born-like scattering. Thus, the experiment aimed at exploiting the
intrinsic richness of the 2D-THz signal in order to disentangle the two contributions.

Before briefly discussing the effects of this type of disorder on the 2D map, we
want to understand the observed signal in the theoretical framework presented in the
previous chapter. At low temperatures, the experimental 2D map is characterized
by four spots located at frequencies (w,, —w,), (w;,0), (w,,w,) and (w,, 2w, ), with
w, ~ 2 THz for the doping level x = 0.17 of the studied sample. The experiments
are performed in a reflection configuration by means of a relatively broadband
pulse, so that in principle the observation can be reconciled with the impulsive-limit
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Figure 4.1. Reflectivity curves (black line) of LSCO samples at different doping levels (in
percent) collected in Ref. from Ref. [31]. The experimental prophiles were fitted using
the standard two-fluid model (bold gray line) or with the effective model to account
for disorder proposed in Ref. [144] (red line), with a doping-dependent gaussian weight
(green line).

picture displayed in Fig. [3.8D] where the internal energy scale is determined by the
Josephson plasmon at w,. As we will see by explicit calculation, at least at low
temperatures the internal screening of the incoming field is predominant, producing
an effective narrowband pulse centered around w,. Consequently, it would be more
appropriate to recast this peculiar case in the monochromatic-limit sketch in Fig.
where it is actually difficult to distinguish between the different nonlinear pathways
contributing to the 2D response.

4.1.1 Fresnel effects in the 2D-THz case
Let us reconsider at first the result presented in the Chapter [I] for the reflected field

from a bulk sample, which is the situation appropriate for the configuration used in
Ref. [89]. The outgoing electric field reads, see Eq.

47 1
= m(w)/dwz‘ K (w1, wo, w3) Aext (w1) Aexs (wa) Aext (w3) X

¢ 1+4+n
t(w1)t(w2)t(ws) . s
“n@w/et v, n(wz‘)wz'/cé (w 21: Z> '

In this expression we have separated on the first line inside the integral the result
that one would obtain neglecting the propagation effects inside the material, where
the external fields are convoluted with the nonlinear third order kernel. In the second
line we see instead the contribution of internal screening, which has its own frequency

Eout (w)
(4.1)
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dependence and can mask the genuine nonlinear effects included in K(®). In this
way, we will see that even the simplest instantaneous kernel can show complicated
signatures linked to the response due to the propagation of the generated signal at
the interface between vacuum and material.

To proceed with the evaluation of the 2D map, we can apply here the same
procedure presented in the previous sections, see e.g. Eq. One gets for the
piece with the double interaction with the Ag(t) field and the single interaction with
AT (t)7

ESSt (wr, wyr) = /dw Kés)(w,wT,wt — Wy —w)X (4.2)

XAext (W)Aext(wT)Aext (Wt — Wr — w)fOOT(wa Wt, WT)a

where the function Fyg, takes into account all the factors related to propagation
effects and reads

271t (wy )t (w)t(wr )t (wy — wr — w)
n(we)wr + n(w)w + n(wr)wr + n(wy — wr — w)(wp — wr —w)’
(4.3)
An analogous result for B (wy,w;) is obtained by switching w; <> w; — w;, cor-
responding to the system interacting once with the Ag(¢) field and twice with
Ar(t).

We now specialize this result to the case of the c—axis response of cuprate
superconductors. We focus on two different processes which we have encountered
in the previous Chapter [2| namely the instantaneous and the two-plasmon kernel,
which are both finite in the effective cosine-model that we have adopted to describe
the third-harmonic response, see Section For our purposes, we just consider
K®) ~ const. in Eq. to simulate the instantaneous contribution, while we use
the results reported in Sections and for the two-plasmon part. We recall
that the expression of the latter kernel as a function of the sum-frequency w of the
two incoming photons is given by Eq. [2.67], which we report here

fOOT(wawta wT) =

coth(%)
(ot

Kop(e) ~ [ d2p12() -7 (1.4)
where prr(z) is the density of state associated with the two-plasmon process, see
Eq. In the region in proximity of the lower plasma edge, the latter density
grows linearly as prr(z) ~ 26(z — w,). Moreover, nearby the critical temperature
we can also approximate coth 5z/2 ~ T'/z, so that the above kernel can be easily
integrated and reads, neglecting constant prefactors,

T (w +iv)?
Kap(w) ~ mlog <1 B

which almost coincides with the so-called plasmon squeezing contribution in Ref.
[52]. We stress that although near T, the two derivations give the same result, the
procedure followed in Ref. [52] is only valid in the region 7' ~ T, where plasmon
fluctuations have thermal nature. For low temperatures, the latter would predict a
suppression scaling with 7" which neglects quantum anharmonic effects, which are

(4.5)
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indeed taken into account in our framework by the coth 8z/2 — 1 for T — 0. At
this point we can then express the contributions of the two-plasmon process to the
2D map by using the relation

Kég) (W, wr,wp — wr —w) ~ Kop(w+ wr) + Kop(wy —w) + Kop(wy —w,).  (4.6)

Using again the symmetry in Eq. [:2] upon replacement w — w; — w; — w we can
show that the first two terms of the previous sum are actually equal. As it happened
before, the form of the kernel K§3) for the E§" (wt,w,) is obtained by switching
w; ¢ W — w, in the previous expression.

In order to compute the effect of the function F in masking the spectral features
of the kernels just introduced, we consider the usual dielectric function containing
the superfluid response and the normal dissipative term, namely

2
e(w) = €xo (1 — % + 23)) , (4.7)
from which we can derive the refractive index as n(w) = /e(w). We remark that
in Ref. [3I] an extensive analysis of the linear response from LSCO samples at
different doping levels has been carried out, taking also into account the role of
inhomogeneities. Following Ref. [144], the two-fluid dielectric function is weighted
by a gaussian distribution of w, values, whose variance is fitted on the reflectivity
curves collected from the various samples. The authors find that at doping « = 0.17,
where the experiment of Ref. [89] is performed, the differences between the model of
€(w) obtained by taking into account the effect of inhomogeneities and the standard
two-fluid reflectivity in Eq. [£.7] with finite v are almost unperceptible, as can be
seen from the very small value of the width of the gaussian distribution that they
consider. For this reason, in this section we stick to the dielectric function presented
in Eq. A7) since we are now mainly interested in understanding the filtering effect
produced by such a sharp reflectivity edge.

In order to check the relevance of the screening effects, we then show in Fig.
the shape of the internal field Aj,(w) = t(w)Aext(w). We considered for Aext
the experimental pulse spectrum of Ref. [89] and we modeled the parameters of the
dielectric function fitting the experimental data measuring LSCO samples at doping
levels x = 0.16 [137] and = = 0.18 [60] for several temperatures. The extracted
values for w, and v are then interpolated in order to get a reasonable estimation of
the appropriate parameters for LSCO at x = 0.17, since we have not temperature
dependent reflectivity spectra in Ref. [89]. As we can see from the right panel in
Fig. at the lowest temperature T' = 6 K the field gets reshaped with the peak
now shifting from the central frequency of the pump towards the value of w,.

We then show in Fig. the resulting 2D map when the instantaneous kernel
is considered. At T' = 6 K we clearly observe the four spots located at the positions
(Wz, —w,), (w2,0), (Wy,w,) and (w,,2w,), with w, ~ 2 THz, consistent with the
experiment. Rising the temperature the peaks redshift along the w; axis following
the plasma edge and at T' = 25 K there is more or less a coincidence between the
position of the latter and the central frequency of the pulse, see the dashed guiding
lines in the figure. At larger temperatures the plasma edge redshifts furtherly but
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Figure 4.2. The simulated reflectance (left panel) of a LSCO sample at doping level
x = 0.17 for three selected temperatures, using the interpolated parameters from Ref.
[137] and Ref. [60] with the two-fluid model in Eq. At low T the plasma edge
(dashed vertical lines) produces a filtering effect on the incoming field (right panel), as
we show comparing the external field used in Ref. [89] (dashed line) with the internal
one A, (w) = t(w)Aext(w) (solid line).

the broadening of the minimum is such that it is difficult to distinguish the spectral
weight associated to the different spots. Nevertheless, one can still appreciate very
near to T, that along the w; axis the maxima are still sensitive to the central
frequency of the pump. This effect is more evident in Ref. [52], which is reported
in Fig. due to the smaller spectral width of the incoming pulse used in those
simulations. The asymmetric behavior between the horizontal sliding of the peaks
along the w; direction following the redshift of the plasma edge and their almost
fixed position as a function of w; can be understood inspecting Eq. In the
latter expression three #(w;) factors are multiplied by the pump spectrum in order
to reconstruct the shape of the internal field that generates the nonlinear signal,
whose behavior is determined by the interplay between Aeyt, centered at 2, and
the frequency dependence of ¢, characterized by the plasma scale w,, as shown in
Fig. Nevertheless, there is a further factor ¢(w;) which is only related to the
propagation of the outgoing radiation that reshapes along the horizontal direction
the generated 2D signal, being eventually only sensitive to the scale of w,.

In Fig. we show the results of the simulations with the two-plasmon kernel.
For these we kept in Eq. the same values of v(7T") that we fitted for the linear
response. As it can be noticed, it is very difficult to appreciate the difference between
the instantaneous process and the diamagnetic-like one, since by assuming the same
~(T) in refractive index entering the F factor and the damping in the two-plasmon
process one softens both effects in the same way. There is a small difference in the
relative intensities of the various peaks at low temperatures, in particular the two
at (w,, —w,) and (w,, 2w,) that are placed on the lines of enhancement foreseen by
Fig. ie. w —wr = 2w, and w, = 2w,, respectively. Nevertheless, since the
experimental protocol of Ref. [89] requires to collect the four spots in a non-collinear
geometry with the incoming and outgoing radiation inclined at different angles with
respect to the sample surface, it is at the moment not possible to directly compare
the relative intensities of the peaks.
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(a) The 2D map obtained considering the instantaneous process.
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(b) The 2D map obtained considering the two-plasmon process.

Figure 4.3. The simulated 2D-THz response of LSCO (z = 0.17) probed with c—axis
polarized electric field, with incoming spectrum similar to the one used in Ref. [89],
for three different temperatures. In the upper panel we compute the signal resulting
from an instantaneous kernel, in the lower one we consider the two-plasmon excitation
mechanism presented in Chapter [2] We superimpose as guides to the eye the positions

of the central frequency of the pump (green dashed line) and of the plasma frequency at
the various temperatures (blue dashed line).
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Figure 4.4. 2D maps obtained for the instantaneous (mean field) and two-plasmon
(squeezing) contributions obtained in Ref. [52], where the difference in the two processes
is more evident. In this case the incoming field is narrower than the one used in Fig.
[£-38) and Fig. [A.3b| and propagation effects are taken into account differently.

