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Abstract

Quantum materials exhibit many phases with exotic and potentially useful proper-
ties, including superconductivity, charge ordering and various forms of magnetism.
In many cases, these exotic phases compete with one another on comparable en-
ergy scales. The close proximity of the energy scales results in a scenario where
even small perturbations can change the dominant phase. This energetic proximity
also often gives rise to large fluctuations. Whilst these fluctuations typically act as
a prohibiting factor in establishing a certain ordered state in equilibrium, they may
also hold the key to establishing a desired state out of equilibrium through some
form of pulsed excitation or periodic driving. In fact, a range of experiments have
recently demonstrated that, by resonantly driving the normal modes of the crystal
structure (known as phonons) with intense mid-infrared or Terahertz light pulses, it
is possible to actively stabilize the fluctuations and hence induce or enhance desired
orders at temperatures where they are not accessible in thermal equilibrium, even
far above the critical temperature T.. Non-equilibrium ferroelectricity, magnetism,
insulator-to-metal transitions and superconductivity are some of the most relevant

examples.

This thesis focuses on the case of YBa,CuzOg+x, a high-T. Cuprate compound, in
which the superconducting state is formed by dispersive tunneling modes of Cooper

pairs across the stacked CuO, layers, known as Josephson plasmon polaritons. In



equilibrium, superconducting fluctuations were found far above T.. Various exper-
iments have demonstrated that, in underdoped compounds from this family, large
amplitude resonant phonon excitation results in the emergence of transient macro-
scopic superconducting-like properties at temperatures far exceeding T., and even
up to room temperature. These initial observations sparked a wave of follow-up
experiments aimed at further characterizing this transient state and understanding
the underlying microscopic mechanism which leads to its formation. Recent one-
dimensional mid-infrared pump and time-resolved second-harmonic generation-
probe (tr-SHG) experiments have revealed phonon-mediated amplification of the
Josephson plasmon polaritons, a phenomenon likely to underpin the mysterious
superconducting-like macroscopic properties. However, these one-dimensional ex-
periments could not provide a conclusive picture of the coupling between the opti-

cally excited phonons and the Josephson plasmon polaritons.

The study presented in this thesis addresses this problem by reporting the develop-
ment and use of a new form of two-dimensional spectroscopy, with the aim of ob-
taining an improved understanding of the microscopic dynamics in the driven state
of YBa,Cu3Og¢.«. This method involves sequentially exciting apical oxygen phonons
with two carrier-envelope-phase-stable mid-infrared pump pulses and probing the
time delay dependent changes in the second-order nonlinear optical susceptibility,
which is sensitive to the coherent motion of both the infrared-active phonon and
plasmon modes. The findings suggest that the driven phonons amplify coherent
pairs of opposite-momentum Josephson plasma polaritons via a four-mode mixing
process, generating a squeezed state of the inter-layer phase fluctuations. The iden-
tification of this squeezed state of the inter-layer tunneling modes not only offers
a potential pathway towards manipulating the superconducting order parameter at

temperatures higher than T, but also provides critical insights into the microscopic
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physics underpinning ”photoinduced superconductivity” in Cuprates and similar

materials.
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Zusammenfassung

Quantenmaterialien weisen viele Phasenzustdnde mit exotischen und potenziell
niitzlichen Eigenschaften auf, darunter Supraleitfahigkeit, Ladungsordnung und
verschiedene Formen von Magnetismus. In vielen Féllen konkurrieren diese exotis-
chen Phasen auf vergleichbaren Energieskalen miteinander. Die enge Nachbarschaft
der Energieskalen fiihrt zu einem Szenario, in dem selbst kleine Storungen die
dominante Phase dndern konnen. Diese energetische Nahe fiihrt haufig auch zu
grofBen Fluktuationen. Wahrend diese Fluktuationen in der Regel ein Hindernis fiir
die Etablierung eines bestimmten geordneten Gleichgewichtszustands darstellen,
konnen sie auch der Schliissel zur Erzeugung eines gewiinschten Phasenzustands
aullerhalb des Gleichgewichts durch eine Form der gepulsten Anregung oder des
periodischen Antriebs sein. Eine Reihe von Experimenten hat kiirzlich gezeigt, dass
es moglich ist, durch resonante Anregung der Normalmoden der Kristallstruktur
(bekannt als Phononen) mit intensiven Lichtpulsen im mittleren Infrarot- oder Ter-
ahertzbereich die Fluktuationen aktiv zu stabilisieren und damit die gewiinschten
Zustinde bei Temperaturen zu erzeugen oder zu verstirken, bei denen sie im
thermischen Gleichgewicht nicht zugénglich sind, sogar weit oberhalb der kritis-
chen Temperatur T.. Nicht-Gleichgewichts-Ferroelektrizitiat, Magnetismus, Isolator-

Metall-Ubergéinge und Supraleitung sind einige der wichtigsten Beispiele.

