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Zusammenfassung
Ultrakurzzeitspektroskopie ist eine etablierte und extrem vielseitige Untersuchungsmethode für die Charakterisierung dynamischer Prozesse in Festkörpern, biologischen
Systemen, Molekülen, modernen Nanostrukturen und vielen anderen funktionalen Materialien. Sowohl einfache einsatzfertige Spektroskopiesysteme, als auch Lasersysteme mit
hochintensiven und ultrakurzen Impulsen sind inzwischen kommerziell in verschiedenen
Konfigurationen verfügbar. Mithilfe der hohen Spitzenfeldstärken beziehungsweise Intensitäten von Femtosekundenimpulsen können nichtlineare Prozesse, auch solche höherer
Ordnung, mit vergleichsweise hoher Effizienz ausgelöst und beobachtet werden. AnregeAbfrage-Spektroskopie ist mittlerweile ein verbreitetes Werkzeug zur Untersuchung der
Relaxationsdynamik in einer Probe als Funktion der Verzögerungszeit zweier Impulse
und Frequenz (Photonenenergie) des Abtastimpulses. Zweidimensionale (2D-) Spektroskopie ist eine extrem vielseitige Variation dieser Methode, bei der statt eines Einzelimpulses ein phasenstarres Impulspaar die Anregung erzeugt. Im Gegensatz zu zweiImpuls-Experimenten erhält man hiermit eine zusätzliche Verzögerungszeit, die wichtige
Informationen über kohärente Prozesse und die Anregungsdynamik in der untersuchten
Probe enthält. Damit kann die von Anrege-Abfrage Experimenten erzeugte Information
zusätzlich als Funktion der Anregefrequenz (zweite Dimension) dargestellt werden. Die
daraus entstehenden 2D-Spektren zeigen die Korrelation unterschiedlicher energetischer
Zustände zu einem festen Zeitpunkt nach der Anregung.
Im Rahmen dieser Arbeit wird untersucht wie sich optische 2D-Spektroskopie auf
Festkörper und stark korrelierte Elektronensysteme anwenden lässt. Moleküle stellen ein
Ensemble aus weitgehend unabhängigen Resonatoren mit klar definierten elektronischen
und vibronischen Übergängen dar. Weit komplexer stellt sich die Situation in kondensierter Materie dar, deren Dynamik durch kollektive Vielteilcheneffekte im Kristallgitter
dominiert ist. Dazu gehören in erster Linie die Entstehung einer elektronischen Bandstruktur und die Gitterdynamik selbst. In stark korrelierten Materialien, zum Beispiel
Supraleitern, kommt hinzu dass Kristallelektronen nicht als Einzelelektronen beschrieben
werden können, sondern die gegenseitige Wechselwirkung berücksichtigt werden muss. In
den in dieser Arbeit beschriebenen Experimenten werden optische Impulse mit hohen
(sichtbaren) und niedrigen (mittelinfraroten) Photonenegien verwendet um elektronische
Resonanzen (Interbandübergänge und Exzitonen) und niederenergetische Vielteilcheneffekte (Quasiteilchen, Supraleitung) sowie deren Korrelation zu untersuchen. Um die ex-
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trem schnellen Wechselwirkungen und Dephasierungsprozesse in Halbleitern, Metallen
und funktionalen Materialien aufzulösen ist eine hohe zeitliche Auflösung im Bereich weniger Femtosekunden erforderlich.
Alle vorgestellten Experimente basieren auf einem modernen Spektroskopiesystem, das
speziell für die Untersuchung ultraschneller Dynamiken in Festkörpern entwickelt wurde.
Auf der Basis eines kommerziellen Laserverstärkers können durch nichtlineare Frequenzkonversion breite Spektralbereiche vom Sichtbaren bis ins mittlere Infrarot kontinuierlich
abgedeckt werden. Die verwendete Impuls-Wiederholrate von 50 kHz und hochfrequente
elektronische Modulation der Impulszüge ermöglichen eine hohe Sensitivität in Kombination mit moderaten Impulsenergien. Dieser Ansatz ist eine optimale Grundlage für die
Untersuchung pertubativer Effekte in Dünnschichten, an Grenzflächen oder an einzelnen
Nanostrukturen, bei denen sowohl der Raumbereich stark eingeschränkt ist und eine hohe
Absorption vorliegt. Moderate Feldstärken treiben hierbei effizient nichtlineare Prozesse,
die im Rahmen einer störungstheoretischen (pertubativen) Änderung der Gleichgewichtseigenschaften sinnvoll beschrieben werden können. Die feldaufgelöste Detektion der niederfrequenten Impulse im mittleren Infrarot durch elektro-optisches Abtasten ermöglicht
die Untersuchung der kohärenten Materialantwort mit Zugang zu Amplitude und Phase.
In chronologischer Reihenfolge zeigen die Kapitel dieser Arbeit unterschiedliche experimentelle Herangehensweisen an die 2D-Korrelationsspektroskopie und technisch bedeutende Materialsysteme. Fundamentale Zusammenhänge und wichtige Grundlagen der
2D-Spektroskopie, die allgemeiner auch als multidimensionale Spektroskopie bezeichnet
wird, werden im Rahmen der Einleitung erläutert. Kapitel 2 untersucht die Ladungsträgerrekombination in hochdotierten Germaniumschichten mittels zweifarben AnregeAbfrage-Spektroskopie im Nahinfrarot. Das Ergebnis zeigt, dass Auger-Prozesse im Vergleich zur Streuung an Kristalldefekten einen vernachlässigbaren Anteil zur Rekombination haben. Darüber hinaus zeigt eine breitbandige Untersuchung der Bandstruktur von
hochdotierten Proben das Verschmelzen des direkten und indirekten Intrabandübergang
zu einem effektiven Übergang. Das bessere Verständnis dieser Rekombinationskanäle und
Bandstrukturverläufe in Germanium ist ein wichtiger Beitrag zur Entwicklung potentieller
photonischer Bauteile auf Basis industrieller Produktionstechnologien.
Ein Aufbau zur teilweise kollinearen 2D-Spektroskopie im sichtbaren Spektralbereich
wird in Kapitel 3 vorgestellt. Dabei verwandelt ein Interferometer auf Basis von doppelbrechenden Keilen einen ultrakurzen Einzelimpuls in ein phasestarres Impulspaar mit
variabler Verzögerung. In Kombination mit einem breitbandigem Superkontinuum zum
Abtasten ermöglicht dieses System die Aufnahme von 2D-Spektren ohne den Verlust von
zeitlicher Auflösung oder spektraler Bandbreite. Messungen am technologisch wichtigen
Halbleiter Galliumselenid zeigen dabei die Dynamik exzitonischer Anregungen bei Raumtemperatur. Anhand der 2D-Spektren kann erstmalig die mittlere Lebensdauer der Exzitonen unabhängig von Interbandübergangen zu (110 ± 10) fs bestimmt werden.
Kapitel 4 präsentiert einen fundamental neuen Ansatz zur Untersuchung der Korrelation elektronischer Anregungen mit der niederenergetischen Vielteilchendynamik in
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Dünnschicht-Kristallen. Dazu wird die Doppelimpulsanregung aus Kapitel 3 mit transienter Zeitdomänenspektroskopie im mittelinfraroten Frequenzbereich (15-35 THz) kombiniert. Über feldaufgelöste Detektion können hiermit dynamische Änderungen der komplexwertigen dielektrischen Funktion in Abhängigkeit von Energie und Zeit nachverfolgt
werden. Messungen an einer Graphit-Dünnschichtprobe demonstrieren die Möglichkeiten
dieser Methode und liefern wertvolle Einblicke in das Materialsystem. Hierbei kann unter
anderem das Zusammenspiel von direkten und indirekten optischen Übergängen bei niedrigen Anregungsenergien präzise beobachtet werden. Das vorgestellte Experiment ebnet
den Weg für weiterführende Untersuchungen an funktionalen Materialien, insbesondere
2D-Materialien und stark korrelierte Elektronensysteme, bei denen diese Korrelationskanäle wichtige Informationen über die intrinsischen Wechselwirkungsmechanismen enthalten. Durch hochfrequente elektronische Modulation der beteiligten Impulse und ein
ausgereiftes Messkonzept wird eine hohe Sensitivität für Änderungen des elektrischen
Feldes erreicht.
Ein bedeutender Vorteil der 2D-Spektroskopie mit drei oder mehr Impulsen ist die
Möglichkeit diese in einer nicht-kollinearen Konfiguration zu überlagern. Impulserhaltung
der Wellenvektoren führt dazu, dass das nichtlineare Signal in eine neue Raumrichtung
emittiert wird und sich damit einfach von den treibenden Impulsen trennen lässt. In Kapitel 5 wird ein phasenstabiler Impuls mit Zentralfrequenz 22 THz (Wellenlange 13.5 µm,
Photonenenergie 91 meV) durch ein Interferometer in vier Arme aufgeteilt und diese zu
einem entarteten 2D-Experiment mit nicht-kollinearer Geometrie vereinigt. Das emittierte Signal wird durch elektro-optisches Abtasten feldaufgelöst detektiert. Messungen an
dem schmallückigen Halbleiter Indiumantimonid geben eine stark nichtlineare Antwort,
die aufgrund einer Zwei-Photonen-Resonanz des Intrabandübergangs aus einem nichtlinearen Prozess fünfter Ordnung resultiert. Der langlebige Anteil des nichtlinearen Signals
lässt sich hervorragend durch ein transientes Populationsgitter im Material beschreiben.
Verzögerungszeiten im Rahmen der Impulslänge, bei denen sich die Feldzyklen der treibenden Impulse überlagern, zeigen eine Renormierung der Bandkante aufgrund hoher
Feldstärken im Bereich von einigen 100 kV/cm. Die Ergebnisse werden mit einer Graphit
Dünnschichtprobe verglichen, deren metallischer Charakter zu einem resonanten VierWellen-Mischsignal führt. Aufgrund der vergleichsweise schnellen Ladungsträgerrelaxation
unterliegt das nichtlineare Signal von Graphit einem Zerfall innerhalb weniger Pikosekunden. Die hintergrundfreie Detektion der nicht-kollinearen Geometrie ermöglicht eine
präzise und detaillierte Analyse der 2D-Spektren. Der Vergleich beider Probensysteme erlaubt die Entwicklung eines grundlegenden Verständnis zur Interpretation von Linienform
und spektraler Dynamik der 2D-Spektren. Auf dieser Basis können Verbesserungen für
weiterführende Messungen vorgenommen und potentiell theoretische Modelle entwickelt
werden.
Der abschließende Teil dieser Arbeit (Kapitel 6) widmet sich dem HochtemperaturSupraleiter Bismut-Strontium-Calcium-Kupferoxid (Bi2212). Die vergangenen Jahrzehnte
haben viel über dieses und vergleichbare Materialsysteme in Erfahrung gebracht, dennoch
bleiben fundamentale Mechanismen der Cooperpaar-Entstehung und Quasiteilchendyna-
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mik unbekannt. Multidimensionale Spektroskopie ist ein vielversprechender und neuartiger experimenteller Zugang diesen Materialien. Zunächst wird hierfür die dynamische
Änderung der optischen Leitfähigkeit einer Bi2212-Dünnschichtprobe in Anrege-AbfrageMessungen ausführlich charakterisiert. Dabei zerstört ein hochenergetischer sichtbarer Impuls das supraleitende Kondensat, während der feldaufgelöst detektierte mittelinfrarote
Impuls die komplexwertige optische Leitfähigkeit der Probe vermisst. Die breite spektrale Auflösung zeigt die hochenergetische Kante der supraleitenden Bandlücke bei 22 THz
(91 meV) und verdeutlicht die Relaxationsdynamik von Quasiteilchen bei optischen Energien darüber und darunter. Vorläufige Messungen mit dem nicht-kollinearen Versuchsaufbau aus Kapitel 5 zeigen erstmalig ein hochauflösendes 2D-Spektrum bei Frequenzen resonant zur supraleitenden Energielücke. Durch Variation der Probentemperatur wird diese
Dynamik in verschiedenen Punkten des Phasendiagramms untersucht und verglichen.
Die in dieser Arbeit vorgestellten Experimente und Messergebnisse sind ein wichtiger
Schritt zu einem besseren Verständnis der multidimensionalen Spektroskopie an komplexen Festkörpersystemen. Dazu werden eine Vielzahl bedeutungsvoller Materialien in
unterschiedlichen spektralen Bereichen untersucht und sorgfältig analysiert. Die daraus
gewonnen Erkenntnisse tragen zu einem besseren Verständnis von Material und Technologie bei. Sie bilden darüber hinaus die Grundlage für weiterführende Untersuchungen und
theoretische Überlegungen. Spannende Fragen in Bezug auf Methodik, neuartige Materialsysteme und die Bedeutung für stark korrelierte Elektronensysteme wachsen daraus
hervor und werden im letzten Kapitel zusammenfassend diskutiert.
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Chapter

1

Introduction
Ultrafast laser spectroscopy has evolved into an extremely important pillar of modern
science. It is able to study dynamic processes with unmatched time and energy resolution.
In combination with extraordinary flexibility on the basis of table-top commercial devices, pump-probe spectroscopy has become an established resource from applied biology
to fundamental physics [Gru18]. In the framework of third-order nonlinear interactions,
which carry important information about dynamic processes, two-dimensional (2D) spectroscopy is the ”ultimate nonlinear experiment” [Ham11], gathering the maximum amount
of information about the system of study. It is an extremely valuable addition to conventional two-pulse experiments, expanding the information of transient energy-resolved
probe spectra by an excitation energy axis, hence providing a 2D spectral map at each
time step.
Nuclear magnetic resonance experiments, where a sequence of radio-frequency pulses
studies the spin dynamics of nuclei, mark the origin of 2D or more generally multidimensional spectroscopy [Ern87]. In other words, multidimensional laser spectroscopy
transfers this concept to optical frequencies in the terahertz to petahertz range, which
are inaccessible even with high-speed electronics [Hoc07, Cun13]. It became most popular in the near-infrared (NIR) spectral region, where electronic and vibrational resonances of molecules provide a system of coupled oscillators, whose interactions can be
fully disentangled by this method [Muk95, Ham11]. With the advance of technology and
broadband laser sources, multidimensional spectroscopy was extended to visible [Cas15],
mid-infrared (MIR) [Kue09] and far-infrared (FIR) [Hou19] regions of the electromagnetic
spectrum. Coherent multidimensional spectroscopy uses the interaction of three or more
phase-locked optical fields to study the interplay of excitations in a variety of material
systems such as molecules [Ham11], semiconductors [Che01], nanostructures [Cun12], photovoltaic materials [DeS17], biological compounds [Pet18] and other functional materials
[Cho19]. The terminology 2D spectroscopy often restricts the discussion to three-pulse
experiments, but higher order implementations are also feasible [Hut18, Cho19]. The application of this technique to complex functional materials and condensed matter systems
is on the starting blocks and has potential to guide future research.
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Figure 1.1. Spectral configurations of two-dimensional (2D) correlation experiments. Detection and excitation energy of energetic correlations are plotted on
horizontal and vertical axes respectively. Aspects introduced in three of these quadrants will be picked up in different chapters of this thesis.
This work assesses the question how ultrafast multidimensional spectroscopy transfers
from 2D discrete-level systems such as molecular or excitonic transitions to many-body
systems, for example solid state materials with band structure or strongly correlated
electron materials [Gia16b]. Figure 1.1 sketches possible spectral configurations of 2D
spectroscopy relevant for these materials. Two panels targeting the interplay of electronic
or coherent low energy dynamics lie on the diagonal axis of this 2D correlation map, while
the combination of high-energy excitation and low energy tracking of a many-body system
accesses a strongly off-diagonal region. Here, 2D spectroscopy has the power to extract the
energy transfer from a single electronic resonance to a many-body effect such as lattice
dynamics or quasiparticle coherences. This approach becomes particularly interesting
when applied to strongly correlated systems such as superconductors [Gia16a]. MIR
frequencies are a fingerprint region of many solid state materials with lattice resonances
and the occurrence of a superconducting gap or a pseudogap phase in high-temperature
cuprate superconductors. In addition, the availability of few-femtosecond gate pulses
enables amplitude and phase-resolved sampling of the emitted low-frequency electric field
[Rie15, Kei16] giving full access to the material properties.
Ultrafast laser pulses not only provide high temporal resolution, but also achieve extreme peak fields. This also leads to high-order nonlinear processes such as high-harmonic
generation [Ghi11], material interactions in a non-perturbative regime, and to the creation
of transient states of matter far beyond the dielectric breakdown of static fields [Sch18].
These effects belong to the lower-right quadrant of the map in Figure 1.1 and are typically not associated with multidimensional spectroscopy. While high-field effects can be
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1.1. Multidimensional correlation spectroscopy
triggered in all frequency regions, phase-sensitive light matter interaction with strong
low-energy fields is the most prominent example [Nic16].
Since the discovery of graphene in 2004 [Par15, Nov05], 2D materials, where the atomic
wave function is confined in one dimension through geometrical constraints, emerged as
a class of materials with interesting fundamental dynamics and high potential for technological application. The sensitivity of ultrafast spectroscopy allows to study dynamic
processes despite the extremely short interaction length [Tru15]. In the transition from
bulk to few- or monolayer samples the optical properties of materials can dramatically
change [Ste17, Bud19b]. 2D spectroscopy emerges as a powerful tool to disentangle dynamics in these 2D materials [Cas15].
This introductory chapter is organized as follows: The two upcoming sections discuss
fundamental aspects of multidimensional spectroscopy with the example of two- or threelevel systems as well as the conceptual design of multi-pulse experiments. The last section
of this introduction outlines the experimental chapters of this thesis following a systematic approach towards a general understanding of ultrafast multidimensional spectroscopy
of complex condensed matter materials. Each chapter features an individual introduction and discusses important results and implications to future experiments. A general
conclusion at the end of this thesis draws the lines between chapters.