A similar simulation has been presented also in Ref. [52], where a different
behavior between the instantaneous (named mean-field) and the two-plasmon (named
squeezing) process is observed for T' ~ T, as can be seen in Fig. The differences
between our results and those in Ref. [52] are most probably due to (i) the smaller
spectral width of the pulse used in their simulation and (ii) the way in which linear-
response effects are taken into account to generate Fig. [£-4] namely considering each
internal driving field as screened by 1/¢(w) in place of the functional form in

4.1.2 Two-level model for inhomogeneity

In this section we want to take into account with a minimal model the role of
inhomogeneity in the measured 2D-THz spectra, by applying the formalism developed
for inhomogeneous line broadening in molecules [129] as suggested in Ref. [89]. The
calculation that we present here allows one to study the variation of the lineshapes
for all the four spots analyzed in the experimental data on LSCO. The starting point
is the assumption that the system is characterized by a statistical distribution of
plasma frequencies, which is taken as a gaussian [144], 31]

p(wz) ~ e_(wz_‘:’z)z/(QUQ). (48)
One then assumes that the 2D map can be obtained by considering

() = [ dwpln) B (w2), (4.9)

where the E°"(w,) is simulated by considering a fixed c—axis plasma frequency. In
order to make the contribution of inhomogeneities more transparent, we consider just
the contribtution from the instantaneous third-order kernel. We also approximate the
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internal screening described by the F function introduced in Eq. by considering
A (W) = At (w)/e(w), ie. t(w) ~ 1/e(w), that for an impulsive field A(w) = A
allows one to perform analytical calculations when the dielectric constant in Eq.
is considered. Omne can then show that for v < w, the internal A;,(t) can be
approximated as

A (t) = Aw.0(t)e " sin(w.t), (4.10)

so that one can then express E°U' in time domain
E°"(t,7) = A?n(t)Ain(t +7)+ Ain(t)A?n(t + 7). (4.11)

By combining the various oscillating terms coming from the sine, one can selectively
isolate the contributions to the 2D map located at the spots foreseen by the frequency
vector scheme in Fig. [3.2] where now the internal field is narrowed by the presence
of the well defined plasma edge at w = w,. If one is for instance interested in the

so-called Josephson Echo peak, it suffices to select terms containing e ™™= (t=7) in Eq.
namely
By (8, 7) = ABwl0(t)0(t + 7)e21e I et (4.12)

We want to perform the Fourier transform (¢,7) — (w,w;), which in this simple
case will produce Lorentzian lineshapes. Before proceeding with the inclusion of the
inhomogeneities, we stress that the shape of the resulting peak is already strongly
dependent on the way in which the signal is collected, due to presence of the
homogeneous broadening ~y. If one were able to explore both positive and negative
time delays, i.e. the Fourier transform can be at least in theory extended for 7 < 0
to 7 > 0, one gets from Eq. [£.12]

_ 1 1
E&u’t_l) (wy, wy) = A3w?

. 4.13
fwr — wr — 2w, + 21y wr + w, + iy ( )

The Josephson Echo peak is then stretched by a finite « along the lines w, = —w,
and w,; = wy — 2w,, see upper row of Fig. Conversely, if one only collected
the signal for 7 > 0, one must replace the 6(t + 7) in Eq. with a 6(7), i.e. the
Fourier transform cannot run for 7 < 0. This will affect the 2D signal by modifying
the previous expression into

B () = A —— ! (4.14)

Fwp—wy + 3y wr +w, + iy
As it is evident, the stretching of the peak due to v occurs in this case along the
lines w; = —w, and w; = w,. We remark here that in this simple model it is possible
to analytically simulate the 2D map for both situations, i.e. when one collects data
for both positive and negative time-delays or for 7 > 0 only. However, we have seen
in the previous section that it is extremely useful to use the Fourier transform along
the 7 axis to saturate one frequency integral which determined the nonlinear third
order current, which assumes to have a signal extending both for 7 < 0 and 7 > 0.
For the purpose of comparing the simulated map with the experiments performed
collecting only 7 > 0, it is then convenient to proceed in the following way. One
first performs the simulation as we have illustrated previously, then we numerically
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anti-Fourier transform (w;,w;) — (t,7) and cut the signal for 7 < 0. As a last step,
we go back to Fourier space by means of a last numerical Fourier transform. This is
exactly the procedure that we have followed to obtain the simulations in Fig.
and Fig.

With this in mind, we now proceed to analyze the role of inhomogeneities
in determining the spectral shape of the peaks in the model introduced above.
Considering only 7 > 0 for a direct comparison with Ref. [89], we have to integrate
over w, with a gaussian weight the expression in Eq. namely

w e (WZ_‘:)Z)Z/(on)

—wy + 317) (wr +w; + 7))

(B ) oty 0r) = A [ o, o (4.15)

The integral can be analitically computed again in terms of Faddeeva functions,
denoted here as w(z) and the result reads, neglecting constant prefactors,

w {(wt — W, + 3iy)/ (\/ﬁa)} +w [(wT +w, +iy)/ (\/ﬁa)}

wt + wr + 41y

(B 1)) (wrwr) =

(4.16)
We remark here that we have approximated w? ~ @? in the numerator of Eq.
which amounts to neglect corrections of order o /w? to the previous expression. We
notice that there are different limiting cases according to the values of v and o,
which represent homogeneous and inhomogeneous broadening, respectively. When
homogeneous broadening is dominant, one observes the same linewidh that are
obtained in the case where we neglect the distribution of plasma frequencies, i.e.
replacing the gaussian in Eq. with a delta centered at @, getting back Eq.
When inhomogenous broadening is dominant, one can replace the same gaussian
with a constant, and the integral over w, would produce the same pole in Eq. [4.16]
which elongates the peak along the line connecting (w,, —w,) with the origin. This
result is somehow expected if one realizes that varying the value of w, one is simply
shifting the position of the peak along the same line, as depicted in Fig. We
also give here the results of the same procedure applied to the other three spots
measured in Ref. [72]. For the (w,,0), so-called pump-probe peak, one has

w [(Wt — @, +3iv) / (\/50)]

wr + 24y

<E?1u,g)>(wtaw7) - ) (417)

where the stretching occurs along the w; axis. For the (w,,w,) rephasing peak the
expression reads

w[(wr =@ +i7) / (V20)] —w (@ — @ +3i7) / (V20|

wr — wy + 207y

Y

(EQ) (weywr) =
(4.18)
while the two-quantum spot at (&, 2w,) can be simulated through

w [(wT — 20, + 2iy) / (2\50)} —w [(wt — @, + 3iv) / (\/ia)}

2w — wr + 4iy

(ERS)) (W wr) =
(4.19)
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(a) Difference between the appearance of the Josephson (b) Schematic picture of the effect

Echo peak in the 2D map when the signal in time-
domain is collected for both 7 > 0 and 7 < 0 (upper
row), or for 7 > 0 only (lower row), as it happens for
the data shown in Ref. [89]. Blue dotted lines denote
the maxima of the two Lorentzian functions which

are found from Eq. (upper panel) and Eq.

(lower panel).

of inhomogeneous broadening
on the appearance of the 2D
map. The statistical distribu-
tion of w, acts to shift the posi-
tion of the four peaks towards
the origin along the red dotted
lines.

Figure 4.5. Schematic representation of two effects determining the shape and the
orientation of the peaks measured in a 2D experiment, applied to the case of LSCO

probed with c—axis polarized pulses.
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In Fig. we fit the full spectral profile in Eq. on the 2D data collected in
Ref. [89], leaving as free parameters the central value w, and the variance o of the
gaussian distribution of plasma frequencies, as well as the homogeneous broadening.
The values obtained are w, = 2.01 THz, v = 0.04 THz and ¢ = 0.15 THz, which
are however different from those reported in Ref. [89] because of the different fitting
model used [I29]. The same values are then used to simulated the other three peaks
through Eq. [£.17 Eq.[4.18 and Eq. [£19] The comparison between the obtained
lineshapes and the experimental maps is qualitatively reasonable, given the set of
approximations that we have made in order to get an analytical formula which can
be used to fit the experimental peaks.
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Figure 4.6. Comparison between the experimental peaks collected in Ref. [89] at T =
6 K (left column) and the simulations obtained by using the simple model for the
inhomogeneities presented above (right column).We fitted the full map of the Josephson
Echo peak using Eq. and we kept the same w,, v and ¢ to simulate the other three

peaks through Eq. Eq. and Eq.
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Figure 4.7. (a) A schematic of the THz 2DCS experiment. (b) Time traces of the A and B
pulses together (E4p(t, 7)) transmitted after the NbN sample (T, = 14.9K) at 5 K as a
function of the sampling time ¢ and the delay time 7. (¢) The same plot as (b) but for
the nonlinear signal Enr (¢, 7). (d) Power spectrum of the THz nonlinear signal from
NbN at 5 K measured at 7 = 0 ps with the broad-band THz pulses (purple, left axis).
The blue dashed curve on the left axis is the power spectrum of the B-pulse. The green
curve on the right axis shows the real part of the optical conductivity at 5 K.

4.2 Application to superconducting NbIN

In this section, we present the THz nonlinear response of the conventional dirty-limit
superconductor NbN, investigated using 2D-THz spectroscopy as reported in Ref.
[72]. The experimental data were collected by N. Peter Armitage’s research team,
while the theoretical analysis, including numerical simulations, was conducted in
collaboration with G. Seibold.

The schematic of the experiment is depicted in Fig. [4.7(a). Two intense single-
cycle THz pulses are generated using the tilted-pulse front technique with LiNbOj3
[59, 148, [62]. We first performed 2D-THz spectroscopy on NbN (7, = 14.9 K) using
broadband THz pulses, whose peak E-field did not exceed 3 kV/cm. We measured
the transmitted THz E-fields of two pulses (E(t,7), Eg(t)) separately, and of both
pulses (Eap(t,7)) together as shown in Fig. 4.7(b). We swept the delay time 7 of
the A-pulse with respect to the arrival of the B-pulse. The E-field of the nonlinear
signal is obtained as Enr(t,7) = Eap(t,7) — Eao(t,7) — Ep(t), presented in Fig.
[4.7(c). We perform a Fourier transform with respect both ¢ and 7. Fig. [4.7(d) shows
the power spectrum of the nonlinear signal at 5 K when 7 = 0 ps (the purple curve).
The nonlinear signal exhibits two peaks: one matches twice the SC gap 2A identified
in the THz optical conductivity measured at 5 K (the green curve on the right axis),
and the other is located at slightly higher energy than the center frequency of the
B-pulse.