Diese Arbeit befasst sich mit YBa,CuzO¢+x, einem kupferbasierten Hochtemper-
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atursupraleiter, bei der supraleitende Zustand durch dispersive Tunnelmoden
von Cooper-Paaren durch die gestapelten CuO,-Schichten, die als Josephson-
Plasmon-Polaritonen bekannt sind, gebildet wird. Im Gleichgewicht wurden
supraleitende Fluktuationen weit iiber T. festgestellt. Verschiedene Experimente
haben gezeigt, dass in den unterdotierten Verbindungen dieser Familie die reso-
nante Anregung von Phononen grof3 Amplitude zum Auftreten voriibergehender
makroskopischer supraleitungsdhnlicher Eigenschaften bei Temperaturen fiihrt,
die weit T, und sogar Raumtemperatur liegen. Diese ersten Beobachtun-
gen losten eine Welle von Folgeexperimenten aus, die darauf abzielten, den
voriibergehenden Zustand weiter zu charakterisieren und den mikroskopischen
Mechanismus zu verstehen, der zu seiner Entstehung fithrt. Kiirzlich durchgefiihrte
eindimensionale Anrege-Abfrage-Experimente, mit optischer Anregung im mit-
tleren Infrarot und Detektion der Zweiten Harmonischen nahinfraroter Licht-
pulse, haben eine durch Phononen vermittelte Verstarkung der Josephson-Plasmon-
Polaritonen nachgewiesen, ein Phdnomen, das wahrscheinlich den mysteriésen
supraleitungsidhnlichen makroskopischen Eigenschaften zugrunde liegt. Diese
eindimensionalen Experimente konnten jedoch kein schliissiges Bild der Kop-
plung zwischen den optisch angeregten Phononen und den Josephson-Plasmon-

Polaritonen liefern.

Die in dieser Arbeit vorgestellte Studie hat zum Ziel, ein besseres Verstdndnis der
mikroskopischen Dynamik im optisch angeregten Zustand von YBa,CuzOg+x ZUu er-
halten, und berichtet iiber die Entwicklung und Anwendung einer neuen Form
der zweidimensionalen Spektroskopie. Bei dieser Methode werden die Phononen,
welche die Bewegung der apikalen Sauerstoffatome der Kupratverbindung bein-
halten, nacheinander mit zwei optisch phasenstabilen Lichtpulsen im mittleren

Infrarot angeregt, und die zeitabhingige Anderung der nichtlinearen optischen
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Suszeptibilitit zweiter Ordnung gemessen, die auf die kohdrente Bewegung sowohl
der infrarotaktiven Phonon- als auch der Plasmonmoden anspricht. Die Ergeb-
nisse deuten darauf hin, dass die direkt angeregten Phononen kohédrente Paare
von Josephson Plasma Polaritonen mit entgegengesetztem Impuls iiber einen Vier-
Moden Mischprozess verstarken und einen gequetschten Zustand der Phasenfluktu-
ationen zwischen den Schichten erzeugen. Die Identifizierung dieses gequetschten
Zustands der Zwischenschicht-Tunnelmoden bietet nicht nur einen potenziellen
Weg zur Manipulation des supraleitenden Ordnungsparameters bei Temperaturen
oberhalb von T, sondern liefert auch wesentliche Einblicke in die mikroskopische
Physik, die der ”photoinduzierten Supraleitung” in den Kupraten und dhnlichen

Materialien zugrunde liegt.
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Introduction

Fluctuating Orders in Quantum Materials

In recent decades, the study of various fascinating classes of materials which ex-
hibit physical phenomena that cannot be captured by conventional theories, has
become a prominent frontier of condensed matter physics. In these systems, which
are commonly referred to asquantum materials , the nontrivial physical properties
largely originate from an interplay between inherently quantum mechanical effects
and strong particle correlations [1-3]. High-temperature superconductivity [4, 5],
topology [6—12], unconventional magnetism [13—16], insulator to metal transitions
[17, 18] and many other phenomena, are all examples of such material systems.
Another common feature of such systems is their high sensitivity to various tuning
parameters, such as electromagnetic elds, pressure, changes in chemical doping
and more [2]. This sensitivity is manifested in the rich phase diagrams of these
materials, which often show that through tuning these parameters multiple exotic

orders can be accessed within the same material.