1.1. Multidimensional correlation spectroscopy
The key question answered by correlation spectroscopy is whether one excitation (single
or collective) affects another different optical property of a material. If so, this requires an
energy transfer between both types of interaction, whose fundamental nature is captured
in a correlation mechanism. In a broader sense, any two-pulse experiment where pump
and probe pulses access different energy regions is a correlation measurement, in which
the spectral resolution of excitation is defined by the pump pulse bandwidth. Nonlinear
spectroscopy with three or more interacting pulses advances this approach by providing
additional information also in degenerate spectral regions and with spectral resolution
beyond the pulse bandwidth. Throughout this work, the terminology two-dimensional
(2D) or multidimensional spectroscopy refers to experiments with three or more pulses,
while non-degenerate pulse energies in two- or multi-pulse experiments are distinguished
by two-color spectroscopy.
A simple description of 2D spectroscopy captures the energy exchange between resonances in a three-level system, for example two vibrational resonances and the ground
state of a molecule. Figure 1.2 shows a hypothetical example of a such a three-level
resonator studied with 1D and 2D spectroscopy [Gia16a]. The 1D spectrum in panel
(a) reveals two resonances at frequencies νA and νB , which have similar amplitude, but
different shape and bandwidth. For simplicity of this basic introduction, the plot shows
only the absolute value of spectral field amplitude and phasing is neglected. In 2D spectroscopy, such a transient spectrum is expanded by an additional (vertical) axis relating
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(c) Energy
h𝜈B
h𝜈A
0

energy
transfer
excitation (pump) BB or BA
B emission (probe)
Real time

𝜈A
𝜈B
Emission frequency 𝜈t

Figure 1.2. Hypothetical example of 2D spectroscopy with a three-level system
(ground state and two resonances at frequencies νA and νB ). (a) One dimensional
(1D) pump-probe spectrum at fixed delay T shows a similar optical response at both
resonances. (b) 2D experiments expand the spectrum in (a) by an absorption axis
(vertical). Diagonal (AA and BB) and off-diagonal correlations (BA, AB) as well
as line shape distortions (black arrows) as discussed in the text can be resolved.
Panel (c) sketches the mechanism leading to the upper peaks of the 2D spectrum,
where the excitation of resonance νB leads to changes of the optical response at both
resonances νA and νB .
the optical response to a specific absorption frequency (energy). Hereby the 1D spectrum
(a) is contained in the 2D map (b) as the projection to the horizontal axis. At both
resonances, diagonal and off-diagonal features arise in the 2D map, revealing correlations
between the two resonances as well as details about their self-interaction unseen in the
1D spectrum. Panel (c) schematically depicts the interaction leading to the upper left
off-diagonal spectral feature in (b). Upon excitation of the high-energy resonance, the
probe pulse senses induced changes at the low-energy resonance, which has been excited
through (coherent) energy transfer between the two modes.
Aside from off-diagonal correlation signals, 2D spectroscopy allows to study the line
shape of resonances revealing further insight about the intrinsic mechanisms. In the example in Figure 1.2, the upper right BB resonance shows a rotated elongation along the
diagonal direction (dashed line), while the AA resonance is perfectly symmetric. Black
arrows mark the bandwidth difference for diagonal and cross-diagonal directions in comparison of both resonances. With respect to an ensemble of individual resonators, for
example a solution of molecules, a symmetric resonance (AA) indicates purely homogeneous broadening, while an asymmetry of the resonance (BB) distinguishes homogeneous
(intrinsic lifetime) and inhomogeneous (ensemble of oscillators) broadening along crossdiagonal and diagonal respectively [Ham11].
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Figure 1.3 Perturbative density matrix
description of a two-level system in a
2D experiment. A first pulse (blue) creates a coherent superposition (SP), which
is an off-diagonal element in the density
matrix. This coherent polarization P is
turned into a diagonal element, i.e. a population state, by a second pulse (red). In
this example, the third pulse transforms
the population to a conjugate coherent
SP with inverted phase, thus emitting a
rephasing nonlinear signal (yellow). Solid
and dashed arrows denote |keti and hbra|
interactions respectively.

A theoretical description of multi-level resonators, in particular molecular systems, is
well established [Muk95, Ham11]. In the perturbative density matrix formalism Feynman
diagrams visualize the various interaction pathways. When neglecting nonresonant contributions, the rotating-wave approximation simplifies the system and reduces the number
of different interaction pathways. Figure 1.3 depicts the temporal evolution of the density
matrix ρ of a two-level system (ground state |0i and first excited state |1i) interacting with
a sequence of three pulses. The first pulse (blue) excites a coherent superposition (SP) of
both states, i.e. a polarization, by creating an off-diagonal element in the density matrix
(ρ01 or |1ih0|). Depending on the relative phase, a second pulse (red) can either de-excite
this polarization (|0ih0|) or turn the coherent SP into a population state |1ih1|. The
third pulse probes the excited state population of the system by creating again a coherent
superposition, which emits a nonlinear signal with a characteristic delay related to the
dephasing of the system. A coherent limit is reached when the dephasing time of the
system is shorter than the pulse length. The relative time delays between pulses in the
figure are denoted by coherence time τ , waiting time (pump-probe delay) T , and sampling
(detection) time t.
In a three-level system additional excitation pathways become available. Most notably these are excited state absorption and interstate coherences as introduced with
off-diagonal correlation elements of the 2D spectrum above. In the description of nonlinear signals one distinguishes rephasing and non-rephasing contributions depending on
time reversal of the emitted signal. Rephasing signals occur in a photon echo experiment where the reappearance of a macroscopic polarization leads to an echo-type signal.
In Figure 1.3 this is illustrated by conjugate coherences in the τ and t time periods.
∗
This means, the acquired phases between pump pulses (red and blue) eiω0 τ and between
∗
the third pulse (green) and signal emission (yellow) e−iω0 t cancel, such that the relative
phase φ = ω0 (τ ∗ − t∗ ) becomes zero at emission time t∗ and the echo occurs. On the
other hand, the phase continuously evolves for non-rephasing signals: φ = ω0 (τ ∗ + t∗ ) 6= 0
for τ ∗ , t∗ > 0. In time period T where the system is in a population state the phase
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remains unchanged. Throughout this density matrix formalism it is important to note
that all interactions are described as field contributions to preserve amplitude and phase.
The energy brought into the system is related to the photon number, meaning that a
population excitation always requires the contribution of two fields, i.e. hbra| and |keti
applied to the density matrix. Bloch vectors and the concept of a Bloch sphere are often
used as the corresponding graphical representation of the time evolution of a quantum
mechanical two-level system. Further details and the complete formalism can be found in
references [Muk95, Muk00, Ham11].

1.2. Designing multi-pulse experiments
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Figure 1.4 Spectral intensity modulation of two phase-locked pulses (blue and
red field profile in inset) with central frequency ν0 and temporal separation τ0 (a)
and 2τ0 (b). The spectral distance of interference nodes is inversely proportional
to the temporal separation. Combined
spectral interference in this example is a
mathematical construction. In the experiment, the second pulse interacts with a
coherent polarization induced by the first.

El. field

The simplest method of 2D optical spectroscopy scans the energy of a narrowband excitation pulse across the spectral region of interest, while broadband and spectrally resolved
detection tracks changes of related optical properties. This concept is commonly applied
in time-resolved photoluminescence excitation spectroscopy or more generally in two-color
pump-probe experiments that are also sensitive to coherent dynamics. The drawback of
this method lies in the fundamental nature of ultrafast spectroscopy, where the shortest
possible pulses have extremely broadband spectra in accordance with Heisenberg’s principle. To access fundamental dynamics on extremely short time scales, 2D experiments
hence rely on the spectral interference modulation created by multiple excitation pulses
as sketched in Figure 1.4. The mathematical construction in this plot shows the combined
spectral intensity of two phase-locked pulses with temporal separation τ0 (a) and 2τ0 (b).
The resulting spectral interference modulation imprints on the amplitude of the nonlinear
signal, such that the Fourier transform of coherence time τ relates to a unique excitation
frequency. In addition to the immediate interference of both pulses, the second pump
pulse can also interact with a coherent polarization induced by the first (as indicated in
Figure 1.3), which would result in extended temporal coherence and a spectral feature
with reduced bandwidth according to the resonance. Multi-pulse experiments can therefore access the excitation dynamics without inflicting with high temporal resolution.

2𝜏0
Time (𝜏0)
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1.2. Designing multi-pulse experiments
The pulse geometry, i.e. their direction of propagation as defined by the k vector,
decides about possible wave mixing scenarios and the direction of signal emission. Many
implementations of 2D experiments have been demonstrated or suggested [Ham11, Cho19].
A suitable geometry must be chosen with respect to the anticipated signal. As the duration
of an optical field cycle reduces at high frequencies in the visible or ultraviolet, phase
stability and precise control of relative timings become challenging in the experiment.
For simplicity the following discussion only considers degenerate pulse energy such that
the magnitude of the ~k vector is identical for all contributing pulses: |~ki | = k0 . The
P
direction of signal emission corresponds to the sum of all wave vectors ~kS = i ~ki of
contributing pulses and on the underlying wave mixing process.
Figure 1.5 presents two experimental implementations with high symmetry of the pulse
geometry and therefore high practical relevance. In partially collinear geometry (a) both
pump pulses (blue and red) have identical k vectors and the probe pulse (green) has different direction. This design is a modification of typical two-pulse pump-probe spectroscopy,
where the noncollinearity between pump and probe pulses helps to block pump light before detection, allowing high relative sensitivity [Gru18]. A third order nonlinear signal
is then emitted collinear with the probe pulse: ~kS = ~kpump − ~kpump + ~kprobe = ~kprobe . In
this case, the signal is self-heterodyned with the probe pulse functioning as a local oscillator (LO) pulse. Rephasing and non-rephasing signal contributions are always collected
simultaneously in this configuration. Depending on the numerical aperture of detection
optics, also nonlinear signals emitted in other directions can be detected. Instead of using
a spatial filter, a 2D frequency vector defines the individual signal contributions in the
spectral map of combined signals [Kue09, Kue11a, Jun12]. Collinear pump pulse geometries enable in-path interferometer types such as the translating-wedge-based identical
pulses encoding system (TWINS) [Bri12], which show extreme phase stability and are
particularly suitable at NIR or visible frequencies.
Panel (b) introduces a fully noncollinear 2D experiment, where all contributing pulses
have different direction of propagation. In this example, the geometry is simplified by
symmetric alignment in a box geometry (dashed square), which significantly eases experimental alignment and helps tracing the emitted nonlinear signals. Other than in (a),
pump-probe and three-pulse signals are emitted in different spatial directions according
to wave vector conservation. A filter (gray) behind the sample can be used to select a
particular nonlinear signals of interest. For a given pulse order (by convention #1-#2-#3)
rephasing (R) and non-rephasing (NR) signals emit in different directions as indicated in
the figure. Other than in collinear 2D spectroscopy, the spatial filter defines the frequency
vector of signal detection. In this case, rephasing (R) ~kS = ~k1 − ~k2 + ~k3 (τ > 0) and nonrephasing (NR) ~kS = −~k2 + ~k1 + ~k3 (τ < 0) contributions must be collected with different
pulse ordering, i.e. the interchange of pump pulses #1 and #2 [Kha03, Ham11, Cun13].
Overlapping a fourth local oscillator (LO) pulse with the nonlinear signal is one way
to resolve phase-sensitive changes of the emitted signal with heterodyne detection. In the
example of Figure 1.5(b) a fourth pulse in ~k4 direction of the box geometry (purple) follows
the path of one possible three-pulse signal, which emits in the direction of the fourth corner
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Figure 1.5. Experimental implementations of two-dimensional (2D) spectroscopy.
(a) Partially collinear 2D spectroscopy allows to measure absorptive spectra in a
conventional pump-probe geometry. (b) When pump (red, blue) and probe (green)
pulses have different wave vectors, rephasing (R) and non-rephasing (NR) signals are
emitted in different spatial directions and can me measured independently. A reference pulse (dotted, purple) fills the fourth direction in this box geometry. (c) Default
time ordering of pulses with relative delays.
of the box geometry. The LO should not contribute to the experiment and is therefore
typically overlapped after sample interaction. In the experiment, a reference pulse has
tremendous importance for the alignment and calibration of a multi-pulse experiment.
The sum of rephasing and nonrephasing signal yields a purely absorptive spectrum of
the sample. In most cases, this is of practical relevance to identify important material
properties without the disturbance of a phase twist in 2D spectra [Ham11]. When scanning
the coherence time τ symmetrically across the time origin, i.e. from −τ0 to +τ0 and hence
interchanging the pulse order halfway, both of the experimental configurations introduced
above collect absorptive spectra. The additional frequency axis of 2D spectra allows to
disentangle homogeneous and inhomegeneous broadening known from oscillator ensembles
such as gases or liquids. In analogy to nuclear magnetic resonance spectroscopy, the
reappearance of a macroscopic polarization is considered a photon echo also in optical
experiments [Ham11]. The theory for multidimensional spectroscopy of condensed matter
systems such as semiconductors and correlated materials, where collective phenomena
and bosonic resonances (phonons, magnons, superconductivity, etc.) influence the optical
response, is part of ongoing research and must carefully review the concepts known from
molecular science [Che01, Cun08, Cun09, Kue11a, Som16b, Gia16a].
Higher-order nonlinear signals with five or more pulse interactions beyond the χ(3) limit
occur in many spatial directions and with all experimental (collinear and noncollinear)
geometries. All illustrations in Figure 1.5 show experiments with transmission geometry.
Reflection measurements with optically thick samples remain equally possible, however, in
practice they impose a higher degree of alignment difficulty. The color code and numbering
in the figure are identical with experimental details presented throughout this thesis.
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1.3. Outline of this thesis
All experiments in this work are realized with a novel spectroscopy system based on
a commercial ytterbium laser, pumping various home-built noncollinear optical parametric amplifiers [Gru18]. Broadband and widely tunable spectra of ultrafast femtosecond pulses almost continuously cover the visible to mid-infrared (MIR) spectral range
[Gru17, Fis18a, Bud19a]. To enable the multidimensional experiments presented in this
thesis, the existing pump-probe setup is advanced by two interferometers providing phaselocked excitation pulses: A translating-wedge-based identical pulses encoding system
(TWINS) [Bri12] transforms a single excitation pulse to a collinear pulse pair at high
optical frequencies (visible and near infrared). At MIR frequencies a Michelson-type interferometer enables noncollinear experimental geometries. Details on the experimental
design of both systems are given in Appendices B.1 and B.2. The various experiments
presented along different chapters of this thesis begin with two-color pump-probe transient absorption spectroscopy and systematically approach and explore multidimensional
correlations of many-body interactions in semiconductors and strongly correlated electron
materials. Each of the following paragraphs refers to one of the following chapters, introduces the experimental technology, and highlights the key aspects of each experiment.
Chapter 2 presents an investigation of carrier recombination dynamics in strained and
highly n-doped Ge-on-Si films upon impulsive photoexcitation with ultrafast near-infrared
pulses. This analysis is motivated by the search for monolithic integration of germanium
in future opto-electronic devices. Non-radiative recombination channels currently limit
the efficiency of prototypical devices and require improved understanding. The measurements confirm a negligible contribution of Auger processes as compared to defect-related
Shockley-Read-Hall recombination in systems with high n-type doping concentration in
the 1019 cm−3 range. Broadband energy resolution covering direct and indirect band gaps
of germanium reveals doping-related band structure changes and suggests a reshaping
of direct and indirect conduction band valleys to a single effective valley along with a
significant spectral broadening of the optical transitions [All19].
Two-dimensional electronic spectroscopy in the visible spectral range allows to disentangle exciton and free carrier dynamics in the bulk semiconductor gallium selenide
around its fundamental bandgap. The experiment presented in Chapter 3 employs a
pair of phase-locked pump pulses for transient absorption spectroscopy in a partially
collinear configuration. Two-dimensional spectroscopy hereby combines high time and
energy resolution and is the only feasible method to distinguish the excitonic response
from broadband carrier effects with femtosecond resolution. The temporal evolution of
selected points in the 2D spectra reveals a bleaching of the excitonic transition and an
associated exciton lifetime of (110 ± 10) fs at room temperature, which is independent of
the excitation pulse energy. This result is unseen in conventional pump-probe experiments
[Bud19b] where free carriers dominate the optical response.
The experimental approach presented in Chapter 4 targets a strongly off-diagonal
spectral region of the 2D frequency map by combining collinear excitation with phase
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locked-pump pulses in the visible and time domain spectroscopy in the MIR. A detailed
study of a graphite thin film emphasizes the capability of the setup and benchmarks
the technology and analysis. The advanced modulation scheme enables to resolve pumpinduced differential transmission changes with a field sensitivity of 10−3 , temporal resolution below 100 fs, and as function of energy in the 70 to 150 meV range. A sophisticated
thin-film model based on Fresnel equations translates the transmitted electric field to dynamic changes of the complex dielectric function. In pump-probe experiments with only
one pump pulse, biexponential carrier relaxation and the interplay of direct and indirect
optical transitions are extracted from the data and enhance existing literature [Kam05].
The quasi-metallic material graphite features continuous absorption in the visible, and
shows no dependence on excitation energy when scanning the pump pulse coherence in
the experiment. This consistency establishes the technique and paves the way to future experiments with materials where correlations between high-energy excitations and
many-body interactions at low energy dominate the material dynamics.
Chapter 5 introduces another experimental approach to multidimensional spectroscopy
that uses degenerate MIR pulses in a noncollinear box geometry, where every pulse has
different directional momentum when interacting with the sample. In this type of photon
echo setup, which has successfully been used for molecular spectroscopy [Kha03], higherorder nonlinear signals are emitted in new spatial directions. A thorough investigation
of the prototypical narrow bandgap semiconductor indium antimonide (InSb) shows the
capabilities of this method and identifies the origins of 2D line shape distortions and
shifts. The photon energy of multicycle MIR pulses (90 meV) is resonant only with twophoton absorption in InSb and hence imposes an additional nonlinearity to the overall
interaction. The observed signal shows cubic power dependence and is associated with
six-wave mixing, where interfering pump pulses resonantly excite a transient population
grating that nonresonantly interacts with the probe pulse. A reference measurement with
thin-film graphite benefits the understanding and identifies technical contributions.
The measurements in Chapter 6 present a first principle investigation of the cuprate
superconductor bismuth strontium calcium copper oxide (Bi2212) at optical energies resonant to the high-energy edge of the superconducting gap. Two-color pump-probe spectroscopy as used in Chapter 4 helps to identify and characterize the superconducting
properties of the Bi2212 thin film as a function of optical energy and temperature. The
results complement previous studies [Per15] by adding spectral resolution to the experiment and discerning the spectral regimes above and below the superconducting gap
energy. Preliminary measurements with noncollinear MIR 2D spectroscopy (Chapter 5)
reveal interesting line shape dynamics of the quasiparticle response with temperatures up
to the phase transition. These results raise questions for further experimental and theoretical investigation to disentangle many-body effects and correlations also with respect
to similar materials [Gia16b].
The concluding remarks in the final chapter of this thesis draw the lines between different chapters and raise important questions for future experiments. This provides an
outlook towards a prosperous future of multidimensional spectroscopy.
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2