In Fig. [4.8(a), we present the power spectrum of the nonlinear signal at 7 = 0 ps
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Figure 4.8. (a) Power spectrum of the nonlinear signal from NbN (7, = 14.9 K) when
7 = 0 ps at different temperatures with single-cycle THz pulses. The grey dashed
curves denote the fit to the data using a Lorentzian multiplied by the B-pulse power
spectra. The obtained peak energy is presented by the red arrows. (b) The nonlinear
signal in (a) divided by the B-pulse power spectra as a function of temperature. The
obtained peak energy with fitting is shown by the green arrows. The dashed curves are
the fits to the data using a Lorentzian. (c) Peak energy of the nonlinear signal as a
function of temperature obtained by fitting the raw data in (a) (red open squares) and
the normalized data in (b) (green open diamonds). The grey circles are the temperature
dependence of the gap evaluated using the Mattis-Bardeen model.

measured at different temperatures. The peak energy in the nonlinear signal shows
a redshift with increasing temperature. We evaluated the energy of the peak in
two ways. First, we fit the power spectra of the nonlinear signal using the power
spectrum of the B-pulse multiplied by a Lorentzian. The fits reasonably reproduce
the data as presented by the grey dashed curves in Fig. @(a). The extracted peak
energy is plotted as a function of temperature by red open squares in Fig. (c), in
good agreement with the temperature dependence of 2A (the grey circles) as seen in
the linear responses.

We also evaluated the peak energy by normalizing the nonlinear signal spectra
with the B-pulse spectra, as shown in Fig. |4.8(b). While the normalized spectra
display an increasing tendency toward higher frequency below 12 K, peaks are
discerned in the frequency range from 0.3 to 1.4 THz. We fit the normalized
spectrum with a Lorentzian and plot the obtained peak energy as a function of
temperature by green open diamonds in Fig. (c), consistent with those in the first
procedure. We note that the same result of the peak-energy shift is obtained using
the A-pulse to normalize the nonlinear signal. This direct correspondence between
the peak energy of the nonlinear signal and the SC gap energy was also found in
other NbN samples with different 7.

To obtain deeper insight into the spectrum of the nonlinear signal, we performed
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Figure 4.9. (a) Power spectrum of the THz nonlinear signal at 5 K measured at 7 = 0
ps with narrowband THz pulses. (b) The frequency-integrated intensity of the FH and
TH contributions at 5 K when 7 = 0 ps as a function of the B-pulse peak E-field. The
dashed grey curve is the guide to the eye with a slope of 6. (¢) Temperature dependence
of the frequency-integrated intensity of the FH (red) and TH (blue) contributions. The
top presents the temperature dependence of 2A evaluated from the linear conductivity
as compared to  (red) and 29 (blue). The solid grey curve is the gap computed by
numerically solving the BCS equation. The black dashed line denotes the temperature
that satisfies Q2 = 2A.

THz 2DCS using narrowband THz pulses with the peak E-field of 3 kV/cm and a
driving angular frequency of = 0.63 THz. Fig. [4.9(a) shows the nonlinear signal
spectra for NbN with T, = 14.9 K measured at 5 K when 7 = 0 ps. The power
spectrum exhibits two peaks at 0.63 THz and 1.9 THz, corresponding to the FH
and third harmonic (TH) contributions, respectively. Both FH and TH intensities
follow E° as shown in Fig. [4.9(b) up to the THz peak E-field of 10 and 3 kV /cm,
respectively, indicating that both are third-order nonlinear responses. As discussed
in Chapter [I} a monochromatic field is able to generate through a third-order non
linear process signals at €2 and 3€). The novelty of this setup as compared to standard
THG experiments discussed in Chapter [I] is the possibility to directly extract the
nonlinear FH contribution by subtracting the F4 + Ep signal from the E4p one,
thus removing the linear-order contribution.

Fig. c) shows the frequency-integrated intensity of the FH and TH signals as
a function of temperature with the multi-cycle THz pulses when 7 = 0 ps. Here,
we integrate from 0.3 to 1 THz for the FH signal, and from 1.6 to 2.2 THz for the
TH signal. The temperature dependence of the TH signal is consistent with the
previous reports where it takes its maximum intensity when twice the drive frequency
matches twice the SC gap energy 2A (i.e. 20 = 2A) as shown in the top panel
[98, 139, 99, [128], see for comparison Fig. By contrast, the FH signal displays a
resonant enhancement when the driving frequency matches 2A (i.e. Q = 2A).
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4.2.1 Numerical simulations and phenomenological theory

To clarify the experimental observations, we analyze the different nonlinear processes
following the diagrammatic approach presented in the chapters above and published
in previous work [20, 130, 140, 123]. We recall that nonlinear processes in the
superconducting state can be obtained by combining the diamagnetic (quadratic) and
paramagnetic (linear) couplings between electronic excitation and the electromagnetic
field, as reported in Eq. and in Section In the diagrammatic representation,
the former is represented as a density-like electronic vertex with two-photon lines
attached, while the latter appears as current-like electronic vertex with a single-
photon line. We recall that the third-order nonlinear current is expressed as

JInp(w) = /dwi K (w1, w2, ws)A(w)A(w2) A(ws)d(w — w1 — wy — ws), (4.20)

where A(w) denotes the gauge field. When an incoming monochromatic field A(w) =
A [0(w — Q) + d(w + Q)] is considered, the previous expression reads more simply,

Inp(w) = 0w — Q[K(Q,Q,-Q) + K(Q, -0, Q) + K(—Q,Q, Q)] A}

, (4.21)
+ 5w — 3K (Q,Q,Q) A% + (2 — —Q),

which predicts the generation of two harmonics at frequencies €2 and 32, both of
which can be accessed by the technique described above and controlled by different
combinations of frequencies entering the nonlinear kernel. As recalled in Chapter
[1l the general expression Eq. for a clean superconductor is greatly simplified
because only a diamagnetic, Raman-like density interaction between fermions and
gauge fields is allowed. The relevant diagram is shown for convenience in Fig. (a).
Accordingly, one has only two-photon vertices and Eq. becomes

Jﬁfii(w) = /dwi Kdia(wl + wo)A(wy)A(we) A(w3)d(w — w1 — wy — ws) 22)
- / do! K9 (o) A(w — o) AD (), '

having denoted
A () = / di! A Aw — ). (4.23)

Here, the only possible maxima in the nonlinear current occurs when the sum of two
incoming photon frequencies match the energy at which the kernel is enhanced, i.e.,
for a superconductor wy + we = 2A. In the case of monochromatic incident pulses at
frequency €2, this condition is satisfied when 22 = 2A, at which both the FH and
TH responses are expected to be enhanced. By contrast, in our experiments, the
nonlinear FH response in the disordered NbN is enhanced at 2 = 2A, indicating
that the diamagnetic process cannot account for the observations presented above,
leading us to consider other processes.

In the presence of disorder, coupling via paramagnetic current-like processes
are also allowed, which includes both self-energy and vertex corrections induced by
scattering with impurities. In previous theoretical works [123], 14, 140, [I30], it has
been shown that the most important contribution to the nonlinear current comes
from the diagram on the left in Fig. (b), where one has to retain the full generic
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Figure 4.10. Diagrams that contribute to the purely BCS part of the nonlinear kernel.
In the clean case (a), K4 is the only important process, involving two diamagnetic
interactions (grey bullets). This produces a response that explicitly depends only on the
sum of two incoming photons (red wavy lines) entering a convolution of two fermionic
propagators (black lines) G(k,w) where w and k are the frequency and momentum,
respectively, of the electronic Green’s function, over which one integrates. In the
disordered case (b), the paramagnetic process KP*# dominates the nonlinear response,
with four current-like vertices (white bullets) connecting four electron propagators and
four-photon lines. In this case, one has different combinations of the external frequencies
entering the fermionic propagators, which are convoluted. The grey-shaded area inside
the bubble represents the self-energy and vertex corrections induced by impurities. The
full frequency structure of KP*' on the left is mapped through Eq. [£:26] into the sum of
the three effective Kubo-like susceptibilities on the right.
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TH FH
Kdia Q=A Q=A
Krara O =2A/3,A;2A Q=A,2A
Table 4.1. Summary of the possible enhancements of the first and third harmonic signals

allowed by the diamagnetic and paramagnetic kernels reported in the text and observed
in the numerical simulations.

expression in Eq. plus vertex corrections induced by amplitude and phase
fluctuations, which dominate the signal at high disorder levels. By examining the
structure of this diagram in the Lehmann representation, as done e.g. in Ref. [116],
we can rewrite the nonlinear kernel in the form of KP*?(wy,w; + wa, w1 + w2 + ws),
leading to

J]F\),aza(w) = /dwi KPP (wq, wy +we, w +wa+ws) A(wy ) A(we) A(ws)d (w—wi —wa—ws).
(4.24)
From Eq. one can find that for a monochromatic field with frequency €, the
paramagnetic nonlinear current can in principle display resonances whenever any of
the three combinations of external frequencies running into the fermionic kernel in
KPa™ match 2A. Importantly, the resonances at Q = 2A/3 and Q = 2A in the TH
component and at 2 = 2A in the FH component are unique to the paramagnetic
process. In particular, the resonance of the FH paramagnetic contribution at 2 = 2A
coincides with our experimental observation, demonstrating that the observed FH
nonlinear signal stems from paramagnetic processes.
Having established the theoretical framework, we simulated the time evolution
of an attractive Hubbard model with local disorder

H=—t Z c;~r7acj7(, — ‘U| Z n;4M4 | + Z V}nw . (4.25)
(i) i 4o
Here, the first term describes the hopping of charge carriers between nearest neighbors,
the second term is the on-site attractive interaction, and the last term introduces
disorder via a site-dependent potential. The latter is taken from a flat distribution
with —Vp < V; < 4+Vp. In addition, we coupled a monochromatic gauge field to
Eq. via the Peierls substitution and solved the model by evaluating the time-
dependent Bogoliubov-De Gennes equations. Nonlinear FH and TH components of
the nonlinear current were then computed from the resulting time-dependent density
matrix. Results presented here were obtained for a 16 x 16 square lattice at zero
temperature with charge carrier concentration and attractive interaction fixed to
n = 0.5 and U/t = 2, respectively. The strength of the impurity potential Vj/t is
converted to the dimensionless parameter krl where kr is the Fermi wave vector
and [ is the electronic mean free path. The details of the numerical implementation
are described in previous works [123| [122] [14]. In the numerical simulations, we can
separately evaluate the nonlinear current, which arises from only BCS quasiparticle
excitations and that which also includes the amplitude mode, by constraining the
time-dependence of the SC order parameter in the density matrix or not. In order to
confirm the dependence of the results on the strength of the disorder, we performed
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Figure 4.11. (a-d) The nonlinear current amplitude |Jx ()| for the TH components as a
function of the driving frequency €2 normalized by the SC gap A, for kgl values of (a) 3,
(b) 6, (c) 10, and (d) 30, respectively. The BCS contribution and the sum of the BCS
and amplitude-mode (AM) contributions are denoted by the dashed and solid curves,
respectively. (e-h) The same plots as (a-d), but for the FH components.

simulations for several disorder levels. Since we used the NbN samples with 7, = 14.9
K, 12.5 K, and 9.1 K, we chose kpl = 3, 6, and 10 in the numerical simulations [22].
To further confirm the robustness of the amplitude-mode predominance at € = 2A,
we also performed the numerical simulation for kpl = 30.