One key objective is to go beyond only understanding these properties, by devel-
oping methods to exert active control over them for use in future technological
applications such as quantum computing and energy-ef cient devices. Owing to

the delicate balance between the competing energy scales of different phases, both

1



Introduction

guantum and thermal uctuations can play a key role in establishing or prohibiting
the formation of orders in quantum materials. This is especially signi cant close
to the phase boundaries. In such cases, the use of intense pulses of laser-light has
recently emerged as a promising tool for selectively enhancing or reducing uctua-
tions and thereby enforcing desired orders along with their associated macroscopic
properties [19-22]. Understanding the precise mechanisms by which the micro-
scopic dynamics which follow photo-excitation can alter or reduce uctuations re-

mains a key research goal.

One key ingredient in many cases is seemingly the resonant driving of structural
normal modes (known as phonons). This can be understood intuitively as arising
from the high sensitivity of the quantum materials macroscopic properties to the
precise details of the crystal structure. Consequentially, even small structural dis-
tortions can be expected to affect and rearrange other degrees of freedom such as

magnetic and electronic orders [23-25].

Various experiments have shown that coherent distortions of the crystal structure
can be achieved through the excitation of an infrared-active crystal lattice vibra-
tional mode (phonon) via intense light pulses, which are tuned to be resonant
with the natural frequency of the mode [26—-31]. As will be explained in detalil
throughout Chapter 1, this type of selective and coherent control opens up pathways
through which new non-equilibrium atomic arrangements and hence new desired
properties can be accessed, which in some cases can even survive for much longer

than the duration of the drive [19, 32-34].

Three representative examples of quantum material systems which host strong uc-
tuations in equilibrium are shown in Figs.1 (a-c). The rst system is the rare earth

titanate YTiO3, which is ferromagnetic in equilibrium below the Curie temperature
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of T, =27 K, although strong spin-orbit-lattice uctuations cause the magnetization

to saturate below the ideal spin-half limit value of 1 g for T<T.. The Curie tem-
perature itself is also suppressed with respect to the mean- eld predicted value of
50 K [35-37].

From the same rare-earth titanate family, SrTiO; is a quantum paraelectric in equi-
librium which possesses structural inversion symmetry. Below 105 K the system
undergoes an antiferrodistortive (AFD) structural transition (from cubic to tetrag-
onal), whilst nevertheless maintaining its inversion center. Upon cooling down to
even lower temperatures, there is a tendency to form a ferroelectric phase as evi-
denced by the softening of a polar phonon mode and an increase in the dielectric
function [38, 39]. However, macroscopic ferroelectric order never emerges, even
at the lowest temperatures, due to quantum uctuations of the ionic positions be-
tween the competing antiferrodistortive and ferroelectric phases. As illustrated by
the phase diagram in Fig.1 (b), the application of strain tips the balance between

the competing structural phases in favor of ferroelectric order [40].

The nal, and arguably most mysterious example, which forms the subject of Chap-
ter 2 and 3 in this thesis, is the superconducting state in YBaCuzOg.: x, @ member
of the famous high-temperature superconducting Cuprate family. As shown in Fig.1
(c), this material exhibits long-range superconducting order with T . as high as 93
K for the optimal hole doping level. As the temperature increases, another myste-
rious phase, known as the pseudogap, is established for the compounds with lower
doping levels. Whilst in the pesudogap phase there exist no macroscopic supercon-
ductivity, there are some pieces of experimental evidence which hint towards the

interpretation of this phase as hosting strong superconducting uctuations [41-55].
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Figure 1. (a). Magnetization of YTIO 3 as a function of applided magnetic eld for
T<< T, representing a saturated magnetization of 0.8 g per Ti, below the theoretically
calculated value of 1. b. Phase diagram of bulk SrTiO; as a function of strain and tem-
perature. SrTiO3 is paraelectric at nite temperature in the absence of strain. Around 105
K, it undergoes an antiferrodistortive (AFD) transition from cubic to tetragonal, although,
remaining inversion symmetric. Application of any small amount of strain enforces a fer-
roelectric transition. c¢. Phase diagram of YBaCu3Og:x as a function of temperature and
chemical hole doping. Figures and captions are adopted from Refs.[19, 33, 45, 56{63]

Light-Based Suppression of the Fluctuations

In all these three exemplary cases discussed above, resonant phonon driving has
been shown to either enhance or induce the desired order [19, 22, 33, 64-68],
presumably by somehow effectively reducing the uctuations which dominate in

equilibrium. These results are summarized in Figs.2 (a-b) and Fig.3.

In the case of YTiQ, resonant excitation of a By, symmetry, IR-active phonon mode
at a frequency of 9 THz (chosen due to its strong spin-lattice coupling) was shown

to suppress anti-ferromagnetic uctuations and hence enhance ferromagnetism.