Carrier lifetime in highly n-doped
Ge-on-Si films
Silicon technology is the foundation of modern electronics and has been driven to its
fundamental limit in recent years. In terms of structural size, electronic speed, and
heat dissipation conventional approaches are mostly exhausted and quantum technology
becomes immanent [Mor11]. On-chip integration of optical communication with existing electronics is one path the address the demand for increasing speed and bandwidth.
With similar crystallographic properties, germanium (Ge) is compatible with commercial
CMOS technology and therefore a potential candidate to span this gap [Gei15]. This chapter examines the femtosecond carrier dynamics of n-type doped and biaxially strained Geon-Si films that occur upon impulsive photoexcitation. A versatile ultrafast pump-probe
setup [Gru18] provides the platform for broadband NIR transient absorption spectroscopy
across the energy spectrum covering direct and indirect gaps of germanium.
The combination of high doping and mechanical strain significantly reshapes the band
structure of germanium towards an effective direct gap semiconductor, and sets the working principle for optical devices. To better understand the influence of these engineering
parameters, the measurement presented in this chapter access the carrier lifetime across
both fundamental energy gaps (direct and indirect) of the intrinsic band structure. The
temporal recombination dynamics are modeled with modified rate equations that take
into account the static donor density. This approach compares defect-related ShockleyRead-Hall (SRH) recombination with other radiative and non-radiative processes. At high
n-type doping concentration in the 1019 cm−3 range, the measurements confirm negligible
contribution of Auger processes even with large values of the Auger coefficient and overestimated carrier densities. Broadband spectral resolution of the optical response suggest a
reshaping of direct and indirect conduction band valleys to a single effective valley along
with a significant broadening of the optical transitions. Figures and text passages of
this chapter are reproduced and adapted from the original publication J. Allerbeck et al.,
Applied Physics Letters 114, 241104 (2019) [All19] with permission of AIP publishing.
Copyright licenses for reuse and reprint are listed at the end of this thesis.

Chapter 2. Carrier lifetime in highly n-doped Ge-on-Si films

2.1. In quest of a germanium laser and optical devices
Pioneering publications envisaging a germanium laser [Liu07, Liu09, Sun09a, Sun09b,
Liu10] brought considerable attention to the topic, however, a robust electrically pumped
device has not been demonstrated yet. Through bandgap engineering the shallow energy
barrier existing between the LCB -point and ΓCB minima in the conduction band (CB) of
germanium can be further reduced, approaching an effective direct gap semiconductor. To
achieve this without dramatically redshifting the bandgap, theoretical predictions [Vir13,
Esc18] suggest moderate tensile strain and heavy n-type doping to boost the photon
emission rate in the optically active layer. Despite the subsequent vast research effort
put in place to target this goal, key aspects remain unsolved to-date, both in term of
fundamental physics and technological issues.
Two main strategies have been proposed to enhance the net optical gain and hence enable practical applications [Bou13, Gei15]. On one hand, researchers focused on increasing
the strain [Cap14, Elb18, Bao17] with the recent demonstration of a low-threshold optically pumped laser based on intrinsic Ge nanowires. However, the exotic geometry usually
featured by the active region has prevented the demonstration of an electrically pumped
device. On the other hand, more conventional designs rely on low values of the strain,
often limited to the thermal contribution typical of the Ge/Si heterostructures [Cap12],
but featuring very high value of n-type doping density, typically beyond 1 × 1019 cm−3
[Hig17, Koe15]. However, the unsatisfactory results obtained using this type of materials, such as the very high lasing threshold current, have prompted the quest for a better
understanding of the excess carrier dynamics in heavy-doped Ge.
While it is generally accepted that Auger recombination is the dominant mechanism in
moderately doped Ge (< 1×1018 cm−3 ) [Hul71, Nil73], its relative contribution to the total
non-radiative recombination rate in the limit of high- or even ultrahigh donor densities remains unclear [Gau07, Yeh17, Dom16]. Recent studies suggest that high doping triggers a
drastic reduction of the SRH non-radiative recombination time tSRH in Ge/Si heterostructures, making this mechanism the one responsible for a reduced excess carrier density and,
consequently, for an overall decrease of the photon emission rate [Suk16, Bar17, Sri18].
Nevertheless, other studies concluded that the presence of dopants in epitaxial Ge-on-Si
has a negligible effect only on tSRH [Gei14].

2.2. Design of highly n-doped Ge-on-Si thin film samples
Highly n-doped Ge/Si(001) films, featuring different phosphorous donor concentrations
in the 1 × 1019 cm−3 range and a film thickness of approximately 800 nm, were grown
by reduced pressure chemical vapor deposition [Bar17] on 8-inch Si wafers. An undoped
sample (S0) grown in the same conditions and featuring a comparable crystal quality
compared to the doped ones serves as a benchmark to single out the influence of dopants.
Background doping in the Ge layer is below 1015 cm−3 and below 1016 cm−3 in the sili-
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Table 2.1. Intrinsic and heavily n-doped Ge-on-Si samples of 800 nm thickness
employed in the experiments. The direct bandgap energy as measured by photoluminescence EG,PL is also reported [Bar17].
Sample name
S0: intrinsic
S1: medium doping
S2
S3: high doping

Donor density ND (1019 cm−3 )

EG,PL (meV)

intrinsic
1.4
2
12 (50 % active)

770
755
745
710

con wafer (p-type), such that no observable physical effects can be linked to these low
concentrations.
Table 2.1 lists samples samples employed in this study and also shows the energy of
their direct bandgap EG,PL , as measured by photoluminescence spectroscopy [Bar17].
The films exhibit 0.2 % tensile strain due to the difference of the coefficient of thermal
expansion existing between the Ge epilayer and the Si substrate. Optical polishing of the
wafer backside enables broadband transmission measurements at photon energies below
1.1 eV (absorption by silicon wafer), spanning over both the direct and indirect bandgap
of intrinsic Ge (at room temperature EG,Γ = 0.8 eV and EG,L = 0.66 eV, respectively
[Mad04]). Femtosecond NIR pulses optically excite the Ge-on-Si films and measure the
energy-resolved (detection wavelength λD ) differential transmission change ∆T /T (∆t, λD )
around and below the intrinsic and effective bandgap as a function of the delay time ∆t
(≡ T according to previous definitions within multidimensional spectroscopy). The energy
of pump pulses is tuned such that linear carrier excitation in the silicon substrate remains
negligible and a spectral filter discriminates pump scattering into detection. A 190 nm
Si3 N4 anti-reflective coating at the sample backside enhances transmission of the probe
pulse and avoids multiple excitation from pump pulse reflections. All measurements are
performed at room temperature.
Figure 2.1(a) sketches the band structure of intrinsic Ge (iGe), summarizing the different excitation mechanisms together with thermalization and relaxation pathways. The
experiment employs two home-made noncollinear optical parametric amplifiers (NOPAs)
in the near infrared [Gru18]. One NOPA is tuned to a central wavelength of about 1.2 µm
(1 eV photon energy) and serves as a pump pulse to excite direct interband transitions
near the Γ-point with a fluence up to 2 mJ/cm2 and a pulse duration of approximately
50 fs. Illumination spot size at the sample surface is approximately 500 µm in diameter.
The second NOPA is spectrally tuned to cover a broadband range between 1.4 and 2.1 µm
(0.6 to 0.85 eV) and set at a variable delay with respect to the pump pulse. Spectra of
the complete series of pulses employed in the experiments are shown in Figure 2.1(b).
With this tuning of the pulses, the silicon substrate remains unperturbed during the
measurement. After the interaction with the sample, the probe pulse is spectrally re-
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Figure 2.1. (a) Schematic band structure of intrinsic Ge (blue curves) in the optically pumped state with inter band photoexcitation indicated by red arrows. In
the excited state, blue and red shaded areas depict thermalized holes and electrons
respectively. Inter-valley scattering of electrons (τe , yellow dashed arrow) and photoinduced absorption (PIA, green arrows) occur in this configuration. (b) NOPA
spectra used for pump and probe pulses.
solved with a monochromator (approximately 10 nm resolution) and detected with an
extended-InGaAs photodiode. Pump modulation at the first subharmonic of the laser
repetition rate (25 kHz) allows high sensitivity and low noise single-shot boxcar detection.
Across different measurement free space excitation fluence varies from low (50 µJ/cm2 ),
to intermediate (200 µJ/cm2 ) and high (1.3 mJ/cm2 ). This latter value corresponds to a
saturation of the photo carriers according to a one photon absorption model derived by B.
Mayer et al. [May14]. The estimation of the photo carrier density in this study therefore
stands in contrast to much higher values obtained in other works [Yeh17].

2.3. Ultrafast carrier dynamics in the near infrared
Figure 2.2 shows a reference measurement of transient absorption performed on the iGe
film at intermediate excitation level. Red and blue shaded regions indicate increased
and decreased differential transmission respectively. At the direct bandgap observable at
1.55 µm (0.8 eV) a sharp transition from positive to negative signal occurs, which is associated with dynamic bandgap renormalization and its typical derivative spectral shape.
This dominant feature is accompanied by a slightly increased differential transmission
around 1.7 µm (0.74 eV) and broadband photoinduced absorption (PIA) at lower photon
energies. The positive signal can be associated with renormalization and photobleaching
of the indirect bandgap. The broadband negative signal occurring for photons with energies smaller than the indirect gap is due to the modulation of the refractive index of
the photoexcited Ge. According to L. Carroll and coworkers [Car12] PIA is dominated
by optical transitions between split-off (so) and heavy hole (hh) valence bands, which be-
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S0: intrinsic Ge

T/T

Δt

Figure 2.2 Differential transmission change ∆T /T from an
undoped Ge-on-Si film (sample
S0) color coded as a function of
pump-probe delay time ∆t and
detection wavelength (energy).
The measurement shows intermediate excitation fluence Φ =
0.2 mJ/cm2 with an estimated
unsaturated photo carrier density of N0 ≈ 7 × 1017 cm−3 . The
dashed line at 1.9 µm shows a
cut, along which the recombination time τeff is evaluated. Gray
contour lines emphasize lines of
constant transmission change.

come available in the optically excited state. The effective recombination time (evaluated
along dashed line in Figure 2.2) reduces to few hundred picoseconds in thin films, while
it is on the order of microseconds in the bulk crystal [Gei14, Ste55, Gau06]. This fast
recombination is mediated by surface effects, lateral diffusion and high electron temperatures, caused by an optical intensity during excitation on the order of a few GW/cm2 .
At intermediate excitation pulse energy, electron thermalization and scattering from Γ to
L-valley occur on sub- or few-picosecond time scales [Zho94, Mak95] and can be neglected
in the following analysis that considers only delay times ∆t > 5 ps. The data identifies
and confirms this effect with the bending of contour lines near ∆t = 0.
Differential transmission measurements as a function of pump-probe delay performed
on doped Ge-on-Si films at intermediate excitation level are shown in Figure 2.3. Four
significant effects stand out in comparison to the iGe reference film: (1) The recombination time dramatically decreases with higher doping concentration, (2) the transition
between positive and negative signal spectrally redshifts and shows significant spectral
broadening, (3) the optical signal associated to radiative transitions involving the LCB
and ΓCB valleys cannot be distinguished in the doped samples, and (4) the maximum
observed transmission change decreases with higher doping.
Observation (1) is obvious as the density of defect centers increases with doping.
Bandgap narrowing due to strain is also well known [CA13] and explains point (2). Optical spectra from doped layers usually feature a broad band where the peaks associated
to indirect and direct transitions are less resolvable than in the iGe case [Bar17]. In a
band structure model, spectral broadening of optical transitions indicates the alignment
of ΓCB - and LCB -valley in the CB [Grz11]. Doped Ge samples exhibit an energy region
spanning the direct and indirect bang gaps in which the differential transmission remains
positive, hence hindering the distinction between the two radiative channels. In fact, since
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(a) med. doping
(sample S1)