We present the numerical results of the TH and FH nonlinear current amplitudes
for different kpl in Fig. [4.11[a-d) and (e-h), respectively. The corresponding TH and
FH nonlinear current intensities for krl = 10 are shown in Fig. 4.14f(a) and (b) above,
respectively. We find that (i) the nonlinear FH spectra hosts peaks at 2 = A and
2 = 2A and (ii) the TH contribution is peaked at @ = 2A/3, Q@ = A and Q = 2A,
see Table Remarkably, the = 2A resonance for the FH response is strongly
enhanced by the amplitude mode regardless of the disorder level. In the following we
will propose a theoretical explanation for this enhancement based on a perturbative
treatment of disorder, for the moment we remark that these numerical results reveal
that the experimentally observed resonance at 2 = 2A in the FH nonlinear signal
can be attributed to the amplitude mode in the entire investigated disorder range.
In contrast, the other resonances are strongly influenced by the disorder level. For
instance, Fig. [4.11)(a)-(c) show that the amplitude-mode contribution at 2 = A in
the TH increases going from the krl = 30 case to the more disordered krl = 3 case,
in agreement with the previous works [130} 123}, [140].

In order to compute the spectral features at finite temperatures and for an
arbitrary pulse shape, we modeled the nonlinear kernel as the sum of three Lorentzian
functions as

KPP (w1, w1 +we, wi +wa +ws) = a(l)L(wl) +a(2)L(w1 +ws) +a(3)L(w1 +wa +ws),
(4.26)
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0O O O
Figure 4.12. Diagrams contributing to the nonlinear kernel Eq. with each row
weighted by the corresponding (¥, In the model, we effectively approximate both BCS

and amplitude-mode contributions (first and second columns, respectively) as Lorentzian
propagators at energy 2A.

where a(? is the weight for each contribution and

_ A(T)?
Liw) = (W +0)2 — 4A(T)2’

(4.27)

is a Lorentzian function peaked at 2A, i.e. the characteristic energy scale of both
BCS and amplitude-mode contributions. In order to include the finite temperature
effect, we included in the Lorentzian by the factor A(T))?, such that the kernel softens
approaching T, and mimics the temperature evolution of the nonlinear response in
the clean case [20].

The kernel in Eq. approximates the possible diagrammatic contributions to
the nonlinear current shown in Fig. which is the minimal model to account for
the numerically observed positions of the resonances. It should be stressed that the
diagrams of Fig. must be interpreted as a mapping of the real paramagnetic
diagram of Fig. [£.10]into effective Kubo-like diagrams, leading each one to a specific
resonant combination of the incoming frequencies, in such a way that the resulting
resonance is at the position foreseen by the numerical simulation. With this in mind,
the three processes lead to

J](\}%(w) = 3oV /dw’A(w')A(Q) (w— W) L(W"), (4.28)
J](\%(w) = 30 /dw'A(w — WA (W L(W), (4.29)
I8 (@) = a® L(w) / do’ A()A® (W — o). (4.30)

We find that here J}\?]{(w) has the same frequency dependence as diamagnetic
processes, which have an intrinsic Kubo-like nature. One can now fit the parameters
ald) by plugging Eq. into the general expression Eq. for monochromatic
fields centered at 2. The FH nonlinear current can be written as

JnL(Q) = aM2L(Q) + L(—Q)] + «P[2L(0) + L(2Q)] + 3a®L(Q),  (4.31)
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Figure 4.13. (a) Fitting to the numerical simulated amplitude of the TH nonlinear response
as a function of the driving frequency 2 using Eq. [4.32l The (b) The FH nonlinear
response computed by Eq. with the weights a(Y) obtained from the fitting in (a).
Here, the disorder level is krl = 10.

where we take into account the combinatorial prefactors, which stem from the
different ways of choosing the arguments of the L functions among two positive (2
and one negative {2 frequencies to get an overall FH signal. Similarly, we can express
the TH nonlinear current as

InL(39Q) = aVLQ) + P L(2Q) + P L(3Q). (4.32)
We determined the weights a(® in Eq. and by fitting the exact numerical
results for the BCS and amplitude-mode contributions (krl = 6) with Eq. In
Fig.[1.13(a), we compare the numerical results for the TH nonlinear current with the
fit using Eq. while Fig. [4.13b) shows the FH nonlinear current calculated by Eq.
MWith the same a(? fitted on the TH, compared with the corresponding numerical
simulation. Despite the simplification of the model in Eq. the previous relations
qualitatively reproduce the numerical results for both the FH and TH.

With this model at hand we proceed to compute the temperature dependence
of the FH and TH signals. We employed an incoming pulse with a Gaussian
spectrum E(t) = Ege /™) cos(Qt) with Q = 0.63 THz, the frequency of the
experimental band-pass filter, and 7 ~ 3 ps. We modeled the scaling in temperature
of the superconducting gap amplitude as in the experiments, with 2A(0) = 1.2
THz fitted from the optical conductivity at 5 K. The TH and FH intensities are
proportional to |Jyr(Q)]? and |Jy1(392)|? respectively, evaluated through Eq.
keeping a finite broadening § = 0.12 THz. Fig. (a) compares the numerical
results with the experimental data appropriately normalized by the incoming THz
FE-field for the FH and TH components, as prescribed in Eq. The calculated
result for the FH component displays a substantial agreement with experiments,
indicating that the FH signal stems from the amplitude-mode contribution at 2 = 2A
mediated by the paramagnetic processes. The numerical result for the TH component
displays a monotonic increase when the temperature is lowered, consistent with the
experimental data. The increase in the TH intensity toward the lower temperature
is due to the resonance of 2 = A around at very low temperature, which is likely
dominated by the amplitude mode in the high disorder level relevant for NbN. To
check the internal consistency of our approach, we further simulate the nonlinear
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Figure 4.14. (a) Comparison between the experimental data (open circles) and the
theoretical results (solid curves) for the temperature dependence of the FH (red) and TH
(blue). The temperature T is normalized by T.. To remove the temperature-dependent
screening effects, the experimental nonlinear signal intensity (|Exp|?) is normalized by
the internal B-pulse E-field (E$). The theoretical results correspond to the nonlinear
current intensity |Jyr|? at the driving frequency of 0.63 THz for a E-field constant
in temperature.(b) The nonlinear current simulated using the broadband THz pulses.
The black dashed curve shows the intensity of the driving THz E-field, obtained by
simulating the experimental THz B-pulse.

current driven by broadband THz pulses. Fig. [4.14|(b) presents the nonlinear current
induced by the broad-band THz pulses for 2A = 1.2 THz, using the incoming pulse
in the experiment. The computed nonlinear current exhibits three peaks at {2 = 0.63
THz, 2A = 1.2 THz, and 392 = 1.9 THz, qualitatively reproducing the experimental
observation in Fig. [4.7(b).

4.2.2 Analysis of the 2D-THz spectra

In the previous discussion we mainly focused on the information which can be
extracted by analysing the 7 = 0 signal from the 2D-THz setup, which was used to
access the non-linearly generated FH component in the narrowband measurements
and the full Jyr(w) for the broadband ones. Here we show how one can disentangle
the various nonlinear optical processes that contribute to the full 7—dependent
response, each of which can give different information about excitations and their
lifetimes. When two narrowband pulses are employed, the different contributions can
be easily mapped onto the 2D spectrum in the space of (w¢,w;) using the so-called
frequency-vector scheme [149, [94], as we have already analyzed in the previous
chapter.

To check the difference between pump-probe experiments and 2D-THz response,
we then performed measurements of the NbN sample (7. = 14.9 K) at 5 K using
narrow-band (centered at 2 = 0.63 THz) and broad-band THz pulses for A and B
pulses, respectively. This is essentially the same situation as conventional pump-
probe experiments in Ref. [98, [97], except for the slightly more intense probe B
E-field of 3 kV/cm. Fig. [4.15(a) and (b) show the time traces of the A and B
pulses together (E4p(t,7)) and the nonlinear signal (Enr(t, 7)) transmitted after
the sample as a function of the sampling time ¢ and the delay time 7. In Fig. |4.15)c),
we present the nonlinear signal as a function of 7 with the sampling time fixed at
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Figure 4.15. (a) Time traces of the narrow-band A and broad-band B pulses together
(Eap(t, 7)) transmitted through the NbN sample (T, = 14.9 K) at 5 K as a function of
the sampling time ¢ and the delay time 7. (b) The same plot as (a) but for the nonlinear
signal (Enr(t,7)). (c) Nonlinear signal as a function of 7 measured at ¢t = 0.66 ps
(denoted by dashed vertical line in (b)). The red dashed curve shows the time trace of
the A-pulse. (d) 2D power spectra of the nonlinear signal measured in (c) for 7 > 0 ps
(the AB pulse sequence).

t = 0.66 ps together with the narrow-band A-pulse. Importantly, the nonlinear
signal oscillates following the A-pulse, indicating the presence of the Q-oscillatory
component, which is not discerned in strong pump-weak probe setups. This is
clearly seen in the 2D power spectra of the nonlinear signal for 7 > 0 ps displayed
in Fig. (d) One can find peaks at w, = 22, ©, 0, and —(2, corresponding to the
two-quantum, non-rephasing, pump-probe, and rephasing responses, respectively, as
expected from the general consideration of the frequency-vector scheme.