The magnetization measured after photo-excitation is plotted as a function of exter-

nal applied magnetic eld in Fig.2 (a), accompanied by the equilibrium value. The

4
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enhancement of the saturated magnetization to the theoretical maximum value sig-
ni es that the uctuations responsible for the suppression of equilibrium magneti-
zation are reduced upon photoexcitation. Temperature dependence measurements,
further demonstrated that applying this photo-excitation protocol in the high tem-
perature non-ferromagnetic phase, induces long-ranged metastable ferromagnetic
order, up to a temperature scale three times higher than T, [19]. This effect was
attributed to a quasi-static shift in the orbital levels, which couple to the square of
the driven phonon amplitude Q3. effectively favouring ferromagnetism over the

competing anti-ferromagnetic order [69].

Similarly, in the case of SrTiOs;, resonant excitation of an IR-active lattice vibra-
tional mode at 20 THz with A ,, symmetry has been shown to exert a strong lattice
distortion which in turn facilitates the establishment of long-range polar order [20,
33].

As shown in Fig.2 (b), this photoinduced ferroelectric order was observed via the
measurement of a long-lived second harmonic generation from probe pulses after
mid-IR photoexcitation. Note that in the equilibrium state where ferroelectricity
is absent, the second harmonic generation is zero at all temperatures due to the
presence of inversion symmetry [33]. A plausible explanation for the generation of
this metastable polar state involves the nonlinear coupling between the resonantly
driven phonon mode and an acoustic phonon mode, which induces strain within the
lattice, estimated to be as high as 0.2%. This strain, in turn, effectively suppresses

the AFD uctuations, favoring the stabilization of the ferroelectric order [20].
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Figure 2: (a). Equilibrium magnetization (in grey) and maximum non-equilibrium magne-
tization (magenta circles) extracted from pump-probe experiments as a function of applied
magnetic eld measure in YTiO3 at the base temperature of 5 K well below T. / 27 K.
The saturated magnetization is enhanced reaching the ideal value through suppression of
antiferromagnetic uctuations obtained after photoexcitation [70]. (b). Total time-delay
independent second harmonic generation in equilibrium (in gray) and after mid-IR pho-
toexcitation (blue circles) as a function of exposure time, measured in SrTiQ at a base
temperature of 4 K. The breaking of the inversion symmetry and hence generation of second
harmonic intensity after mid-IR photoexcitation with respect to the inversion symmetric
equilibrium phase is indicated by the yellow shading [33].

Turning nally to the case of YBa,Cu;Og.«, resonant excitation of the IR-active
B,y symmetry apical oxygen phonon modes has been shown to induce macroscopic
superconducting-like properties at temperatures well above T.. These properties
include a 1/! divergence in the imaginary part of the complex optical conductiv-
ity [64—67] and the expulsion of a statically applied magnetic eld [68], as illus-
trated in Fig.3. These photo-induced responses have been shown to survive on a
temperature scale that matches that of the pseudogap phase. A detailed review
of these experiments focusing on the macroscopic properties of the photoinduced

superconductiviing-like state in YBaCuzOg. « IS given in Chapter 3
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Figure 3: (a). The reconstructed imaginary part of the optical conductivity »(! ) mea-
sured via phase and time-resolved THz spectroscopy in YB#u3Og:5 at the base tempera-
ture of 60 K (above T) in equilibrium (gray shaded curve) and after mid-IR photoexcitation
(red circles). The 1/! divergence induced after mid-IR pump is shaded in yellow [64{67].
(b). The change in the magnetic eld B measured on the edge of YBaCu30Og.45 at base
temperature of 100 K (above T¢) in equilibrium and after mid-IR photoexcitation with the
same color coding as in (a). A positive change has been observed as a function of mid-IR
pump and probe time delay which is absent in the equilibrium state. This positive change
at the edge of the sample was interpreted as corresponding to a negative change at the top
of the sample, suggestive of Mei ner e ect [68].

Various pump-probe experiments have been carried out to observe the microscopic
dynamics which follow this photo-excitation with the aim of understanding the
mechanism through which the superconducting-like properties emerge. Earlier ex-
periments were primarily concerned with the nonlinear lattice dynamics [71-73],
however, more recent experiments, as will be thoroughly discussed inChapter 4
have linked the emergence of these properties to the dynamics of ampli ed Joseph-
son plasmon modes [22], which are associated with superconducting tunneling
currents. Although a theoretical framework describing the microscopic nature of

this photo-induced state has been proposed [74] based on these ndings, a de ni-

7
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