(b) high doping
(sample S3)

T/T
T/T

Δt

Δt

Figure 2.3. Time and energy-resolved differential transmission change ∆T /T
from doped Ge-on-Si films: (a) ND = 1.4 × 1019 cm−3 (sample S1) and
(b) ND = 20 × 1019 cm−3 (sample S3) at intermediate excitation fluence Φ =
0.2 mJ/cm2 . The estimated unsaturated photo carrier density is N0 ≈ 7×1017 cm−3 .
The dashed line shows the recombination time at 1.8 µm (a) or 2 µm (b).
the photogenerated carrier density is much lower than the donor density, the dynamical
renormalization of the direct gap is suppressed. As a consequence, the signal in both the
direct and indirect gap region remain positive, making impossible a distinction between
these two processes, as found in (3). On the contrary, iGe (Figure 2.2) features a sharp
energy region just below the direct gap where the differential transmission becomes negative. Below this photon energy band, the data shows positive differential transmission,
caused by the bleaching of the indirect absorption, a signature of the energy difference
between the valleys in Γ and L. In this context, the emission from possible radiative recombination is reabsorbed by free carriers that become available in the optically pumped
state [Car12].
At low probe photon energy, PIA is the dominant effect providing the best energetic
region to analyze carrier dynamics. Dashed lines indicate spectral cuts, along which the
time constant of a single exponential decay fit is shown. Due to bandgap narrowing at
higher donor densities and hence shifting of the spectral dynamics in different samples, the
recombination dynamics are compared at the detection wavelength where the PIA contribution is highest. At this probing energy thermalization is extremely fast, as shown by
the immediate decrease of the differential transmission signal after excitation (see contour
lines in Figures 2.3a and b). At higher photon energies, where positive differential transmission indicates photobleaching of the Ge film, contour lines in Figure 2.3 emphasize
an increase of differential transmission within a few picoseconds after excitation, before
recombination dynamics starts to dominate with a slower decrease of the pump-probe
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signal. Hence the density of electrons at thermal equilibrium is largest at a delay time of
5 ps, where the differential transmission becomes maximal. This thermalization signature
becomes stronger at higher excitation densities (not shown), where the excited carriers
display a larger excess energy. In contrast, the onset of the differential signal in regions
of negative differential transmission is instantaneous and enables us to monitor carrier
density even at short delay times. Regarding observation (4), a reduced differential transmission change at high doping concentration also agrees with the increase of PL intensity
[Bar17].

2.4. Assessment of carrier recombination dynamics with
modified rate equation models
The temporal dynamics of photo carrier recombination N (∆t) ∝ ∆T /T (∆t) are numerically fitted with rate equations that include Auger processes and defect-related ShockleyRead-Hall (SRH) recombination. While the non-radiative SRH rate associated to the
crystal defect density describes single electron dynamics and is then linear in N , higher
order Auger recombination involve also the static donor density ND which scale as the
equilibrium electron density, as illustrated by Figure 2.4(a). This is expressed by the
following rate equations (i)-(iv).
dN/d(∆t) = − γSRH N − ...
(i) classic Auger process: γA N 3 ,
(ii) Auger with donors: γA N 2 (ND + N ),
(iii) Auger with high donor density: γA N (ND + N )2 ,
(iv) eff. single exponential (ND  N0 ): γA N ND2 ,
where γSRH = 1/τSRH describes the SRH recombination and γA is the Auger coefficient.
Model (iv) where the static donor density outweighs photocarriers (ND  N0 = N∆t=0 )
yields a single exponential decay of the photo carrier density N (t) with effective time
constant τeff = (γSRH + ND2 γA )(−1) . All models assume instantaneous excitation and do
not incorporate excitation or non-thermal dynamics occurring times shorter than 5 ps.
In Figure 2.4(b) the analytic solution of these rate equations is used to fit the measured
recombination dynamics of sample S1 at intermediate and high carrier excitation density.
To average all contributing PIA channels, the black curve is spectrally integrated across
the entire region that shows negative differential transmission. For sample S1 this spectral
region extends from 1.68 µm (0.74 eV) to 2 µm (0.62 eV) (Figure 2.3a). The estimated
photo carrier densities at ∆t = 0 ps are N0,int ≈ 7 × 1017 cm−3 and N0,high ≈ 3 × 1018 cm−3
respectively [May14]. A lower limit of the fitting curves at 5 ps (vertical dashed line)
ensures that only fully thermalized carriers contribute to the analysis. All models (i)-(iv)
were applied with small and large Auger coefficients from the literature. Figure 2.4(b)
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(a)

(b)

(i) N0 ≪ ND (ii) N0 ≲ ND

𝜏eff ≈ (80 ± 2) ps

CB

𝜏eff ≈ (159 ± 4) ps

S1: 1.68 to 2 µm
model (iv)
model (ii)
(ii) 𝛾A* = 30 𝛾A

VB
(iii) N0 ≲ ND
CB
VB

photo-excited
carriers
(e and h)

Delay Δt

equilibrium
carriers
(doping)

Δt

Figure 2.4. (a) Schematic depiction of Auger recombination in a doped semiconductor. Three scenarios (i) intrinsic (ND = 0), (ii) moderately doped (ND u N0 )
and (iii) highly doped (ND  N0 ) refer to fit models presented in the text. (b)
Time resolved differential transmission signal ∆T /T obtained through spectral integration from 1.68 µm (0.74 eV) to 2 µm (0.62 eV) from sample S1 (black curves). The
dynamics and fits are shown for intermediate and high excitation energy fluence Φ.
Colored curves show the different fit models discussed in the text, their deviation
from the data is emphasized by the inset. In addition to a larger Auger coefficient,
the dotted fit (green) assumes tenfold initial photo carrier density.
compares relevant results discussed in the following. Open fit parameters are an arbitrary
amplitude and the SRH time constant τSRH , Auger coefficient and donor density enter as
fixed values.
The blue fit (solid line) shows the dynamics of a single exponential decay according to
model (iv). With a typical value for the Auger coefficient this model corresponds to purely
defect-related recombination. Red (dashed) and green (dotted) fits show the solution of
model (ii) with small γA = 10−31 cm6 /s [Grz11] and large γA∗ = 3 × 10−30 cm6 /s [Car12]
values for the Auger coefficient. To emphasize differences and exclude an error due to
underestimation, the initial photo carrier density for the green fit is increased tenfold.
The classic Auger recombination model (i) remains indistinguishable from a single exponential decay (model iv) even for the larger Auger coefficient. Only for photo carrier
densities much larger than 1019 cm−3 , which are unrealistic in experimental conditions, it
differs, but also shows higher deviation from the data. Model (iii) yields a similar result
(iii)
(ii)
as model (ii) with a modified Auger coefficient (2γA = γA ), since contributions in the
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Free space fluence ϕ (mJ/cm2)
(a)

(b)

induced absorption

bleaching

Detection wavelength λD (µm)

𝜏eff (ps) 𝜏 (ps)
eff

sample S1

Photo carrier density N0 (1018 cm-3)

Figure 2.5. (a) Energy dependence of the fit parameters for an effective single
exponential decay (model iii) corresponding to data shown in Figure 2.3(a). Error
bars indicate the 95 % confidence intervals of the fit. (b) Linear increase of effective
recombination time (evaluated at probing energy where PIA is maximal) with photo
carrier density shown for different samples.
rate equation that correspond to models (i) and (iv) are negligible. In conclusion, the
single exponential decay model (iv) approximates the data well. For reasonable values
of the Auger coefficient, the effective recombination time constant can be identified with
SRH processes: τeff ≈ τSRH . This remains true also at different probing energy regions and
for samples with different donor densities. Very large Auger coefficients or photo carrier
densities diverge from the obtained recombination dynamics.
Figure 2.5(a) shows the spectral dependence of fit parameters obtained with a single
exponential decay model applied to the data in Figure 2.3(a). Only a small variation of
the effective recombination time (red curve) is found in the regime of induced absorption,
where the amplitude (blue curve) is negative. This justifies the spectral integration performed for previous analysis. At high probing energies with increased differential transmission, i.e. in the regime of photobleaching, the extracted recombination time varies
significantly and the models cannot capture the temporal dynamics of the recombination
as well as for low energies. In the spectral region near the effective bandgap (755 meV)
and at energies above, thermal effects are more significant and cause deviations from this
simple recombination model. In Figure 2.3(a) this can be seen by the slow rise of the transient signals at energies abve 750 meV. No reliable fitting is possible in the intermediate
region around 1.67 µm, where the amplitude of differential signal is low.
Recombination time increases linearly with the number of photo carriers according
to the present estimate [May14] (Figure 2.5b), which confirms previous assumptions
that Auger processes have negligible contribution to the recombination of photo carriers. Higher carrier densities can only be achieved through a significant contribution of
two photon absorption at much shorter pulse length [May14].
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2.5. Conclusion and outlook
This chapter presents time-resolved differential transmission measurements on epitaxial
Ge-on-Si films characterized by different levels of doping. To disentangle the role of
dopants on the photocarrier lifetime on the spot, their temporal dynamics are benchmarked with respect to an undoped reference sample grown with identical processing
steps. This analysis reveals general changes in the energetic landscape and in the recombination dynamics of germanium with the reshaping of the ΓCB - and LCB -valleys in the
conduction band at high doping concentration. The broadened energetic signature of differential spectra measured in doped samples shows an energy overlap between the signal
originating from ΓCB - and LCB valley. The data is modeled based on rate equations that
take into account both static doping and optical excitation of free carriers. A key result is
that Auger processes do not dominate the carrier lifetime, which is instead limited by the
SRH rate. The prevalence of this channel at high doping density is due to the increased
crystal defect density, induced by the larger amount of dopants as also pointed out in
references [Gau06, Van12].
The significant shortening of the carrier lifetime with doping impurities is an obvious
obstacle in the design of a potential germanium lasing device as suggested in references
[Liu09, Sun09b, Liu10, Koe15]. The analysis here shows how looking at the energetic
landscape and time-resolved carrier dynamics in macroscopic Ge-on-Si structures from a
fundamental semiconductor perspective benefits the understanding of this material system
and its application potential. After all it is worth noting that the investigation here
specifically targets Ge-on-Si heterostructures grown in a process that compares to current
industrial technology. For this reason, the investigated samples do not compare to bulk
single crystals of the same doping level. Future investigation and enhanced modeling may
also link the fast optical response (∆t < 5 ps) and the buildup of the transient signal to the
intrinsic dynamic of intervalley scattering. The pump photon energies in the experiment
are carefully tuned to provide minimum excess energies to electrons in the conduction
band. As a result, the intervalley scattering time increases compared to scenarios where
photoexcited electrons have high excess energy. Proceeding experiments and simulations
on this matter will benefit the understanding of the carrier density between different
valleys of the conduction band.
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3

Ultrafast exciton dynamics in bulk
gallium selenide
Gallium(II)-selenide (GaSe) is a III-VI semiconductor with a hexagonal layered structure. It is birefringent and has a strong nonlinear coefficient that makes it extremely
suitable for nonlinear optics in the mid-infrared spectral range [Jun10, Sch14]. Other
interesting application arise in the few-layer limit, where GaSe becomes a 2D material,
and which can be easily reached through mechanical exfoliation of its weakly bonded
sheets. Suggestion go from transistor applications [Lat12], to its use as a photodetector
[Hu12, Cao15]. Its ultrafast excitonic properties for different temperatures and also in
the few-layer limit were studied with optical pump-probe spectroscopy [Bud19b], however
standard pump-probe spectroscopy cannot distinguish the influence of free carriers and
bound excitons to the ultrafast material response.
Two-dimensional electronic spectroscopy is a powerful technique to disentangle correlation and the interplay of different resonances, and has been widely used to study the
coupling molecular resonances in the infrared [Ham11]. Its application to molecular excitons [Mil09] and solid state systems is rather new [Tur12, Cas15, Guo19]. Recent studies
show exciton dissociation hybrid organic-inorganic Perowskite materials [Ric17, Jha18]
and other organic semiconductors [DeS16, DeS17], which are promising candidates for
photo-voltaic applications. A similar approach is used in the following to study the ultrafast exciton dynamics in a bulk semiconductor crystal of ε-type gallium selenide (GaSe).

3.1. Optical properties of gallium selenide
The electronic band structure of gallium selenide (GaSe) shows a quasi-direct bandgap in
the visible spectrum at around 620 nm (2 eV). Its valence band (VB) maximum lies at the
Γ point, while the conduction band has two valleys at Γ and M points with only a small
energetic difference of a few 10 meV [Cap93]. The direct optical transition at the center of
the Brillouin zone (Γ) is most relevant for its optical properties, since indirect transition
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Figure 3.1. (a) Electronic band structure of bulk GaSe near the Γ point indicating a pathway of free carrier excitation via an excitonic transition (red). The
incident photon (green) creates an exciton, which then thermally dissociates into
a free electron-hole pair via phonon scattering (black arrows) with a characteristic
time τE-FC . VB: valence band, CB: conduction band, GS: ground state. (b) The
schematic illustration of the optical absorption in bulk GaSe shows a characteristic
peak at the excitonic resonance. At higher energies the absorption is dominated by
continuum interband transitions (dotted line).
require additional phonon interaction. Even at room temperature GaSe exhibits strong
excitonic absorption just below the fundamental bandgap. The exciton binding energy at
the Γ-Point is approximately 19 meV [Sch76, LeT80], with an exciton radius on the order
of 4 nm [Bre67].
Figure 3.1(a) shows a qualitative model of the band structure of GaSe near the center
of the Brillouin zone (Γ point) [LeT77, Sch76, McC77]. Blue curves indicate valence (VB)
and conduction band (CB) with parabolic shape. The pathway of an optical excitation via
the excitonic ground state (GS) with exciton wave vector (K = 0) at energy EE = 2 eV
(red line). The gray shaded illustrates the exciton consisting of bound hole (white circle)
and electron (red circle). Thermal energy at room temperature is high enough to break
the exciton binding energy ∆E and leads to thermal dissociation of the exciton through
phonon interaction on a characteristic time scale τE-FC . As a result, an optical interband
excitation of free carrier becomes available for photon energies below the fundamental
bandgap through interaction with the excitonic resonance. In the following the thermal
dissociation time will be associated with the exciton lifetime.
A collection of optical and mechanical properties is given by [Fer94]. Measurements of
optical absorption, reflection and dispersion in the visible spectral range were presented in
reference [Akh66]. The absorption at 620 nm (483 THz, 2 eV) is on the order of 103 cm−1
and the refractive index approximately 3. This results in a dielectric surface reflectivity
of 25 % at normal incidence, meaning that the optical intensity inside the sample is reduced by a quarter. More recent measurements provide accurate values for the dielectric
properties in the near and mid-infrared spectral range [Kat13]. Recent publications also
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study the interlayer coupling between different polytypes [Lon16]. The ε-polytype used
throughout this work is non-centrosysmmetric and therefore most interesting to nonlinear
optics applications [All09].
An optically thin piece of GaSe used for measurements in this chapter was peeled off
a GaSe crystal with a razor blade. It is free standing and offers homogeneous areas of
different thickness in the range of a few-100 nanometer to few micrometers [Joh18]. This
is thin enough to allow sufficient transmission of the probe pulse to see dynamics below
and above the fundamental bandgap and achieve homogeneous excitation throughout the
sample.

3.2. Temporal dynamics at the excitonic transition
Standard pump-probe spectroscopy is versatile tool to track the ultrafast dynamics of
excited carries in GaSe in time and energy. Figure 3.2(a) shows the differential change of
transmission ∆T /T 1 through a 2 µm-thin GaSe sample color coded as a function of pump1

In this context, ∆T /T is used as a unique expression for differential transmission change and should
not be confused with the pump-probe time delay (waiting time) T .