We now analyse the 2D spectra when two THz pulses are broadband in light
of the theoretical framework exposed above, which helps to understand where our
approach necessarily needs refinement. The measurements can be reproduced by
a phenomenological model which assumes two third-order nonlinear processes: (i)
a coherent part associated with the effective nonlinear kernel due to quasiparticle
and amplitude mode, given by the sum of Eq. Eq. and Eq. (ii) an
incoherent response modeled as the diamagnetic-like process in Eq. with central
resonance at zero frequency, which we assign to out-of-equilibrium quasiparticle
recombination. The procedure to get the 2D-THz map from these expressions follows
the steps presented in the Chapter |3} i.e. we replace A(w) — A(w)(1+e~*7), keeping
as A(w) the spectrum of the transmitted broadband THz field, in the kernels recalled
above. We show in Fig. (a) the experimental 2D power spectra of the nonlinear
signal, together with the simulation in Fig. 4.16{b). While the intensities of some
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Figure 4.16. (a) 2D power spectra of the nonlinear signal measured at 5 K with the
broad-band THz pulses. (b) The same plot as (a) but in the simulation.
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Figure 4.17. The THz 2D data for the A and B peak E-fields of 72 and 82 kV/cm. (a)
Time traces of the A and B pulses together (Eap(t,7)) transmitted after the NbN
sample (T. = 14.9 K) at 5 K as a function of the sampling time ¢ and the delay time 7.
(b) The same plot as (a) but for the nonlinear signal Eny, (¢, 7). (¢) 2D power spectra of
the nonlinear signal shown in (b).

peaks are different, the positions and shapes of the peaks are reasonably reproduced.

Finally, we present the THz 2D spectra measured with the maximum A and B
peak E-fields of 72 and 82 kV /cm, in Fig. 4.17|(a) and (b), which show E4p(t,7) and
Enr(t,T), respectively. When compared to Fig. (d) where A and B peak E-fields
are 3 kV/cm, this high-field case displays prominent long-lasting oscillations, one
along the 7 direction for 7 > 0 ps and the other along the anti-diagonal direction
for 7 < 0 ps. Accordingly, the power spectrum of Enr(t,7) in Fig. m(c) displays
streaks along f, = 0 and f, = f;, as also measured by another group using extremely
intense pulses [92], while losing all the coherent contribution (i) described above. If
one wanted to reproduce with a minimal model the latter observation, we would
again use the incoherent diamagnetic-like process (ii), which producess stripes as
we showed in Fig. in Chapter |3, with the resonance frequency centered at zero.
At such high fields, then, our approach should necessarily be expanded in order to
include beyond-equilibrium effects at a microscopic level.
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Figure 4.18. The relevant diagram contributing to the enhancement of the amplitude mode
contribution to the non-linearly generated first harmonic current by a monochromatic
incoming field (wavy lines) centered at +Qp. Left and right polarization bubbles need
to be calculated by effectively including disorder. The intermediate Higgs propagator
(dashed line) is read out at zero frequency.

4.2.3 Analytical estimate of the amplitude-mode contribution to
the FH

In the rest of the chapter we want to provide some analytical insight to justify the
numerical observation reported in the previous section regarding the enhancement
of the amplitude-mode contribution to the non-linearly generated first harmonic
current. Indeed, an in-depth analysis of the time-dependent results simulated on
the finite-size system allowed us to isolate the all important process providing the
biggest contribution to the response mentioned above, shown in Fig. [f.18 As
discussed in early works by Gorkov and Eliashberg [54) [55] [35], the process that
we are considering here is actually the one giving birth to the so-called Eliashberg
effect, namely a modification of the value of the order parameter upon irradiation
with an electromagnetic field. As discussed in Ref. [29] through the quasiclassical
formalism [76], the Eliashberg effect can provide relevant corrections to the linear
conductivity of the system. Here we will show that this effect is also connected to the
enhancement of the first harmonic of the gauge field. In particular, we will report
here a calculation of the Eliashberg effect by means of the effective-action formalism
in Matsubara frequency representation, which we then extend to real frequencies
using the standard analytical continuation prescription [54] [76], reproducing a result
which is fully equivalent to the one obtained through the Keldysh techinque in Ref.
[29] but valid at various disorder level v/(2A).

We start by building the contribution to the nonlinear response due to the
intermediate Higgs propagator in Fig. [4.1§ at general incoming frequencies, which
will give rise to the Eliashberg effect when the amplitude fluctuations 6 A are evaluated
at zero frequency. We collect in the effective action for the Hubbard-Stratonovich
fields and the gauge field the relevant terms involving the amplitude channel, which
reads in a sketchy expression

S[A,A] == Z Xo(n(’b'Ql,iQu)A(in)A(iQQ)(SA(*’L'ng)
iQ1,i

(4.33)
+ Z < + x11 m)) I6AGQ)|.
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The first term describes the coupling at second order between the gauge field A via
paramagnetic insertions, mediated by oo, and the amplitude fluctuation dA of the
order parameter, mediated by o1. Here xgo1 then encodes the Higgs-light coupling,
and the subscripts denote insertion of the corresponding o or o1 Pauli matrices.
The second term instead reproduces the RPA-level resummation of the interaction U,
which gives rise to the well-known amplitude mode [20]. For instance, introducing
the shorthand notation €215 = i€2; + {29, one has in the clean limit

o 2
X001 (in, iQQ) = Z (;]:) Tr [G(iwn + i), k)G(an + i19, k)O’lG(iwn, k)],

iwn,k
(4.34)
which is exactly zero [20]. The expression, as we will see, can be nonetheless gener-
alized to the disordered case, where it becomes instead relevant. After integration of
the amplitude fluctuations in Eq. we obtain the fourth order term in the gauge
field which contributes to the nonlinear first harmonic. Defining as usual the inverse
Higgs propagator [20] as

1 )
Xan =gt x11(i€2), (4.35)

the action reads

S[AY] = > xoo1 (821, i2) xo01 (i3, —iQ123) X an (1Q12) X
Q1,100,123 (4.36)
X A(ZQl)A(lﬂz)A(’LQg)A(—’Lngg)

In Fig. [£.19a] and [£.19b] we show in more detail the structure of the two diagrams
X001 (1€21,122) and x0o1 (123, —i€2123), respectively. As we will discuss below, even
though the two diagrams look similar in Matsubara formalism, the analytical contin-
uation to real frequencies will lead to different results. This has to do with the fact
that the A and A insertions in the bubble play different roles as perturbation and
detection fields.

After analytical continuation to real frequencies, the nonlinear current due to
the Higgs contribution reads

T (@) = /[sz‘] X001 (21, 22) X001 (23, =) XA p (12) A(Q1) A(Q2) A(€23)6 (2= Du23),

(4.37)
where we denoted with apices L and R the crucially different functions obtained
from the analytical contituations of the two diagrams in Fig. {.19a] and [£.19b)]
respectively. In presence of a monochromatic field at frequency Qp, i.e. A(Q) =
Apd(Q—Qp)+Ap6(Q+Qp), we will show that the left part of the diagram is related
to the the Eliashberg effect, i.e. to a finite value of the time-averaged, zero-frequency
fluctuation of the order parameter, reading

(BA0)ap = Xb01 (2P, —Q2p)Xan (0)|Ap[*. (4.38)

The Eliashberg effect will give a signature in the non-linearly generated first harmonic
current thanks to its connection to the right side of the diagram, that we will show to
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Figure 4.19. The Feynman diagrams determining the contribution of the amplitude fluctu-
ations to the nonlinear response. Filled dots represent o vertices for the paramagnetic
light-matter interaction, photons are represented as wavy lines; crossed dots represent
o1 vertices for the interaction with the amplitude mode (dashed line).

be equivalent to the derivative of the current-current response xoo(€2p) with respect
to the order parameter, namely

o Q
IO () = xfor (2, ~ ) (3A(0)) e, Ap = PO

In order to show explicitly these results we need to compute the xgo1 functions
when disorder is present. Before proceeding with this computation, we briefly recall
the procedure within the context of the linear conductivity, which leads to the
well-known expressions deduced by Mattis and Bardeen [I00]. The corresponsing
results will also be needed to prove the relation in Eq. above.

(6A(0))opAp.  (4.39)

4.2.4 Linear response in presence of disorder

Let us begin from the procedure to obtain the Mattis-Bardeen [I00] expression for
the long-wavelength current-current response function xoo(|q| = 0,€2). In the clean
limit this would read

Xoo(iQ2) = >

iwn kK

2
(%ﬁ:) Tr [G(iwn, k)G(iwn + iQ, k)], (4_40)

where the matrix Green function is as always G(iwy, k) = (iwn00 + &o3 — Aoq) 71,
see Fig. [£.20a]l In presence of disorder the momentum k is not anymore a good
quantum number, and one should in principle revert to the following expression

X00(i9) = Y > 025 Tr [Ga(iwn) G a(iwy +i€)], (4.41)

aff twp

where now « labels the set of new eigenstates obtained by diagonalizing the
Bogoliubov-De Gennes hamiltonian [47] and v,g is the matrix element of the velocity
operator associated with the paramagnetic-like coupling. If one remains in the limit
of validity of Anderson’s theorem [6], one can show that the new Green function still
retains the form G, (iwy,) = (iwno0 + £a03 — Aoq) "L, where &, is now the eigenvalue
associated with the eigenstate a of the hamiltonian which includes the disorder
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potential but without the pairing interaction, i.e. in the disordered normal state.
One can then rewrite

xo(i) = Y [ dede' W, (6,€) T [Gliwn, )Gliwn +i2.)],  (442)

W

where we define

=Y 250(€ — €)I(E — &p). (4.43)
apf

Now, one is left with the problem of finding the function W, (£, ¢’), which depends
on matrix elements v,g. It is important to notice that in this approximation one
can immediately extend the result derived for a dirty metal to the case of a dirty
superconductor, that was indeed the original viewpoint adopted in Mattis and
Bardeen’s work [I00]. For a detailed discussion regarding the function W (¢, ¢') we
then refer to the above mentioned work or to Ref. [I05], we just mention the result

W,(&¢) ~ m (4.44)

which can be understood if one thinks that disorder mixes up momentum eigenstates,
that are used to define the current operator from the kinetic part of the non-
interacting hamiltonian, within an energy shell of width v = vpl, with [ the mean
free path, around the Fermi surface. In the strong disorder limit v > A, one
can actually replace W (£, &) with a constant and extend the integral over &, ¢’
across the whole energy range. This procedure is actually equivalent to completely
relax momentum conservation between the two electronic propagators entering the
current-current response in the clean-limit expression, separately integrating over
different momenta in the two Green’s functions, as described in Mahan’s book [93].
Since one has

anO'g oz + Aoy wnpoo + Aoy
/dé.G an,g /dg an — 52 — A2 = —WN_—W7 (445)

then the current-current response reads, omitting overall vy, Np factors that are
not relevant for the present discussion,

X00(2€2) Z Tr [ iwnoo + Aoy (iwy, + Q)0 + Aoy

VAZ — (iw,)? /AZ — (iw, +iQ)?
zwn(zwn + Q) + A?

_Z VAZ = (iwy)2\/A2 — (iw, + )2

W,

iwn,

(4.46)

We now need to compute the Matsubara summation and perform the analytical
continuation to real frequency. The sum over the Matsubara frequency is transformed
into an integral in the complex plane over the contour C depicted in Fig. as
follows [706, 1]

, 1 2(z +1iQ) + A?
X00(iQ2) = — [ dzn(z) ( )

4.47
2mi Je VAZ 22 /AT = (z +i)? (4.47)
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Figure 4.20. The current-current response xqo in Matsubara frequency space (left) and its
analytical structure when it is continued to the complex-frequency plane (right).

where we denoted as n(z) the Fermi function. The contour C is chosen to circumvent
the branch cuts of the square roots at the denominator, which are located along the
lines Im(z) = 0 and Im(z) = —Q in the interval |Re(z)| > A. The four pieces read,
using n(e +iQ2) = n(e),

[z = [ ;OO den(e) 5 Ee(tinz);;;:/fz) il (A:L w0
[z ()= - /_ ;oo den(€) s EE(:”Z)S;ZEZZ - (A:L o (4.49)
/Cm dz ()= /_ :o den(e) s EG(ZQZ')(S;:/ZZ);?; — (4.50)
IACES /;OO den(e) f(:%)é;_jz)if_ — (4.51)

where 7, lifting the contour above and below the branch cuts, can be interpreted
as the Dynes parameter [34]. The analytical continuation can be then immediately
performed, with special attention to the sign of in in the pieces C!! and C*!! in order
to select the correct branch of the square root shifted by 2. One obtains

(e +1in)(e + Q +in) + A2

dz () :/_Jrooden(e)

o s VA (e inPVA = e+ Qkm?
+oo
E/_oo den(e) (98l + 1 f80)
e (e —in)(e + Q + in) + A2
e 42 000) == /_oo denle) VAT (e—m?VAT = e+ Q@+ in)? g

“+oo
= —/ den(e) (gfgﬁg + 4 iﬂ)

—00



106 4. Applications of 2D-THz spectroscopy to superconductors

> e—Q —in)(e+1 2
,/clndz ()_/+ den(e) ( Q n)(e+in) + A

7 _ — 0O _ 2 2 _ )2
= VAT = (e = Q—in)? /AT — (e +in) (4.54)
E/_ den(e + Q) (gfgiQ‘FfeAfiQ)
Yoo O o AQ
dz () :_/ den(e) (€ m?(e in) + ‘
i . VAZ = (e = Q- in? VAT —(e—i)? )
+o0 ‘
E—/_ den(e+ Q) (g?gérg‘f‘f?fiﬂ)
Here we defined the functions
RA _ €Ein et
N o
and A A
fR,A (457)

< cBA VAT (exm)?’
which are related to the normal and anomalous part of the Green’s function in the
superconducting state [29] [76]. Since the relations glj’gA = —gMF and ff”e’A = fAR
hold, one can rewrite the xoo(2) as

1
4

/_;OO de [tanh (Be/2) (gf”gﬁm + fffig)
—tanh (8(e +Q)/2) (gfgfm n fg“fig)

+ (tanh (B(c + ©)/2) — tanh (8¢/2)) (92980 + £ f5L0) |
(4.58)

X00(£2)

which coincide with the usual Mattis-Bardeen expressions when the limit n — 0 is
taken, where the following relations hold

o1 = (el — ) + —B(A ~ ] (4.59)
i Asgn (e A
= S 0] - )+ (A ) (1.60)

and corresponding ones for g2 and fA. One gets the analytical expressions for the
conductivity in the superconducting state o, obtained by Mattis and Bardeen at
T = 0 [100], that read, defining the normal state conductivity as oy = ne?/(m~),

Ol 2A w—2A AN (w—2A
W—Ww2NKH¢JEQ+m>wKQ+Mﬂ’ (4.61)
and
o1 2A w— 2A\2
=1+ =) E (41—
300 2)e (- (52Y)

(e (523
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Here K (k) is the complete elliptic integral of the first kind

2 1
= [ ——— s, 4.63
) /0 V1 —Fk2sin%60 ( )

while E(k) is the complete elliptic integral of the second kind
k) = / V1= KZsin?0.do. (4.64)
0

If one keeps the full frequency dependence of the function W, (&,¢) in Eq.
it is possible to obtain the expression for the linear conductivity valid at arbtrary
v/(2A) value, see Zimmermann [I56]. One has, omitting overall vp, Np factors,

Xoo(iQ) = Z/dﬁdSW(fﬁ)

iwn,

< T twnog — o + Aoy (iwn + iQ)UO — 5/03 + Aoy (465)
r (’iWn)2 _ {2 — A2 (iwn 4 iQ)2 _ 5/2 — A2
By residues one can show that
[ deag'we.€) (R (166)
§2+a2§'2+52_aﬁ(a+ﬁ+7) '
/ / § f/ . U
[ W i = e sy (4.67)

which can be used to obtain the resulting current-current response in Matsubara
representation as

, iwn(iwn +1iQ) + A?
Q) = +1]x
XOO(l ) %; (\/AQ \/A2 an ¥ Z‘Q)Q
1
VAZ — (iw,)2 + /A% — (iw, + Q)2 +
The analytical continuation proceeds from now on following the same steps presented
before.

(4.68)
X

4.2.5 Evaluation of the x},, diagram - Eliashberg effect

We now move towards the evaluation of the ygo; diagram in presence of disorder,
reamining in the same framework that we have recalled for the calculation of the
linear conductivity. The all important difference is the presence of a further o
vertex associated with the amplitude fluctuations. As mentioned above, the bubble
can be written as a trace over the Green’s function G, computed over the exact
eigenstates &,. If the pairing interaction still connects time-reversed states and the
order parameter is s-wave like, one can easily realize that the amplitude vertex does
not mix eigenstates in the basis a. This means that one has to evaluate

X001 (721, €22) Z Zv 3 Tr [Go (iwy, + i) Ggiwn + 1Q12)01Gp(iwn)],  (4.69)

af} iwn
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where the eigenstate index 3 is conserved at the o; (amplitude) insertion. Taking into
account disorder in the same Mattis-Bardeen spirit, one could separately integrate
over energy the single propagator between the two gauge field lines and the two
propagators that sandwich the o vertex connected to the excitation of the Higgs
mode, see Fig. Noticing that

(iwn + ing)O'o — €03+ Aoy
(iwn +1Q12)? — §2 —
iwpoo — o3 + Aoy

(lon)?— 2= A

G (iwn + 119, &)01G (iwn, &) =
(4.70)

X 01

the corresponding integration over energy yields
x X
\/AZ - (iwn)2 + \/A2 - (zwn =+ ing)Q
N (iwn (i, + i2) + A2) 01 + A(2iw +iQ12) 0
\/AQ — (iwn)2\/A2 — (iwn + ing)Q

/dg G (iwn + 112, €)1 G (iwn, €) =

(4.71)

Then, the diagram reads, omitting again vg, N factors,

1 A
(i€21,€2)
XOOl 301,17 2 %\/AQ _ (iwn)2 + \/AQ _ (iwn+iQ12)2 \/AQ _ (iwn—l—iQ1)2

<14 iwn (iwy, + iQ12) + A2 4 (2iw, + iQ12) (iwy, + i821)
\/AQ — (iwn)Q\/AQ — (iwn + i912)2

(4.72)

Even though the same xgg1 bubble appears in the L and R part of the diagram
in Fig. and Fig. respectively, the analyitical continuation makes the two
different. The reason, as we shall see, is connected to the fact that the L diagram
describes the A response to a A% perturbation, while the R part describes a J (i.e.
A) response to a AA perturbation. Notice that if instead one at this point sets
1€ = £ and Qe = Fif), i.e. one treats the Matsubara frequency as the external
frequencies of the monochromatic pump, one would get from the previous expression

. . Twn (2w, +1Q)A
Xoo1 (i€, =€) =) ( )

5 +(iQ = —iQ), (4.73)
ion (VAT = (iw,)?)” VAT = (iw, +iQ2)?

which can be immediately verified to be the derivative with respect to the order
parameter A of the current-current response function

9X00 (zQ Z zwn (zwn +1iQ) + A?
0A IA - ~ VA? — (iwn) /A% — (iwn, + Q)2

(4.74)

If the previous expression is now analytically continued to real frequencies after
the summation over iw,, the result is simply the derivative with respect to A of
Eq. A different result is obtained if, on the other hand, one firstly computes
the Matsubara summation over iw, directly in Eq. and, as a second step,
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Im(2) Im(z)
®
—A ® +  C' ct
Im(z) =0 cl! Re(2) Im(z) = +Q4, cl
QD QD 111
ci —A +A C
Im(z) = —Q cv Im(z) =0 ¢V Re(2)
' ® ®
cv cv
Im(z) = —Qy, cvI Im(z) = —Q4 cvI
® ®
a ontour for 4. ontour for . 4.
(a) C for Eq. [4.72 (b) C for Eq. [£.91]

Figure 4.21. The sums in Eq. and Eq. are evalueted through the integral over the
two contours C composed by the six pieces C1,C11,cHT cIV cV .CVI. Notice the different
topology of the contours in the two cases when 15 — 0, which is the origin of the
different form of the analitically continued y&,; and x&%;.

analytically continues the result over real frequencies (i€2;,i€9) — (£21,Q2) with the
same technique presented for the current-current response. Only after analytical
continuation one then sets (21,Q2) — (2, —Q).