(a)

(b)
FP modulation

Pump-probe delay T (ps)

coherence
spike
T

(c)

carrier recombination
PP-FID

Pump-probe delay T (ps)

Figure 3.2. (a) Pump-induced differential transmission change ∆T /T in optically
thin (2 µm) GaSe color coded as a function of probe energy and time delay measured
at high excitation fluence of 1.5 mJ/cm2 . In addition to the strong derivative signal,
arrows in (a) point out two important features: the pump-perturbed free-induction
decay (PP-FID) and the coherence spike at zero delay. (b) and (c) show spectral
and temporal dynamics extracted along the dashed lines in (a). The right side of
(b) is magnified to show a weak contribution from Fabry-Perot (FP) modulations.
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Figure 3.3. (a) Schematic depiction of the linear optical absorption of GaSe near
its bandgap (black line). Relevant dynamic changes of the absorption are sketched
in colors: spectral shift (green) and photobleaching (blue) of the excitonic absorption peak. The dashed line indicates a square-root shaped continuum interband
absorption without the influence of excitons. (b) Negative differential absorption
−∆α emphasizes the spectral signature associated with these effects in a transmission experiment with positive (+) and negative (-) changes of ∆T /T . (c) Coulomb
screening of an exciton by free carries (grey) in a bulk crystal leads to an increase
of exciton binding energy, and causes a redshift of the absorption peak as indicated
by (a) and (b).

probe delay time T and detection frequency ν. Red and blue shaded areas correspond to
increased and decreased transmission respectively. The spectral and temporal dynamics
along dashed lines in (a) are separately shown in (b) and (c) to emphasize important
aspects. For positive delay (T > 0 ps) a pronounced derivative-shape signal near the
excitonic resonance at 2 eV dominates and remains unchanged on picosecond time scales.
At zero delay, where pump and probe pulses overlap, a broadband negative signal is
notable, which corresponds to coherent processes such as multi-photon absorption. It is
roughly an order of magnitude weaker than the differentials signal and its temporal profile
serves as a figure of merit for the pulse duration on the order of 10 fs. A strong signal
tail extending towards negative delay times is related to a pump-perturbed free-induction
decay of a probe-induced coherence in the sample. Weakly shaded signals at 2.13 eV
(negative) and 2.20 eV (positive), which are magnified in (b), correspond to a shift of
Fabry-Perot intensity modulations related to dynamic changes of the dielectric function
(optical thickness) upon excitation.
Figure 3.3 schematically illustrates the origin of the derivative-shape signal found in
Figure 3.2. Two relevant scenarios of dynamics changes of the linear absorption and in
particular the excitonic peak of GaSe are presented in Figure 3.3: A redshift (green)
and a reduction (bleach, blue) of the absorption. The differential signal observed in the
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transmission experiment is associated with the negative change of absorption −∆α. Figure 3.3(c) sketches the microscopic origin of a transient shift of the excitonic resonance.
Free carriers are instantaneously excited by interband (continuum) absorption of pump
photons. They alter the dielectric function via band-gap renormalization and Coulomb
screening [Bak86] leading to the redshift described above. Photobleaching is a result of
depleting the available states, and is particularly important at short delay when carriers
are not at thermal equilibrium. Excited state absorption, e.g. intra-valence or conduction band absorption, can be a competing effect with opposite sign, but is rather weak
in the spectral range of interest. The spectral signature in Figure 3.2(b) is a result of
the interplay of these effects, in which the spectral shift of the absorption strongly dominates. With 1.5 mJ/cm2 (measured in free space) the excitation pulse fluence is high in
the experiment. This corresponds to a carrier density of approximately 2 × 1018 cm−3
when including surface reflection [May14] and assuming a linear excitation regime. Approximately one third of the total pump pulse intensity with photon energy below the
resonance is not absorbed according to the spectra in Figure A.1 in the appendix.
While the pump-probe dynamics of GaSe are well known [Bud19b], they serve as an
important reference to study the exciton dynamics with two-dimensional spectroscopy
in the following. The temporal resolution of the experiment is defined by the pump
pulse intensity profile with a FWHM length of 8 fs [Spi19]. Since the probe pulse is
spectrally resolved, the temporal phase of different colors is identified by the position of
the coherence spike. A total of four bounces on custom-built chirped mirrors [Bud19a]
perfectly compensate the probe pulse dispersion2 across the spectral region of interest.
From a technical point, pump-probe measurements are used to define the exact time origin
T = 0 ps for the following analysis.

3.3. Broadband two-dimensional electronic spectroscopy
at the excitonic transition
In a two-dimensional (2D) measurement, the coherence time τ between the pump pulses
is scanned at each position of pump-probe delay time T . Fourier transform along this
additional time axis yields information about the involved excitation frequency within
the broadband pump pulse responsible for the observed dynamics [Bri12]. This approach
hence expands every horizontal line of the pump-probe measurement as presented in
Figure 3.2(b) into a 2D correlation map, which is a plane of the three-dimensional data
matrix M (ντ , T, ν). The spatial Fourier transform yield a complex-valued spectrum, in
which the real part can be associated with the differential transmission ∆T /T = real(M )
when spectra are phased with respect to the coherence time origin τ = 0 fs. A symmetric
scan of the pump pulse coherence in the interval ±220 fs yields a spectral resolution of
2.3 THz (10 meV) along the excitation axis, which is artificially increased through time
2

2 mm yttrium aluminum garnet (YAG), 2 mm UV fused silica (FS) variable attenuator, and 0.5 mm
UV-FS for additional compensation.
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Figure 3.4. 2D frequency maps showing the retrieved pump-induced differential
transmission change ∆T /T in GaSe color coded as a function of excitation and probe
frequency for four selected delay times as shown in (a)-(d). All data is measured at
high excitation fluence of 1.5 mJ/cm2 and with a 2 µm-thick sample. Units of 2D
amplitude are normalized. The diagonal of each frequency map is indicated by a
solid line, and a the vertical dashed line at ν = 481.5 THz marks the position of the
signal as a guide to the eye. Colored arrows indicate selected pump frequencies for
further analysis.
domain padding in post processing. The spectral resolution along the detection axis is
defined by the spectrometer: 0.4 THz (2 meV). In addition, the signal along the excitation
axis is scaled with respect to a normalized pump pulse spectrum. Further details on the
numerical evaluation procedure are discussed in Appendices C.2 and C.3. Figure 3.4
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(a)

(b)

(c)

Figure 3.5. Cuts of the differential transmission change along the probe frequency
axis of 2D spectra for different delay times T (vertical offset) and at selected pump
frequencies: (a) on the exciton resonance at 483 THz (2 eV), (b) just above the exciton resonance at 495 THz (2.05 eV), and (c) for an interband excitation at 530 THz
(2.2 eV). The same pump frequencies are indicated by colored arrows in Figure 3.4.
Dashed lines at ν = 481.5 THz indicate the frequency of zero differential transmission at large T to emphasize spectral shifts.
shows the differential transmission change color coded as a function of excitation and
detection energy in two-dimensional correlation spectra for four selected delay times. The
diagonal line shows equal energy of excitation and detection, and the vertical dashed line
indicates the spectral position of the derivative signal at ν = 481.5 THz.
A clear shift of the derivative feature of the differential absorption near the diagonal
of 2D spectra at about 2 eV occurs at short delay T < 200 fs. While this derivative
shape corresponds to a shift of the excitonic resonance, the pronounced positive signal
in the 2D spectral is related to photobleaching of the excitonic transition as discussed in
Figure 3.3. This effect cannot be seen in a simple pump-probe spectrum as presented in
Figure 3.2, because bleaching only occurs when exciting directly at the excitonic resonance
(2 eV). When exciting above the excitonic resonance free carriers are directly excited via
interband absorption and cause a shift of the excitonic resonance as discussed in the
previous section. The bleaching signature disappears on a time scale of few 100 fs, and
the 2D spectrum as shown in Figure 3.4(d) remains unchanged for longer delays. On
a similar time scale, broadband photoinduced absorption occurs in the region below the
diagonal and for detection energies above 490 THz and can be attributed to a depopulation
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of the valence band near its maximum. Colored arrows mark spectral positions of the
excitation for further analysis.
Different columns of Figure 3.5 show horizontal cuts from the 2D spectra in Figure 3.4
at selected excitation frequencies as indicated by colored arrows in both figures. Cuts are
averaged across an interval of ±1 THz, which approximately matches the real (uninterpolated) resolution in the experiment and reduced background noise. Within each column,
line cuts that correspond to the same excitation energy but different waiting time T are
displayed with a vertical offset and different line color. While the temporal dynamics
at the exciton resonance (a) and just above the exciton resonance (b) strongly vary in
amplitude and spectral position, there is almost no change with positive T for excitation
at the interband frequency (c).
For delay times T > 500 fs no significant changes in the exciton dynamics are observed
by 2D spectra except amplitude relaxation with carrier recombination on much longer
timescales as shown by Fig 3.2(c). The spectral shape of the differential transmission at
large delay is identical for all excitation energy below or above the onset of absorption
in GaSe at about 479 THz (1.98 eV). A signal modulation along the excitation frequency
axis (vertical) with a periodicity of 50 THz is related to Fabry-Perot (FP) reflections of
the pump pulse inside the sample, as already discussed in the previous section. This
modulation is a static feature in the experiment and does influence the observed temporal
dynamics. Appendix A.2 shows supplementary data obtained at reduced excitation pulse
fluence. The dynamics are conceptually very similar with one significant difference: The
negative differential transmission is much less significant below the excitonic transition at
short delays and when exciting at the excitonic resonance (compare Figures A.3 and 3.5).
For an improved comparison between measurements, the retrieved differential transmission of all 2D spectra is scaled to a unit thickness of 1 µm, however, due to numerical
processing its absolute value remains arbitrary.

3.4. Ultrafast dynamics of excitons at room temperature
In addition to the discussion of spectral line shape in 2D correlation plots, the temporal
dynamics with delay time T of single points in the 2D spectrum can be traced. Hereby,
the dependence of temporal dynamics on excitation frequency is of high interest, because
this cannot be seen in a simple pump-probe measurement. Figure 3.6(a) shows the differential transmission at detection frequency of ν = 481.8 THz (averaged over a ±0.7 THz
interval) and at selected excitation frequencies as indicated by different symbols (colors)
as a function of delay time T . The relaxation is modeled with a single exponential decay that includes data points from the lower bound at 50 fs up to the highest measured
waiting times of a few 2.5 ps (not shown). In case of low signal amplitude, the lower fit
boundary is decreased to 25 fs to improve the stability of the fit algorithm (blue data
points in Figure 3.6a). A constant offset C is included in the fit model to distinguish the
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(a)

Excitation energy h𝜈𝜏 (eV)
Excitation frequency:

(b)

Pump-probe delay T (ps)

Excitation frequency 𝜈𝜏 (THz)

Figure 3.6. Ultrafast relaxation dynamics extracted from selected points in the 2D
spectra presented in Figure 3.4. (a) shows the differential transmission for selected
excitation frequencies ντ and at probe frequency ν ≈ 482 THz as a function of
waiting time T . Single exponential fits (colored dashed lines) model the relaxation
dynamics for waiting times T > 0.05 ps. The interval in parenthesis denotes the
region of spectral averaging. (b) Amplitude and time constant of the exponential
fit as a function of excitation frequency show the ultrafast dynamics around the
excitonic transition at 483 THz (2 eV).
ultrafast femtosecond response from long-lived recombination dynamics of free carriers:
f (T ) = A exp (−T /τE-FC ) + C.
Fit parameters amplitude A and exciton lifetime τE-FC are shown as a function of
excitation frequency in Figure 3.6(b) respectively. The lifetime is highest when exciting
at the exciton resonance at (483 ± 1) THz (2 eV). To the sides of this pronounced peak the
lifetime quickly shortens. The amplitude parameter serves as a figure of merit for the fit
quality: Below 475 THz the magnitude of A vanishes, and above 490 THz its uncertainty
increases significantly. In both situations the quality of the fit reduces, and no reliable
judgment can be made beyond the limits of the plot. Short time constants are subject to
higher uncertainties than suggested by the fit deviation due to the temporal resolution of
the experiment, and a 10 fs step width of the delay time T . A maximum exciton lifetime
of (110 ± 10) fs is clearly discernible and reached with excitation at ντ = (483 ± 1) THz
(2 eV).
The same method of evaluation is applied to multiple measurements. Figure 3.7 shows
the ultrafast exciton dynamics in analogy to Figure 3.6(b) obtained from a 3.3 µm-thick
GaSe sample at high (1.5 mJ/cm2 ) and reduced (0.6 mJ/cm2 ) excitation pulse fluence. A
thicker sample spot generally yields a stronger signal, which reduces measurement time
at the same noise level. The results in (a) compare to the same excitation pulse fluence
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Detection energy h𝜈 (eV)

Excitation energy h𝜈𝜏 (eV)
(b) 0.6 mJ/cm2

ΔT/T (× 10-2)

(c)
T = 0.1 ps
Relaxation time (fs)

(a) 1.5 mJ/cm2

1.5 mJ/cm2
0.6 mJ/cm2

Excitation frequency 𝜈𝜏 (THz)

Detection frequency 𝜈 (THz)

Figure 3.7. Comparison of the exciton relaxation dynamics as a function of excitation frequency (energy) found in independent measurements plotted in analogy
to Figure 3.6. Blue and red curves show the amplitude and time constant from a
single exponential fit model. Shaded areas show the fit parameter uncertainty. The
free space excitation fluence is 1.5 mJ/cm2 in (a) and 0.6 mJ/cm2 in (b). Panel (c)
compares the spectral pump-probe signature at T = 0.1 ps (cut as in Figure 3.2b)
of measurements in (a) and (b) respectively, highlighting the spectral broadening at
high fluence. These measurements were performed on 3.3 µm thick piece of GaSe.