Let us then start from the L diagram, and let us recall that we are interested to
i 2 = i2mn 2T Matsubara frequencies for ny o > 0 [54 [76], that will be later on
analytically continued to (positive or negative) real frequencies. The sum over the
Matsubara frequencies in Eq. [£.72]is transformed into an integral in the complex
plane over the contour C depicted in Fig. as follows

1
VA =24 A r i)
A
VATt i)
y [_1 N 2(2 4 i) + A2 4+ (22 + iQ12) (2 + i)
\/A2 — 2’2\/A2 — (Z + ing)Q

. . 1
X001 (€21, 1) = %/cdz n(z)

(4.75)

The contour C is chosen to circumvent the current three branch cuts of the
square roots at the denominator, which are located along the lines Im(z) = 0,
Im(z) = —Q; and Im(z) = —Qj2 in the interval |[Re(z)| > A. Since Q12 > € the
contours Cyry,Crv,Cy,Cyr are all on the same side with respect to the branch cut at
Im(z) = 0. Let us now write explicitly the six contributions, paying again attention

to the sign of in in C!1, L, ¢tV cV,
too 1 A
a :/ den(e
s ( )\/A2 —(e+m)?2+ /A2 — (e + Q2 +in)? VA2 — (e + Q +in)?
(€ +in)(e + Qo +in) + A% + (2(e + in) + Q12) (e + Q1 +in)
VAZ — (e +in)2/A% — (e + Q12 +11)?

X |—1+

(4.76)
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I /*Ood n(e) 1 A
= en(e
7 Jiso VAZ — (e —in)? + /A2 — (e + Q2 +1in)2 VA2 — (e + 1 + in)?

<1 (€ —in)(e + Q2 +in) + A% + (2e + Q12) (e + Q1 + i)
VAL — (e —in)?/A? — (e + Q2 + in)?

(4.77)
+o0 1 A
fa= /—oo den(e) VAZ — (e — Q1 —in)2 + VAZ — (e + Qo +in)? \/AZ — (e + in)?
<1 (e — Q1 —in)(e+ Q2 +in) + A2+ (2e — QU + Qo) (e + in)
VAL — (e — Q1 —in)*/A? — (e + Qo + in)?
(4.78)
—00 1 A
T = /m RS RYy vy e o vy 7)Yl ey ey s S Y e
o1 (6—91—in)(e—i—QQ—i-in)—i-AQ—i-(Qe—Ql+Qg)(6—in)]
VA2 — (e — Q1 — )2\ /AZ — (e + Qo +in)2
(4.79)
+00 1 A
s = /_oo el T, Pt VAT T VA (e,
% l—l + (6 - ng - in)(ﬁ + iT]) + A2 + (26 - ng)(e - QQ - ZT])]
VAZ— (e — iz —in)*/A? — (e +in)?
(4.80)
—oo 1 A
To = /+oo el T =Pt VA (i VA (e, =i
" l_l n (e = Qug —in)(e —in) + A% + (2(e — in) — Qz) (e = Qo — m)]
VA2 — (e — Q19 —in)2 /A2 — (e — in)?
(4.81)

At this point, we make the replacement (€21, Q2) — (2, —2) and we use the same
notation for g4, ff4 and ¢f4 introduced before. We get for the sum of the four
integrals along C'L, 1 ¢V CV the result

Io+--+15 = /+OO de (tanh (B(e 4+ Q)/2) — tanh (8e/2)) x

— 00

. R
X [W(gig—giﬂ)Jr ged R Jfréj: (ffa - fe—}-Q)]

(4.82)

which corresponds to what is called the anomalous contribution in Ref. [29], while
the contributions integrating along Cf,C"! read

11 +1s = /+00 de tanh (Be/2) l (giQfR + 9 f Q) —

—0o0

(gemfA A it )1 :

(4.83)
The resulting X001(Q —Q) is shown in Flg % 4.22a) where we actually plot (§A)q,
including the x A according to Eq. which is comparable with the result of

& CA
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Ref. [29], showing in particular an enhancement of the order parameter in the region
2 < 2A(T), maximised for temperatures close to the critical one. We remark
here that strictly speaking the combination at the denominator of the anomalous
contribution,

Pt ~ivVe— A —iVE— A2, (4.84)

is actually zero in the limit 7 — 0 in the region |¢| > A. Since the consequent
divergence in the integrand is neither canceled nor regularized by any zero at the
numerator, one should keep a finite value of the Dynes parameter n in order to
actually simulate the Eliashberg effect, whose overall scale will be then controlled
by the value of 1/n. This is actually a crucial point which was also noticed in
the original works by Gorkov and Eliashberg [55], 35], who assumed that a finite 7
represented a finite lifetime due to further scattering mechanisms than the elastic
one with impurities, such as electron-electron or electron-phonon interaction. One
can then approximate

1 Ve — A2
~ O(le| — A), 4.85
CE+¢A 2leln (Il =2) (4.85)

and collect the relevant terms in ygy; (2, —Q). If one focuses on the enhancement of
the gap near the critical temperature, where A < T', one can also approximate

Q

tanh (B(e +2)/2) — tanh (Be/2) ~ T (4.86)
Finally one has
QA
Xéﬂl(ga —Q) ~ EP(Q), (4.87)

where the function P(2) is the same function defined in Kopnin’s treatment of
Eliashberg effect [78]

/+<’°d6 e(e +9Q) + A?
A ele + Q)Ve2 — A2/(e + Q)2 — A2

Q-A e(Q—e) — A2

SO0 =2) [ e e

P(Q) =0

(4.88)

and correspond to the non-thermal distribution f originally derived by Eliashberg
35, 55).

If one wants to include the effect of a finite v/(2A) value it is sufficient to keep
the matrix element W (¢, ¢') in the evaluation of xf,;. By following a procedure
similar to the one adopted for the linear conductivity, starting from Eq. one
can write

xoo(i621,1%) = Y [ dedg' W (€,
iwnoo — o3 + Aoy (iwy, +1Q1)og — o3 + Aoy
(iwn)? — €2 — A2 (iw, +iQ)2 — &% — A2
(iwn + iQm)O’o — 50'3 + AO’l -
(iwn +iQ12)2 — 2 — A2 )7

x Tr [ (4.89)
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where, in analogy with what we have done before, the two Green’s functions (those
sorrounding the order parameter vertex o;) are taken at the same energy and one
(that between the two gauge field vertices o) at a different one. Using the same
integrals presented before one obtains, denoting for clarity (., = /A? — (iwy,)? and
O = iwp (iwn, + iQ12) + A% + (2iwy, + iQ12) (iwn, +1Q1),

1 1 A
Giwn T Giwp+i1 T Ciwn+ia T Giwn+i TV Giwn T Ciwp +iQ10

X001 (i€, Q) =)

Wn
Giwn T Giwp+i1 T Ciwn+iQio o
Ciwn CiwnJrin Ciwn +iQ12

S
0 (—1 + )] |
Ciwon—+ih Giwn Giwon+iQ12

x[l—i—

(4.90)

In the limit where ~ is large, one recovers the diffusive result presented before in Eq.
We stress that even in presence of finite 7 the combination 1/((i,,, + Ciw, +iQ12)
still gives divergent contributions when the Dynes parameter is sent to zero. The
analytical continuation procedure is analogous to the one presented above and we
present the resulting x4y, (2p, —Qp) in Fig. where we focused on the effect of
different disorder levels at T' = 0. In this case one can appreciate the presence of a
cutoff scale of order v above which the effect on (0A)q, is suppressed.

4.2.6 Evaluation of the y{, diagram - Derivative of the conductivity

Let us now repeat the computation for the other diagram, Xg)%(n' In this case, as we
have recalled, the diagram represents the current response to a mixed gauge field
and Higgs perturbation. For positive Matsubara frequencies this leads to a different
relative position of the branch cuts in the complex plane, as shown in Fig.
Let us first rewrite is explicitly as

1 A
Ve —i0) _
X001 (€23, —i€2123) %;\/Az — (iwn)? + VA = (iw, — i012)% /A2 = (iwy, + iQ3)2

o1y i (iwn, — 1Q12) + A2 + (26w, — iQ12) (iwy, + 1823)
\/AQ — (iwn)Q\/A2 — (iwn — iQu)Q

(4.91)

The sum over the Matsubara frequencies here is again transformed into an integral
in the complex plane over the contour C depicted in Fig. as follows

X001 (iQ3, —i9123> = % /C dz n(z) \/AQ — 22 n \/iQ — (z — i912)2 X
A
ATzt i)
Z(Z — iQm) + A2+ (22 — ing)(Z + ng)
\/A2 — 2’2\/A2 — (Z — ’ing)Q

X [—1+

(4.92)
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0.4

0.0

-3.2

T/T,

(a) Plot of the function (0A)q, computed through Eq. using
the expression for x&,; (€2, —Q) presented above, as a function
of temperature and frequency. Notice that we included also the
xaa factor which is not present in the corresponding Figure in

Ref. [29].

0.0 A
—0.2 A
_0.4.
_0.6.
081 — yeny=os
y/(2A)=1.0
— P/(2A)=2.0
—1.09 — ypi28)=4.0
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(b) Plot of the function (0A)q, at T = 0 with different /(2A)
parameters, which correspond to different disorder levels, using
Eq.[£:90] We notice that differently from the panel above there
is a cutoff energy of order v at which the effect is suppressed.

Figure 4.22. Comparison between the (§A)q, in the strong disorder limit (upper limit),
corresponding to Ref. [29], and including the effect of the Mattis-Bardeen matrix element

W as in Eq.l@
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Also here the contour C is chosen to circumvent the current three branch cuts
of the square roots at the denominator, which are in this case located along the
lines Im(2) = +$42, Im(z) = 0 and Im(z) = —Q3 in the interval |Re(z)| > A. Let
us now write explicitly the six contributions, paying again attention to the sign of
,L-n in CII, CIII’ C]V, CV,

+o0 1
T :/ den X
T (6)\/A2—(6+in)2—|—\/AQ—(6+Q12+Z'7])2

A
X X
\/A2 — (6 + Q193 + in)Z
(e +in)(e + Qo +in) + A% + (2(e + in) + Q2) (€ + Q123 + in)
VAL — (e+1in)2/A% — (e + Q2 +in)?

X |—1+

(4.93)

T /_ood n(e) ! X
= € €
QLTS VAT (e i) + /AT — (e + Quz + in)?

A
X X
VAT (ct Qg + 1))? (4.94)
< -1+ (€ —in)(e + Qg + 1) + A% + (2€ + Q12) (e + Q123 + in)
VAL — (e —in)?/A? — (e + Q2 + in)?