as measurements presented in Figures 3.2 to 3.6. In addition, Figure 3.7(b) shows a
measurement at lower excitation pulse fluence. The maximum exciton lifetime and its
dependence on excitation energy match perfectly throughout all measurements. If data
points at short delay 20 fs < T < 50 fs are included in the fit model, the maximum exciton
lifetime in all measurements slightly increases to (120 ± 10) fs, but is spectral position
remains unchanged. With respect to the uncertainty, this 10 percent discrepancy is not
significant, and the higher lower bound (T ≥ 50 fs) of the fit reduces disturbing influence
of coherent effects near the pulse overlap. Despite the intensity reduction by a factor of
2.5 between the measurements and significant broadening of the derivative-shape spectral
signature, the exciton lifetime remains constant in the regime of investigated excitation
fluences. Spectral cuts of pump-probe measurements at reduced and high fluence in
Figure 3.7(c) extracted at a delay time T = 0.1 ps show an imbalance of amplitude scaling
at different detection energies. While the negative side of the derivative-shape signal (low
energy) scales linearly with fluence, the positive part only increases by a fraction. The
ultrafast exciton dynamics as extracted from selected points in 2D spectra and presented
in Figures 3.6 and 3.7 are robust to small variations of the probe frequency in vicinity of
the positive differential transmission signal (bleaching). In this respect, the spectral shift
of ∆T /T = 0 in Figure 3.7(c) does not influence the outcome of the analysis.
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3.5. Conclusion and outlook
The sections of this chapter follow a systematic approach to a qualitative and quantitative understanding of the ultrafast exciton dynamics in gallium selenide revealed by
two-dimensional electronic spectroscopy. A characteristic lifetime of τE-FC = (110 ± 10) fs
describes the exciton dissociation into free carriers at room temperature. The analysis
focuses in detail on a measurement with high excitation pulse fluence (1.5 mJ/cm2 ), which
very clearly and with high signal-to-noise ration reveals important aspects of the analysis.
Multiple independent measurements confirm the stability of this method. When including
data points at short delay near the pulse overlap, an increase of the exciton lifetime by
approximately 10 fs is found and attributed to the mixing with coherent signals at very
short delays. Measurements at reduced fluence of 0.6 mJ/cm2 , which corresponds to an
approximate carrier density of 0.8 × 1018 cm−3 , lie in the linear regime of excitation, and
even the high fluence measurement shows only negligible effects of saturation. A further
reduction of the fluence did not show significant changes within the margins of error. This
indicates a negligible effect of hot carrier thermalization to the observed exciton dynamics. One important difference between measurements of different excitation fluence is that
the negative dip of differential transmission just below the excitonic resonance disappears
in the reduced fluence measurement. A detailed understanding of this difference and the
origin of other features found in 2D spectra beyond the excitonic signal requires additional
quantitative modeling of competing contributions from photobleaching, photoinduced absorption, and a spectral shift of the excitonic absorption.
All relevant dynamics characterizing the interplay of excitons and free carriers are found
at excitation energies in a narrow interval around the excitonic transition at (483±1) THz
(2 eV). Below and above this energy, the relaxation time decreases until suitable fitting
is impossible because the signal amplitude vanishes. This again emphasizes that carrier thermalization is either faster than the temporal resolution of the experiment, or,
more likely, the shift of the excitonic is independent of carrier temperature. The ability
of two-dimensional spectroscopy to resolve the excitation frequency while preserving the
femtosecond temporal resolution is crucial to the analysis, because the temporal dynamics of excitons cannot be distinguished from the effect of free carries otherwise. In other
words, a two-pulse pump-probe measurement sees only the integrated excitation axis,
which is at high energies dominated by interband absorption. Excellent compression of
all pulses to below 10 fs is required to achieve sufficient temporal resolution in 2D measurements. While a minor chirp of the probe pulse can easily be corrected in post processing
for conventional pump-probe measurements, because each probe energy is independently
measured as a function of delay, this is impossible for two dimensional measurements, in
which interferograms are sampled as a function of coherence time at only few selected
delay times. Carrier recombination even in optically thin samples occurs on a few-100 ps
time scale, and is therefore irrelevant to the fast exciton dynamics. Differential signals
that result from the dynamic shift of Fabry-Perot modulations along both axes must be
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taken into account when analyzing the 2D spectra in full detail, however, their contribution is about an order of magnitude weaker compared to the fundamental signal.
GaSe has fundamentally different properties when approaching the few-layer limit,
where spatial confinement of the electronic wave function becomes relevant. A complete
suppression of the excitonic transition was recently found by A. Budweg et al. [Bud19b].
Future correlation measurements based on this study could target the exciton dynamics
while reducing the sample thickness. At lower temperature, the excitonic transition and
the fundamental bandgap of GaSe blue shift to higher energies, and the absorption peak
narrows spectrally [LeT77]. With the reduction of thermal energy in the crystal, the
exciton lifetime should increase, and 2D correlation measurements in combination with a
cryostat could trace these dynamics. A more detailed understanding of the exciton dynamics can be enhanced by comprehensive theoretical modeling on the basis of detailed
GaSe band structure measurements, providing a qualitative or also quantitative explanation of the values found throughout measurements and the analysis presented above. In
general, 2D spectroscopy of excitonic systems on the experimental and theoretical side
can greatly benefit the engineering of possible future optoelectronic devices [Bal19].
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Two-color visible/mid-infrared
spectroscopy for phase-sensitive
investigation of ultrafast carrier
dynamics in graphite
Correlations between individual electronic resonances and collective many-body interactions can provide insight to fundamental coupling mechanisms in functional materials.
Strongly off-diagonal spectral configurations in particular target the interplay of electronic
and bosonic resonances in a system, i.e. phonon coherences, spin waves, or other complex
phenomena such as superconductivity [Gia16a]. This chapter shows the experimental realization of a highly sensitive setup for the investigation of phase-resolved dynamics combining visible excitation and mid-infrared (MIR, multi-THz) readout. Through electro-optic
detection of the MIR field in amplitude and phase, the measurement tracks ultrafast
carrier dynamics by measuring transient changes of the complex dielectric function. An
advanced double modulation scheme using Pockels cells [Gru18] allows to detect field amplitude changes with a relative sensitivity of 10−3 . In addition to two-color pump-probe
spectroscopy, the scanning of coherence time between phase-locked pump pulses yields
two-dimensional correlation spectra with high resolution of the broadband visible excitation spectrum. A thin-film sample of graphite is studied to benchmark the capabilities of
the setup and compare the ultrafast dynamics with existing literature [Kam05, Bre09]. In
addition, a comparative measurement on bulk gallium selenide reveals the characteristic
onset of absorption at the fundamental bandgap in a 2D spectrum.

4.1. Optical and electronic properties of graphite
Graphite is an everyday material with applications in pencils, lubricants, electrodes, and
many other technical devices. It describes an allotropic crystalline form of carbon with
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a hexagonal-layered structure, in which individual sheets of this basal plane are well
known as graphene. Its unique electronic and optical properties are highly anisotropic
with excellent conductance along these planes and weak conductivity in the inter-layer
direction. Other than in natural occurrence, synthetic crystals of highly oriented pyrolytic
graphite (HOPG) have a long range order and show negligible mosaic spread (rotation
angle) between layers. Figure 4.1(a,b) sketches this highly symmetric form of its crystal
structure, where the upper sketch (a) shows a side view of two adjacent graphene sheets
(sp2 -bonded, solid lines) that weakly interact perpendicular to the planes (dotted lines).
Solid and open circles both mark carbon atoms, but emphasize different lattice bases.
The lower illustration (b) shows the ideal stacking sequence of subsequent sheets (black
and gray) from a perspective perpendicular to the planes [Chu02]. Since the discovery
of graphene as an isolated and atomically thin sheet of graphite with superior electronic
properties [Par15, Nov05], also graphite and carbon based nanostructures have received
attention for their potential in future electronic devices, and much of the physics has
been understood more clearly [Avo07]. Thin-film graphite and few-layer graphene are
often used synonymously, when the number of layers is low [Chu15].
The electronic band structure of graphite is sketched in Figure 4.1(b). Other than for
graphene, conduction (CB, solid) and valence band (VB, dashed) intersect and overlap
at the K-point in reciprocal space due to weak interlayer coupling. The width of this

(a)

(d)

3.55 Å

(c)
CB

Energy E

ħωVIS

(b)

B'

1.42 Å

B
A'

ħωTHz
VB

2.46 Å

A

EF

B
60 nm

A
120 nm

K
Wave vector

100 µm

Figure 4.1. Crystal structure of graphite showing the stacking of two carbon sheets
(graphene) from the side (a) and top (b) with respect to the sheet plane [Chu02]. (c)
Schematic illustration of the electronic band structure of graphite near the K point.
High energy (visible, green) and low energy (MIR, blue) optical interband excitations are sketched with colored arrows. CB: Conduction band, VB: Valence band,
EF : Fermi energy. (d) Photograph of the thin-film graphite sample showing two
homogeneous spots of 60 nm and 120 nm thickness bonded to a diamond substrate.
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overlap is on the order of 40 meV [Avo07]. Without doping, the Fermi energy lies between
overlapping bands making graphite a semi-metal. Optical absorption is continuous from
far infrared to the visible, with a strongly varying density of states near the Fermi energy
[Jen91]. At room temperature graphite has an equilibrium carrier density on the order of
1 × 10−19 cm−3 [Kle61]. Because the band curvature strongly varies around the overlap
of bands, the effective electron mass spans from m∗ = 0 to m∗ = 0.054m0 [Noz58]. For
this reason, a plasma frequency cannot be well defined and is high (> 120 THz) even at
low carrier densities. Inter- and intraband contributions to the optical properties were
retrieved through reflection measurements and Kramers-Kronig analysis [Phi77]. Transverse (in plane) optical phonons in graphite have high quantum energies between 150 meV
(36 THz) and 200 meV (48 THz) [Wir04], hence the equilibrium response at low energy is
purely electronic. However, electron-phonon coupling dominates the relaxation process of
elevated electrons in a photoexcited state [Kam05].
As a bulk crystal, graphite is black with a silver-metallic shine when light is reflected
from the planes. The in-plane equilibrium refractive index of graphite is on the order of 3
in the visible and 10 in the MIR. Extinction (imaginary part of the refractive index) shows
a similar spectral behavior and also increases towards lower frequencies [Dju99, Spi19].
Figure 4.1(d) shows a photograph of the graphite sample employed in the experiment.
Thin-film flakes of varying thickness (gray scale) are exfoliated and transfered to a 320 µm
chemical vapor deposition (CVD)-grown diamond substrate, which allows broadband optical transmission from visible to MIR frequencies. Two homogeneous spots with a lateral
dimension of a few 100 µm and different thickness are highlighted with colored circles.
Ultrafast optical properties of graphite [Sei90, Kam05, Ish08, Bre09, New09, Car11,
Buc12b, Sch13], graphene [Geo08, Bre11, Doc12, Tie13, Bow14], and other carbon based
materials have been studied across wide spectral, and can be found in various text books
[Esq16, Kub19]. This thorough understanding of the physical mechanism allows to benchmark the capabilities and the experimental approach of the this chapter.

4.2. Highly sensitive setup for the investigation of
phase-resolved transient dynamics
The experiment combines excitation by a collinear phase-locked pulse pair in the visible
with MIR detection of transient changes of the dielectric function. In this configuration, the fundamental laser pumps in parallel two noncollinear optical parametric amplifiers (NOPAs): One is used to generate broadband pulses in the visible with spectral
components from 450 THz to 600 THz (blue curve in Figure A.1, Appendix). The other
NOPA generates pulses in the near-infrared (NIR), which are then used to generate tunable mid-infrared (MIR) pulses via difference frequency generation (DFG) in GaSe with
part of the fundamental laser. A NIR white light supercontinuum serves as a sampling
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Figure 4.2. (a) Illustration of the pulse sequence in a double modulation scheme.
Gate pulses (red) follow the fundamental repetition rate of the laser at frep = 50 kHz,
while the MIR field (blue) and visible pump pulse pairs (green) are modulated at
first and second subharmonic respectively. (b) Experimental geometry and pulse
order at the sample. An aperture blocks pump light after interaction on the sample.
Electro-optic sampling (EOS) enables field-resolved detection of the transmitted
MIR field. The relative delay times between pulses are indicated.
(gate) pulse for the MIR field. With a temporal duration of 14 fs, the sampling pulse can
resolve frequencies up to about 40 THz [Fis18a].
Two Pockels cells electronically modulate visible pump and MIR probe pulses. A very
high modulation contrast ratio of 1 : 106 can be achieved by placing the Pockels cells in
the pump beam of the white light seed for both NOPAs [Gru18]. Figure 4.2(a) shows the
resulting pulse sequence employed in the experiment: EOS gate pulses (red) follow the
fundamental repetition rate of the laser system (50 kHz), while the MIR field (blue) and
visible pump pulses (green) are modulated at first and second subharmonic of the laser
repetition rate respectively. In this configuration, lock-in demodulation allows to simultaneously detect the electric field E and the pump-induced change ∆E, the latter of which
is carried in both demodulators1 : E25 kHz = E − 1/2 ∆E and E12.5 kHz = 1/2 ∆E . Both
quantities are functions of three independent time delays (τ, T, t) and other measurement
parameters such as sample temperature or excitation pulse fluence. The experimental
geometry and the pulse ordering with according delays is sketched in Figure 4.2(b). In
reality, a 90 degree off-axis parabolic mirror (PM) with an effective focal length of 50 mm
focuses pump and probe pulses onto the sample. The minimal focal size is limited by the
MIR pulse to approximately 60 µm (FWHM). An intermediate focus of visible pump pulse
lies slightly before the PM to adapt to the MIR focus at the sample. For EOS, the transmitted MIR field is recollimated, overlapped with the sampling pulse by a germanium
wafer, and refocused to a phase-matched GaSe detection crystal with 80 µm thickness
[Spi19].
Figure 4.3 shows the normalized electric field E (a) and the relative differential change
of field ∆E (b) color coded as a function of EOS sampling time t and pump-probe delay
time T as measured through thin-film graphite. While the transmitted electric field
without excitation is identical for all delay times, the field induced change shows significant
1

Demodulation at 25 kHz measures the mean electric field with and without excitation. A scaling factor
of two balances the different demodulation rates.
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(a)

(c)

(b)

Figure 4.3. Electric field profile E (a) and pump-induced change of field transmission ∆E (b) color coded as a function of electro-optic sampling (EOS) time and
pump-probe delay. (c) Cuts of the field profile at selected delay times T .
dynamic changes as a function of delay time T . Field profiles at selected delay times in
(c) emphasize the phase and amplitude shifts of ∆E (red) with respect to the reference
field E (blue). Temporal dynamics of different origin are obvious in this time domain
representation, however for convenience these will be analyzed in the spectral domain and
related to dynamic changes of the complex dielectric function in following sections. The
effective time resolution of this measurement can be numerically improved by correcting
the overlap of different MIR field cycles with respect to the excitation pulse as explained
in Appendix C.4. With this modification the temporal resolution is only limited by the
duration of excitation and EOS gate pulses, and independent of the much longer temporal
profile of the MIR field. To reduce the influence of absorption in air and a resulting freeinduction decay from CO2 molecules, the setup is purged with nitrogen. In addition, a
higher-order Gaussian filter is applied to the field measurement in direction of sampling
time t, clipping field contributions outside an interval of ±150 fs (not shown). To analyze
relative changes of the transmitted electric field in the following, both quantities are
independently Fourier transformed and normalized.
Differential field transmission change =

∆E(τ, T, νt )
= ∆E/E(τ, T, νt )
E(τ, T, νt )

(4.2.1)

Here, ν ≡ νt is the detection frequency, and all other parameters are scanned and evaluated
independently. Appendix C.5 presents a complete sketch of the conceptual method of data
evaluation. Minor fluctuations of the carrier envelope phase of the MIR field or temporal
shifts with respect to the sampling pulse intrinsically cancel because both quantities are
measured simultaneously at the highest possible modulation rate of the system. As a
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result, relative changes upon excitation can be detected with a field amplitude sensitivity
of 10−3 , which is high considering the fact that the field itself is detected in a separate
nonlinear experiment.

4.3. Retrieval of the complex dielectric function in
transmission measurements
A complex transmission function describes amplitude and phase changes of an electric
field propagating through a thin film with thickness df and refractive index Nu,e (ω) that
is bonded to a substrate with refractive index Nsub (ω). The following approximation
is based on Fresnel equations and includes an infinite series of reflections2 within the
thin film [Pet03, Pas04]. Indexes u and e refer to unexcited or excited state of the thin
film respectively. The field transmission is measured relative to the bare substrate, and
assumes a homogeneous substrate thickness,

tu,e (ω) = 

1−

1

2 (ω)+N
N
(
sub )
u,e
iωdf
c

1+Nsub

1+

iωdf
c



=

Eu,e (ω)
.
Esub (ω)

(4.3.1)

With a known dielectric function (refractive index) of the material, the equilibrium transmission function tu can be calculated. In the experiment, it follows from a complex relation
of the electric fields transmitted through sample and substrate in frequency space. The
excited state transfer function te is related to tu via
te
Ee
Ee − Eu Eu
∆E
(τ, T, t) + 1.
=
=
+
=
tu
Eu
Eu
Eu
E

(4.3.2)

By transforming equation (4.3.1), the complex refractive index of the thin film becomes
an analytic function of the transmitted electric field,
Nu,e (ω) =

v

u
u
u ic (1 + Nsub ) 
u

t

ωdf

1
tu,e (ω)

1+


1
iωdf
c

− 1
 − Nsub .

(4.3.3)

This approach allows to determine the equilibrium transmission function tu and unexcited refractive index of the film Nu in a reference measurement, which determines the
electric field transmission trough sample and substrate. Alternatively, and if available,
literature values may also be used for Nu . In a subsequent measurement the field transmission in the excited state is measured relative to the unexcited state, which gives access
to the excited state transfer function te and refractive index Ne . If not stated otherwise,
2

The incorporation of the transmission and reflection coefficients results in a converging geometrical
series that simplifies the equation.
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all quantities are functions of frequency ν = 2πω, and the capital letter complex refractive index N (ω) = n(ω) + ik(ω) includes real refractive index n(ω) and extinction k(ω).
Further details of the derivation can also be found in [Spi19, Dec19].
From the complex refractive index in the equilibrium (unexcited) and excited state, the
dielectric function and complex conductivity can be calculated as
εu,e (ω) = Nu,e (ω)2

(4.3.4)

σu,e (ω) = −iωε0 [εu,e (ω) − 1] .

(4.3.5)

To determine transient dynamics changes of either one of these quantities, i.e. ∆N =
Ne − Nu or ∆σ = σe − σu , from the experiment, the equilibrium refractive index must
be known precisely. Since all quantities are uniquely linked by the relations given above,
their physical information is identical [Ulb11].

4.4. Ultrafast carrier dynamics in highly oriented
pyrolytic graphite
The dynamic change of complex refractive index of the graphite thin film is obtained by
Fourier transforming the data from Figure 4.3 and applying the transmission formulas
derived in the previous section. To eliminate disturbing influence of tailing field cycles
or the free-induction decay of CO2 vibrational resonances, time domain data is filtered
by a higher-order Gaussian window from −150 fs to +150 fs. Both flanks of this interval
approximately lie on nodes of ∆E to avoid further numerical artifacts. The excitation
pulse fluence3 in the experiment is 180 µJ/cm2 , and the measurement is performed on the
60 nm-thick part of the sample (position B in Figure 4.1c).
Figure 4.4(a) shows the dynamic change of the real part of the refractive index ∆n =
Re(∆N ) in graphite as a function of detection energy and delay time. This part of the
signal results from a transient phase shift of ∆E with respect to E as shown in the time
domain data in Figure 4.3(c). Upon excitation, n increases for all detection frequencies,
which is a result of the increased number of free carriers in the material. ∆n is slightly
larger at low frequencies, which is related to the larger equilibrium refractive index [Dju99].
On a relative scale, ∆nmax /n ≈ 50 % is constant with detection frequency. The ultrafast
relaxation dynamics of excited carriers can be traced by fitting a double exponential model
to ∆n at individual detection frequencies as shown in (b). This fit uses an error function
to model the signal buildup and yields two characteristic relaxation times τ1 and τ2 :
1
(T − T0 )
T − T0
T − T0
√
∆n(T ) = · erf
+ 1 · A1 · exp −
+ A2 · exp −
.
2
τ1
τ2
σ/ 4 · ln2
(4.4.1)
"

3

!

# 









To account for unequal focal sizes of excitation and detection, the excitation pulse fluence as seen by
MIR pulses is corrected according to Appendix C.1.
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Figure 4.4. (a) The real part of the dynamic change of refractive index ∆n is color
coded as a function of detection energy and pump-probe delay time. (b) Temporal
dynamics along the green dashed line in (a) are fitted with a double-exponential
model (purple) as described in the text. (c) Fitting parameters τ1 and τ2 as a
function of detection energy. Shaded areas indicate the 95 % confidence interval of
the fit.
These relaxation times are extracted as a function of detection frequency in Figure 4.4(c).
In the spectral range covered by the MIR field both relaxation times τ1 and τ2 are mostly
independent of frequency. Both show a minor increase on the order of 20 % at higher frequency. Towards both edges of the spectral range, sensitivity of the probe pulse is low and
fitting errors (shaded areas) increase. When considering a convolution with the combined
temporal resolution of excitation and sampling pulse ≈ 20 fs in the fit model4 , σ decreases
and τ1,2 increase by approximately 5 %, without any significant changes otherwise.
The fast relaxation τ1 captures the energy transfer of excited electrons to strongly
coupled optical phonons (SCOPs). On a picosecond time scale given by τ2 the electronic system cools to thermal equilibrium [Kam05, Bre09]. The investigation presented
in this work hereby adds spectral information at low energy to the data presented by
T. Kampfrath et al. [Kam05]. In addition, the interband carrier equilibration time, i.e.
electron thermalization from a hot distribution to a quasi-equilibrium, is included in the
model as the width of the error function σ ≈ 40 fs in Equation (4.4.1), which is close to
the value found by M. Breusing et al. [Bre09].

4

Modified fit model from Equation (4.4.1) including
a convolution
with a Gaussian intensity profile of
" 
2 #
√T
width σp (FWHM): f (T ) = ∆n(T ) ~ exp −
σp /

40

4 ln (2)

4.4. Ultrafast carrier dynamics in highly oriented pyrolytic graphite
Interesting spectral dynamics are revealed by the dynamic change of imaginary refractive index, which describes extinction (absorption) by the sample. Red and blue
areas in Figure 4.5(a) describe increased and decreased absorption respectively. The nonequilibrium carrier distribution mediates an interplay of induced transmission of direct
optical transitions (DOTs) and increased absorption by indirect optical transitions (IOTs).
This transient state can be further explored by a two-dimensional spectrum that expands
the spectral dynamics at selected pump-probe delay times (i) to an excitation axis (ii),
as shown along arrows in the figure. The 2D spectrum in (c) is acquired by scanning the
pump pulse coherence at T = 500 fs, and contains information on how specific electronic
states influence the dielectric function at low energy. In the case of graphite, the absorption in the visible is continuous and no modulation along the excitation axis of the 2D
correlation spectrum occurs beyond fluctuations on the order of the spectral resolution
(2.5 THz). The scale of the 2D spectrum is normalized with respect to the amplitude
found at the pump pulse overlap τ = 0 fs.
The origin of direct (DOTs) and indirect optical transitions (IOTs) is sketched within
an idealized model of the electronic band structure of graphene in Figure 4.5(d). DOTs
cause absorption of low energy photons also in the equilibrium state. Exciting carriers to
high energy states via visible excitation depopulates states near the Fermi level EF and
bleaches transitions at low energy. In contrast, IOTs provide a competing mechanism that
increases absorption relative to the equilibrium state when the carrier population is spread
in energy. Because IOTs require interaction with the lattice to match the wave vector
offset along linear electronic bands, they are more likely at low frequency and become a
dominant mechanism below 20 THz [Phi77]. This interplay was studied and modeled by
T. Kampfrath et al. assuming a thermalized electron gas, the Drude formula for IOTs
and a linear response of DOTs [Kam05]. With the cooling of the electronic distribution
to thermal equilibrium on a few-picosecond time scale, the balance of DOTs and IOTs
changes, which can be seen by the spectral shift of ∆k = 0 for different delay times in
Figure 4.5(a) and (b). The temporal evolution of this spectral shift follows a double exponential relaxation with characteristic time constants of (60 ± 10) fs and (7.7 ± 1) ps,
which describe the equilibration of electronic temperature in the system.
Figure 4.6 analyzes the power dependence of ultrafast dynamics of the dynamic change
of absorption. Panels (a) and (b) show the dynamic change of absorption at 10 µJ/cm2
and 50 µJ/cm2 in analogy to Figure 4.5(a) (180 µJ/cm2 ). Line cuts at T = 0.5 ps in (c)
emphasize the blueshift of ∆k = 0 with increasing excitation pulse fluence. The temporal
dynamics of the electronic temperature are comparable, with a slight increase of the
shorter time constant to about (115 ± 35) fs. Tracing the change of imaginary refractive
index Im∆N = ∆k gives direct access to the transient interplay of induced absorption
and bleaching. T. Kampfrath and coworkers modeled the imaginary part of the dielectric
function (Im∆ε = ∆ε2 ), which does not exactly reflect absorption due to a non-zero real
refractive index. Their finding of ∆ε2 = 0 at ν = 15 THz for T = 0.5 ps and 5 µJ/cm2
excitation pulse fluence agrees well with values found in this measurement (not shown).
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Figure 4.5. (a) The imaginary part of the dynamic change of refractive index
∆k is color coded as a function of detection energy and pump-probe delay time.
Positive ∆k (red) is associated with photoinduced absorption of indirect optical
transitions (IOTs) and negative ∆k (blue) indicates photo bleaching of direct optical
transitions (DOTs). The gray line marks ∆k = 0. Colored dashed lines in (a)
indicate selected delay times, at which spectral dynamics are extracted to panel (b).
2D spectroscopy allows to expand these line cuts into 2D frequency maps as shown
in (c) for T = 500 fs. Dark blue arrows (i) and (ii) highlight the conceptual pathway
leading to a 2D spectrum. (d) Schematic band structure of graphene illustrating
the origin of DOTs and IOTs. This illustration is based on reference [Kam05].
At higher fluences as applied in the measurements presented above, the effect of IOTs is
more dominant, shifting the point of ∆k = 0 (and ∆ε2 = 0 respectively) to higher energy
(Figure 4.6c). At 180 µJ/cm2 excitation fluence and a delay of T = 0.5 ps equal balance
of DOT and IOT occurs at ν∆k=0 = (19 ± 1) THz and ν∆ε2 =0 = (27 ± 1) THz.
In contrast, the temporal evolution of the change of real refractive index ∆n (Figure 4.4)
is independent of excitation pulse fluence. Figure 4.6(d) shows the maximum change
of real refractive index at ν = 20 THz as a function of excitation fluence. The signal
scales linearly to about 100 µJ/cm2 , at higher fluence it begins to saturate. A linear fit
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Figure 4.6. Transient change of absorption in graphite for different excitation
pulse fluences: (a) 10 µJ/cm2 and (b) 50 µJ/cm2 . Panel (c) shows excerpts from
(a) and (b) as well as Figure 4.5(a) at T = 0.2 ps emphasizing the blueshift of
∆k = 0 (dashed lines) with increasing excitation fluence. (d) Power dependence of
the maximum ∆n at νt = 20 THz obtained from thin film graphite. A black line
indicates linear power dependence up to 100 µJ/cm2 as a guide to the eye.
(solid black line) serves as a guide to the eye. The results on thin-film graphite outline
the capabilities of the setup and emphasize the applicability of this method to other
functional materials. Graphite is an ideal benchmark due to its broadband absorption
and rich structure at the Fermi level, causing a strong perturbation at low energy. Despite
the short interaction length in transparent thin films with sub-100 nm thickness and low
excitation pulse fluences of few µJ/cm2 , the electronic response can easily be accessed
by the MIR field. In the following section, this method is applied to the same gallium
selenide (GaSe) sample studied with visible 2D spectroscopy in Chapter 3.
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4.5. Off-diagonal correlation spectroscopy with bulk
gallium selenide
Other than graphite, gallium selenide (GaSe) has a strong electronic resonance, its fundamental band gap, in the spectral range of the visible excitation pulse (Figure A.1,
Appendix). To emphasize the capabilities and limitations of two-color 2D spectroscopy,
the GaSe sample from measurements in Chapter 3 is compared against graphite in a
brief investigation here. Since GaSe is an important nonlinear material for a variety of
applications from near to far infrared, it is interesting to understand how free carriers induced by an interband optical excitation alter the dielectric function in the MIR spectral
regime. The refractive index of GaSe for infrared frequencies and ordinary polarization
(in plane) was recently measured by K. Kato et al. [Kat13]. As expected for a large gap
semiconductor, absorption at energies below bandgap is negligible. From this data, the
equilibrium transmission function in GaSe can be determined with equation (4.3.1).
Dynamic changes of the electric field transmission in GaSe are on the order of ≈ 1 %,
which is more than one order of magnitude weaker than the optical response of graphite at
comparable excitation pulse fluence, despite the much larger sample thickness of the bulk
GaSe (1 µm). The carrier density in photoexcited GaSe is on the order of 3.6 × 1017 cm−3
at an excitation fluence of 180 µJ/cm2 , which is approximately two orders of magnitude
lower than the equilibrium carrier density in graphite at room temperature, and explains
the weak response. Nevertheless, the sensitivity of the setup is high enough to resolve
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Figure 4.7. (a) Dynamic change of real refractive index color coded as a function
of detection energy and pump-probe delay time in bulk gallium selenide (GaSe).
The excitation fluence is 180 µJ/cm2 . (b) A 2D correlation spectrum at delay time
T = 100 fs extracting the excitation dynamics along the dashed line in (a).
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these small transient changes, and track the carrier dynamics also in a thin semiconductor.
The advantage of using an optically thin piece of GaSe is a compromise of a strong signal
and homogeneous excitation density through the sample. For correct reconstruction of the
dielectric function, the substrate is removed in the thin film model derived in Section 4.3
by setting Nsub = 1.
The dynamic change of real refractive index is shown in Figure 4.7(a). Upon excitation, the refractive index increases due to the presence of free carriers, and relaxes on a
few-100 ps time scale, which is not measured in this experiment. ∆n is slightly enhanced
at very short delay (T < 0.1 ps), where pump and probe pulses overlap and coherent
signals occur. The increase of ∆n towards lower frequencies is related to the plasma frequency. With an effective electron mass of me = 0.25m0 [Cin88], the plasma frequency is
νp ≈ 11 THz. In analogy to the analysis across previous sections, this transient state can
be further explored by expanding the transient change of refractive index at T = 100 fs
(dashed line) into a 2D correlation spectrum. Figure 4.7(b) clearly reveals the onset of interband absorption at the fundamental bandgap of GaSe at excitation energy hντ = 2 eV.
The measurement resolution along the excitation axis is approximately 2.5 THz. In 2D
spectra, the effective time resolution decreases to the length of the probe pulse on the
order of 100 fs. Ultrafast exciton dynamics as found in the previous chapter therefore cannot be tracked in detail. The data in Figure 4.7(b) hence shows the integrated dynamics
across the temporal duration of the probe pulse in the interval 50 fs < T < 150 fs.

4.6. Conclusion and outlook
This chapter demonstrates a robust setup and reliable analysis for the investigation of
strongly off-diagonal correlations combining high-energy visible excitation and MIR readout of transient dynamics. Results obtained with thin-film graphite and bulk GaSe samples show the capabilities of the setup, and emphasize the applicability of this method to
other functional materials. Graphite is an ideal benchmark material due to its broadband
absorption and strong perturbation at low energy. In comparison to existing literature
and similar measurements presented in references [Kam05, Bre09], the data in this chapter confirms these dynamics with higher precision and in an extended spectral range. An
advanced modulation scheme applied in this experiment enables a field amplitude sensitivity of 10−3 without active stabilization and with reasonable averaging. It demonstrates
a high-end platform for the investigation of thin-film materials with wide spectral coverage
based on a table-top laser system [Gru18].
Access to amplitude and phase of the MIR field not only gives full access to transient
changes of the complex dielectric function, but the temporal resolution in pump-probe
measurements is only limited by the duration of excitation and sampling pulses. Other
than in previous reports, the data and analysis presented here can track the fast intraband relaxation of electrons in graphite also in the MIR. When probing at low energy,
this relaxation time is found in the buildup of transient changes in the dielectric function.
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In total, three independent and characteristic time constants can be identified throughout the transient change of real refractive index: Electron thermalization on the order
of 40 fs, subsequent energy transfer from hot electrons to optical phonons τ1 ≈ 380 fs,
and the cooling of the electronic system τ2 ≈ 4 ps. The electronic temperature follows a
two-fold exponential relaxation, which can be directly tracked in the energy-resolved measurement. Its fast contribution confirms the electron thermalization time stated above,
while the slower component of 7 ps is inherent to the transient absorption dynamics. All
of these findings agree with published results [Kam05, Bre09]. Based on this robust and
extremely sensitive setup, the complete knowledge of the dielectric function opens a pathway for further analysis of electron-phonon coupling and related carrier dynamics in other
functional materials. Precise spectral resolution in the MIR enhances previous approaches.
Unseen in existing literature is the ability to scan the pump pulse coherence in this experimental configuration. With graphite, the correlation spectrum is featureless due to the
broadband and continuous absorption across the entire excitation spectrum. Nevertheless, it emphasizes the sensitivity and robustness of the setup in longterm measurements.
Applying this same technique to bulk GaSe, which has its fundamental bandgap inside
the spectrum of the excitation pulse, proves the sensitivity of this method towards the
electronic structure of the material. In this case, the onset of optical absorption onset is
well reproduced in the measurement. Other than in pump-probe measurements, the duration of the MIR probe pulse does limit the temporal resolution of 2D measurements to
just below 100 fs because an overlap correction between pump and probe pulses cannot be
performed. Ultrafast exciton dynamics as studied in Chapter 3 therefore remain inaccessible or do not significantly influence the dielectric behavior at low energy. High excitation
pulse fluences in the range of mJ/cm2 are difficult to achieve in this configuration because
the cross section of the excitation pulse must be increased to match the larger THz focus.
In a two-color pump probe study of monolayer transition metal dichalcogenides, P. Steinleitner and coworkers measured the exciton formation by tracking the complex dielectric
function in the MIR upon narrowband excitation [Ste17]. The associated excitonic relaxation rates in their work are on the order of picoseconds, and the method developed
throughout this chapter would allow to disentangle the interplay in similar systems with
better time and energy resolution.
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5

Noncollinear multidimensional
spectroscopy in the mid infrared
Many fundamental dynamical processes in condensed matter systems can be accessed
by their optical properties in the mid and far infrared spectral region. This includes
low energy carrier [Hou19], lattice [Som16b], and spin [Lu17] dynamics as well as coherent excitations in heterostructures [Kue11b] and quasi-particles in functional materials
[Gia16a]. This chapter presents an experimental system to access fundamental coherent
low-energy dynamics, and understand multidimensional spectroscopy in the mid infrared
on the basis of two benchmark samples: the direct bandgap semiconductor indium antimonide (InSb) and exfoliated thin-film graphite. Both material systems provide large
nonlinear signals at room temperature with fundamentally different origin. A population
state in InSb excited via two-photon absorption (2PA) allows to study high order nonlinear interactions beyond the χ(3) limit [Jun12, Som16a], and provides a perfect example
of a laser-induced transient grating [Eic86]. In contrast, the quasi-metallic properties of
graphite make it a prototypical material with ultrafast carrier relaxation [Kam05] and
broadband continuous absorption in the mid infrared and beyond. The resulting nonlinear signals from both samples are discussed in the context of coherent multidimensional
spectroscopy [Ham11, Cun13, Cho19].