+o0 1
L={ d
s /_oo MRV vy e s e SR ey i oA

A
X X
VAZ — (e + Q3 +in)? (4.95)
(6 — Q9 — in)(é + in) + A2 + (26 — ng)(e + Q3 + i77)
VA2 — (e — Q19 — in)2/A2Z — (e + in)>?

X |—1+

o 1
T :/ d
P i 6n(e)\/AQ—(6—912—1'77)24—\/AQ—(e—z'n)zx

A
% VA2 — (e + Q3 + in)? % (4.96)
(e — Q2 — in)(e —in) + A2 + (2(€ — in) — Qu2)(e + Qs + in)]
VA? — (e — Qug — in)?\ /A2 — (e — in)?

+oo 1
= d
5 /_oo ) AT = — i VAT (e i

A X
A? — (e +1n)?
(6 — 9123 — in)(e — Qg - i??) + AZ + (2(6 — Qg — i??) — ng)(e + Z")7)
VA? — (e = Q23 — in)?/A? — (e — Q3 — in)?

x | =1+

X

X |—1+

(4.97)
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T /md n(e) ! x
= en(e
7 Jiso VAZ — (e — Qa3 —in)? + /A% — (e — Q3 —in)?

= X
A% — (e —in)?
(6 - 9123 - in)(e - Qg - i?]) + A2 + (2(6 - Qg - i’)7) - 912) (6 - i?])
VAZ — (e = Q23 — in)?/A? — (e — Q3 — in)?

X

X |—1+

(4.98)

Making the replacement (23, —Q123) — (2, =), one immediately notices that in
this case, due to the different relative positions of the branch cuts, the integrations
along C!! and C'!! cancel with each other, leaving the sum of four pieces. Writing
them explicitly, one immediately realizes that they build up the derivative with
respect to A of the current-current response function ygo computed above, namely

+00 R R
€ g€
de tanh (fe/2) (Qf‘fig + feRgfi-Q) (g + +Q>

1
(-0 = [

4 ) oo @
_ 4% /:O de tanh (B(e +9)/2) (92 fAa + f0l0) (gj " gj}i)
ﬁ /_:o de [(tanh (B(e + €2)/2) — tanh (Be/2)) X
(oo aiolto) (% 52)]
(4.99)

At T =0, we can as well express the derivative of the current-current response
with respect to A using the relations between the elliptic integrals and their deriva-
tives with respect to the arguments. We get for the imaginary part

2%, _H(w—QA)w+2AK(w+2A), (4.100)

and for the real part

/ 2
Oxoo _ 48 (\/1 - (‘”_QA) ) . (4.101)
0A  w+2A w+2A
Notice that the derivative of the imaginary part is always finite, with a step dis-
continuity at w = 2A. The derivative of the real part, being its Kramers-Kronig
transform, shows consequently a log-like singularity at w = 2A, as confirmed by
the fact that for w — 2A the argument of the K function tends to one, where the
elliptic integral of the first kind diverges logarithmically. These findings are shown
in Fig. |4.23al and [4.23b] where we show the real and imaginary part of the x{%; as a
function of temperature and frequency for the strong disorder limit and at T" = 0 for
various values of 7/(2A) parameter, as done for xJ,;. As one can see, the singularity
at Q@ = 2A(T') remains evident as a function of temperature.
Finally, taking the results shown in Fig. |4.22a and [4.22b| for (§A)gq, together
with those in Fig. £.23a] and [£.23b)] for the derivative of the current-current response,
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T/T, T/T,

(a) Frequency and temperature dependent colormap of the derivative of the real (left panel)
and imaginary part (right panel) of the current-current response, where red (blue) regions
indicate positive (negative) values.
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(b) Real (left panel) and imaginary part (right panel) at T = 0 of the derivative of the
current-current response, including the effect of the Mattis-Bardeen matrix element W,
with different /(2A) parameters.

Figure 4.23. Comparison between the £, (2, —Q) functions which correspond to the
derivative of the current-current response in the strong disorder limit (upper panels)
and at various disorder levels (lower panels). Notice that to compare the upper and
lower panels at large v/(2A) one has to multiply the upper one by 1/7, i.e. the overall
scale of W, at large disorder.
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Figure 4.24. Plot of |J®)(Q)] according to Eq. [4.102{at various disorder levels.

one realizes that there is actually the possibility of enhancement of the nonlinear
first harmonic current given by

_ Oxoo(2p)

TP (Qp) DA

(0A)qp- (4.102)
As we have just seen, the first factor is singular along the curve Q = 2A(T'), while
the second one is enhanced i) in the subgap region, with a maximum in proximity
of the critical temperature, or ii) in the above gap region inside an energy scale
of order . Preliminary results in the finite-size system at T = 0 show indeed a
substantial agreement between the full numerical solution for the nonlinear first
harmonic J (3)(9 p) and the analytical result presented in the previous expression,
which is reported in Fig. [£.:24] that one can compare with the analogous numerical
simulation in Fig. above. We stress that the numerical simulations report the
contribution of the purely-quasiparticle diagram (jj;jj) plus the one including the
amplitude fluctuations, i.e. (jjA)(Ajj)xaa. We need then to compute in the same
framework presented in this last section the (jjjj) part in order to complete the
comparison, a task which we leave for the immediate future. As a final remark,
we stress here that although we do not observe here a resonant enhancement of
the amplitude fluctuations, since there is not a tunable frequency argument inside
the corresponding propagator yaa, one still gets a enhanced contribution from the
fermionic bubble coupling light with the amplitude vertex. Again, this is a crucial
consequence of computing the light-matter interaction in a microscopic model which
includes the effect of disorder.
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Conclusions

In this thesis, we developed a theoretical framework that captures several experi-
mental findings in nonlinear THz spectroscopy on superconducting systems across
various geometries and protocols.

We began by introducing a general procedure to connect non-linearly generated
electric fields with a microscopically derived response function. This derivation
relies on a perturbative solution of inhomogeneous Maxwell’s equations, enabling
consistent inclusion of screening effects that occur at linear order. Our method is
flexible and has been specialized for various time-resolved protocols, as discussed
in the remainder of this thesis. Notably, the solution assumes a one-dimensional
propagation of light, where field propagation effects are governed by Maxwell-like
propagation of four-wave mixing within the material through a spatially-independent
third-order kernel. A possible extension of this work could generalize this framework
to non-normal incidence experimental geometries, as used, for instance, in two-
dimensional spectroscopies of superconducting cuprates. Additionally, it is worth
noting that in our study on the linear response effects due to the off-axis growth
of anisotropic materials (Ref. [124]), not included here for brevity, highlighted
interesting results from the mixing of in-plane and out-of-plane refractive indices,
which could also prove relevant in nonlinear protocols.

In the second chapter, we present a unified treatment of third harmonic generation
in single-layer and bilayer cuprate superconductors probed along their c—axis, as
detailed in our publication (Ref. [39]). We demonstrate that in bilayer systems,
the combined effects of plasmon dispersion and light polarization can shift the
two-plasmon resonance away from the plasma edge observed in linear spectroscopy.
To model this behavior, we employ an effective Josephson-like framework, where
intrinsic anharmonicity enables a natural exploration of nonlinear response functions
driven by phase-fluctuation dynamics—an essential factor in the c—axis response of
cuprate superconductors. While effective, this model lacks a microscopic description
of the light-matter vertex, which instead appears as a parameter modulated by
the superfluid stiffness. Future studies could benefit from a more microscopic
approach that captures the coupling between fermionic degrees of freedom and phase
excitations. This approach is challenging due to the pronounced anisotropy between
in-plane and out-of-plane tunneling mechanisms and the unconventional nature of
electron-electron interactions in the superconducting state, which are distinctive to
cuprate systems.

We then focused on the application of two-dimensional THz spectroscopy for
studying fermionic systems. In the third chapter, we introduced a comprehensive
description of the technique, emphasizing the connection between the experimen-
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tal outcomes and the underlying microscopic response function. Using a simple
semiconductor model, we analyzed how paramagnetic and diamagnetic processes
manifest in the 2D map, drawing parallels with prior studies that demonstrate the
technique’s capacity to distinguish various nonlinear pathways. We also examined
how the spectral composition of the incoming pulses reshapes the response, aiming
to clarify the interplay between the intrinsic spectrum of internal degrees of freedom
and the actual waveforms used in experiments. Although the semiconductor model
may initially seem unrelated to superconducting systems, we established connections
between the two based on (i) similarities in their density of states and (ii) the
impact of disorder on unbalancing the electron-like and hole-like contributions to
the superconducting paramagnetic current, which exactly cancel in the clean limit.
Moving forward, we hope to extend the non-interacting model, currently focused
solely on electronic degrees of freedom, to scenarios that also incorporate phonons
or other collective electronic excitations.

In the final chapter, we applied two-dimensional spectroscopy to two prototypical
materials: NbN thin films and single-layer cuprates probed with c—axis polarized
electric fields. For the cuprates, we built on the findings from the first and second
chapters to demonstrate the challenges of isolating distinct nonlinear pathways
associated with superconducting phase fluctuations, such as the two-plasmon process.
The linear response of the system introduces prominent signatures that can obscure
the true frequency structure of the nonlinear kernel. In addition, we used an effective
model, initially developed for the c—axis linear response of cuprates, to describe the
effects of disorder on the 2D spectrum, which however requires further validation
and refinement at a more microscopic level. A publication on the contents of chapter
three and its application to Josephson plasmons will be submitted soon.

For NbN, the results of this investigation, as published in Ref. [72], focus par-
ticularly on the non-linearly generated first harmonic signal, which was naturally
captured using a two-pulse setup. Through this work, we interpreted the experimen-
tal findings using numerical simulations on a finite-size system, which revealed a
predominant contribution from paramagnetic processes that mediate the coupling
with amplitude fluctuations. To analytically understand the mechanism driving this
enhancement, we calculated the primary paramagnetic diagram that, according to
the numerics, is chiefly responsible for the observed effect, using a Mattis-Bardeen-
like approximation to incorporate disorder. This result is potentially linked to the
Eliashberg effect, which involves a field-induced renormalization of the zero-frequency
amplitude fluctuation of the order parameter, thereby impacting the nonlinear op-
tical properties of the superconductor. The computation provided here is valid
for monochromatic pulses, but it could be extended to account for finite spectral
pulse widths, allowing for theoretical predictions in the context of two-dimensional
measurements. In addition, it can also be extended to the case of two-bands su-
perconductors, such as MgBs, whose THG spectrum has been analyzed in another
publication not included here for brevity (Ref. [40]).
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