5.1. Setup and experimental design
A compact Michelson-type interferometer splits incident p-polarized MIR pulses into four
almost identical replicas with three gold coated germanium beam splitters near the Brewster’s angle of 76◦ . The conceptual design and all relevant components of this interferometer are shown in Figure B.2 in the appendix. Its compact design on a 30-by-30 cm footprint
enables sufficient phase stability of all pulses without active stabilization. On exit of the
interferometer, the pulses from all four arms run parallel in a square box geometry with
12 mm separation. A large aperture 90-degree off-axis parabolic mirror (OAPM) with an
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Figure 5.1. Pulse arrangement for noncollinear 2D experiments in a square box
geometry. Colors correspond to different arms of the interferometer (Figure B.2,
Appendix). The sampling time axis t defines relative pulse delays τ and T , which
are measured positive in the direction of corresponding arrows. Both delays are
positive with default pulse order: #1-#2-#3. A reference pulse (#4, purple) is
overlaid with the nonlinear signal in ~kS = ~k4 direction for alignment and blocked
during measurements. A close up of the sample illustrates the in-plane wave vector
components, and a spatial filter discriminates the nonlinear signal from the other
pulses. The upper inset (box) outlines two possible scanning configurations as discussed in the text. Electro-optic sampling (EOS) of the emitted signal replaces a
local oscillator (LO) for phase-resolved detection in the experiment (not shown).
effective focal length of 50 mm focuses all pulses onto the sample. This advanced pulse
arrangement is illustrated in Figure 5.1. In this geometry, all wave vector components
along the optical axis (z) can be neglected, and the projection of k vectors onto the xy
sample plane enables full control of nonlinear signals through efficient spatial filtering.
Interferometer arms #1 (red) and #2 (blue) serve as pump pulses and use motorized
retro-reflectors to control relative time delays in the experiment. Absolute delays of the
reference (arm #4, purple) and probe pulse (arm #3, green) can be adjusted manually
for alignment, but remain stationary during measurements. The complete time ordering
of pulses with respect to the sampling axis t is indicated by black arrows and dashed
lines. Relative delays of coherence time τ and waiting time T are measured positive in
the direction of corresponding arrows, and the probe pulse (#3) center defines t = 0 ps.
To filter scattering from pump pulses, the probe pulse and hence also the nonlinear signal
are modulated by a chopper synchronized to the 64th subharmonic of the laser repetition
rate at 796 Hz. Scattering of the probe pulse #3 itself is weak, and remains static with
respect to detection time t (no scan).
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Electric field (kV/cm)

5.2. Classical picture of a transient population grating

(a)

FWHM
438 fs

(b)

FWHM
2.2 THz
CO2 reemission

𝜈0 =
21.8 THz

Figure 5.2. Mid-infrared pulses employed in the experiment. (a) Electric field
profile of the reference pulse #4. (b) Normalized amplitude spectrum and spectral
phase of the transient field in (a). The full width at half maximum (FWHM) duration and bandwidth with respect to spectral amplitude are given in the figure.
Corresponding intensity values are 313 fs and 1.6 THz respectively.
The emitted electric field is recollimated, overlapped with an ultrafast NIR gate pulse
by a silicon wafer at Brewster’s angle, and detected via electro-optic sampling (EOS) in a
140 µm GaSe crystal. Fast scan operation (Appendix B.3.1) is most suitable for efficient
field sampling and stable data acquisition. The reference pulse is helpful to optimize the
signal detection, but not used during measurements. EOS with an absolute time reference
replaces a local oscillator for phase-sensitive detection in the experiment. Figure 5.2 shows
the field profile and amplitude spectrum of a typical multi-cycle MIR pulse as employed
in the experiments. The full width at half maximum (FWHM) temporal width of the
electric field is on the order of 440 fs with a linear spectral phase (red curve in panel b).
Spectral bandwidth, duration, and chirp are determined by phase matching condition of
the generation crystal and the temporal as well as spectral profile of NIR pulses used
for difference frequency generation (DFG). To increase the generation efficiency of MIR
pulses, the NIR NOPA providing the signal pulse for DFG can be operated in a type-II
phase matching condition with reduced amplification bandwidth [Fis18a]. In the case of
multi-cycle MIR pulses with few 100 fs duration, this yields up to 50 % higher output
power without causing a significant increase in pulse length.
The field profile in Figure 5.2(a) shows a characteristic ringdown at sampling time
t > 0.5 ps, which is caused by the free-induction decay (FID), and related field re-emission,
of vibrational resonances in CO2 molecules at 20 THz. To reduce instabilities, nitrogen
purging is only used when a significant portion of spectral intensity lies below 20 THz.

5.2. Classical picture of a transient population grating
The interference pattern created by coherent and phase-stable electric fields is stationary
in space, meaning that nodes and anti-nodes of the sum electric field are at fixed positions
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in the sample. When pulses from different interferometer arms overlap on the sample, this
causes a spatially modulated excitation of the sample, i.e. a transient grating of different
refractive index [Eic86]. Such laser-induced gratings are an established technique to study
dynamic processes in condensed matter systems [Kno91], and provide a simple concept
for the interpretation of signals throughout this chapter.
Figure 5.3 shows the interference pattern of two plane waves (colored lines) with wave
vectors ~k4,1 (red) or ~k2,3 (blue). Lines of equal phase are parallel and separated by wavelength λ∗0 = λ0 /n inside the sample with refractive index n. The geometry of this illustration corresponds to the xz plane of the sample as defined in Figure 5.1 with wave vectors
labeled as corresponding interferometer arms. The spatial interference of the pump pulses
~k1 and ~k2 leads to constructive interference at the intersection points of their respective
wave fronts (gray circles). The resulting 2D lattice can be described by a basis {~a1 , ~a2 } as
indicated. Green circles construct the corresponding reciprocal lattice with basis {~b1 , ~b2 },
which is overlaid in strong colors (green circles). Hereby, the wave vectors of the incident
fields creating the grating also form an equivalent basis in reciprocal space {~k1 , ~k2 }. The
dotted blue circle (Ewald sphere) geometrically solves the Laue condition, showing that
~ = ~k1 − ~k2 [Gro12]. It is important
diffraction is possible with a reciprocal lattice vector G
to point out that the y dimension is neglected in this illustration, by assuming independent wave vector conservation in this direction. With respect to the interferometer
geometry presented in Figure 5.1, this captures the scenario in which probe pulses (#3)
are diffracted into the direction of the reference pulse (#4), i.e. into the opening of the
spatial filter and towards detection.
kx

x
k1 k4

plane wave

λ0 *

b2
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a2
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kz
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k2 k2
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Figure 5.3. Transient population grating created by the interference of two plane
waves (red and blue) projected to the xz-plane inside the sample. Gray circles
highlight points of constructive interference. Basis {~a1 , ~a2 } spans the grating in real
space, and green circles construct the grating in reciprocal space with basis {~b1 , ~b2 }.
Grating diffraction can occur according to the Laue condition (blue dashed circle).
~ indicates a reciprocal lattice vector. Figure based on [Dec19].
G
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5.3. Higher-order nonlinear spectroscopy with bulk indium antimonide
With the experimental geometry introduced in the previous section, the angle of incidence between two neighboring arms is 13.6◦ defined by the 12 mm edge length of the
box alignment and 50.8 mm effective focal length of the parabolic mirror (PM) used for
focusing. Inside a sample, refraction must be taken into account. In the case of bulk InSb
with refractive index n = 4, this leads to an internal angle of 3.5◦ . With 60 µm sample
thickness and λ0 = 12 µm vacuum wavelength, there are approximately 20 interference
nodes in z direction of the sample. In case of thin-film samples with thickness smaller than
the MIR wavelength, the grating has no spatial extend in z-direction and must be treated
as a two-dimensional point grating in the xy plane. The lateral extend of the grating as
well as its strength and efficiency scale with the intensity profile of the incident pulses,
which is on the order of 100 µm in this experiment. Higher order excitation mechanisms
such as two-photon absorption (2PA) reduce the effective lateral size, but increase the
grating efficiency.

5.3. Higher-order nonlinear spectroscopy with bulk
indium antimonide
This section develops a conceptual understanding of multidimensional nonlinear spectroscopy in the mid infrared (MIR) by studying the optical response of the direct gap
semiconductor indium antimonide (InSb). Due to its strong nonlinear response, InSb
is an ideal material that promises high signals, and the nonresonant interaction with
its two-photon absorption (2PA) resonance enables the use of bulk samples with long
interaction length. Previous studies [Jun12, Som16b, Som16a] have investigated the nonlinear response in the MIR with simplified 2D experimental geometries and will be used
to benchmark the results presented here. Following subsections provide a fundamental
overview of the optical properties of InSb, present different experimental configurations
that can be used to identify fundamental mechanisms, and discuss the temporal evolution
of nonlinear signals as well as 2D line shape dynamics.

5.3.1. Optical properties of indium antimonide
Indium antimonide (InSb) is a prototypical III-V semiconductor with small direct bandgap
of EG = 0.18 eV (43.6 THz) at room temperature [Mad04]. It is a zincblende crystal
with a characteristic structure of electronic bands near the center of the Brilloin zone
(Γ point). Due to its high quantum efficiency, many infrared photodetectors and emitters
are based on InSb technology [Bea62, Kri06]. Figure 5.4 shows crystal structure (a),
the corresponding Brillouin zone (b), phonon dispersion (c), and part of the electronic
band structure (d) of InSb. Because spin-orbit splitting is large in comparison to the
bandgap (∆0 = 0.81 eV ≈ 4 · EG ) and other optical interband excitations require eV
energies, the band structure around the Γ point fully captures its low energy physics. The
effective electron mass in the conduction band (CB) is extremely low (m∗ = 0.0118m0 ),
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Figure 5.4. Crystal structure and optical properties of bulk indium antimonide
(InSb). (a) Zincblende crystal lattice of InSb. (b) Corresponding Brillouin zone
with high symmetry points. (c) Phonon dispersion relation showing allowed states of
acoustic and optical phonons [Mad04]. (d) Excerpt of the electronic band structure
near the center of the Brillouin zone: heavy hole (hh) and light hole (lh) band shape
the valence band (VB), the conduction band (CB) is isotropic but non-parabolic
[Mad04, Pri71]. Colored arrow indicate a pathway of interband excitation via twophoton absorption (2PA).
which results in very high carrier mobility. With MIR pulse frequencies as employed
in the experiment (Figure 5.2), two-photon absorption is the only feasible excitation
mechanism and becomes very effective at high intensity [Sb86]. This enables nonresonant
penetration of bulk samples with MIR pulses, while efficiently generating a transient
population grating [Jar86, Hug95].
Radiative carrier recombination dominates in bulk InSb, but is extremely slow with respect to ultrafast processes studied throughout this work. At room temperature, carrier
lifetimes on the order of 20 ns to 300 ns are reported [Wer56, Zit59, Laf61, Bru80]. For
small excitation volumes, e.g. in the case of a transient population grating, carrier diffusion is more relevant and reduces the effective grating lifetime to few ns [Ave55]. Optical
phonons are restricted to a spectral region between 4 and 6 THz (17 and 25 meV) as can be
seen in Figure 5.4(c) [Kie75, Mad04]. The MIR refractive index is on the order of 4 with
negligible linear absorption (α ≤ 100 cm−2 ) for frequencies < 30 THz [Mad04, Ada89].
Fresnel reflection on the surface is approximately 35 % at normal incidence. The investigated crystal is free-standing with a thickness of 60 µm and h100i orientation with
optically polished surfaces. It is a sample from the same crystal used by F. Junginger et
al. [Jun12].

5.3.2. Conceptual origin of nonlinear signals from indium antimonide
The origin of nonlinear signals in the box geometry follows the classical model of diffraction by a transient population grating as presented in Section 5.2. Figure 5.5(a) shows
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Figure 5.5. Nonlinear signal from InSb in time (a) and frequency domain (c) as a
function of sampling and coherence time or frequency respectively. Waiting time in
this example is fixed at T = 0.5 ps. Colored lines in (a) show the temporal order of
incident pulses with respect to both axes of the 2D representation. The black arrow
marks the geometric orientation of phase fronts as a guide to the eye. Dashed circles
in (c) distinguish the nonlinear signal (black) from residual scattering (red) of the
probe pulse. Gray arrows point at technical sidebands of the nonlinear signal and
the gray box indicates sampling background of the measurement (amplified x10).
The corresponding projection of k vectors and the transient grating (black lines) to
sample plane are sketched in the central inset (b). Here, excitation pulses (red and
blue) in direction of solid arrows define the grating orientation, while probe pulse
(green) diffraction in ~kS direction (yellow) is indicated by dashed arrows. Note that
τ is defined positive in the default pulse order #1-#2-#3.
the emitted nonlinear signal from bulk InSb measured by demodulation on the chopper
frequency. This 2D map of electric field is color coded as a function of sampling time
(t, horizontal axis) and coherence time (τ , vertical axis), and scaled in units of kV/cm.
The temporal configuration of all interacting pulses is marked with colored lines in the
same map: The probe pulse (green, dotted, #3) defines the sampling time origin t = 0 ps,
a static pump pulse (dash-dotted) arrives at t = −T = −0.5 ps, and the second pump pulse
(dashed) scans with τ while overlapping with the static pump pulse at t = −T . In the example, pulse #2 (blue) is scanned while pulse #1 (red) remains static at T = −t = 0.5 ps.
A black arrow shows the geometric orientation of phase fronts of the nonlinear signal as
a guide to the eye. Their direction along a downward diagonal emphasizes equal dependence on the phase of both pump pulses [Jun12]. The axis of coherence time in Figure 5.5
is defined such that it complies with the default pulse order #1-#2-#3, meaning τ is
positive when pulse #1 arrives before pulse #2.
Figure 5.5(c) shows the absolute value amplitude spectrum obtained by 2D fast Fourier
transform: |E(νt , ντ )|. The nonlinear signal at νt = ντ = ±ν0 is highlighted by black
circles, and can be clearly distinguished from other signal contributions by its position
on the diagonal axis of the spectrum. Red circles mark the spectral position of probe
pulse (#3) scattering, which does not depend on the coherence time (ντ = 0) because
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the probe pulse remains static with respect to sampling time. In the time domain, this
corresponds to the background signal with vertical phase fronts that interferes with the
nonlinear signal of diagonal phase fronts in Figure 5.5(a). The scattering contribution
of pump pulses is intrinsically filtered by demodulation since they are not modulated by
the chopper. Sampling noise is responsible for a weak spectral background at νt = ±ν0
(Appendix B.3.2) and highlighted by the gray box with factor-10 amplification. Sidebands
at ντ = ν0 ± 7.5 THz from the nonlinear signal (gray arrows) occur with all investigated
samples, hence indicating a technical origin with further discussion in Appendix A.5.
The phonon dispersion relation of InSb depicted in Figure 5.4(b) does not indicate any
phonon or two-phonon coherences near 7.5 THz, which could contribute to the excitation
as observed by C. Somma et al. [Som16b]. Due to the large spectral offset with respect
to pulse bandwidth, this contribution does not disturb the analysis of the main signal.
The geometrical projection of the transient grating and k vectors onto the sample surface
is sketched in part (b) of the figure. Black lines indicate the modulation of the refractive
index induced by the transient population. Here, the geometrical perspective shows the
transverse orientation and is rotated with respect to the previous illustration such that
lines here correspond to the out-of-plane direction of points in Figure 5.3. Different pulses
are plotted with same colors as used in (a) and throughout previous figures. Part of the
nonlinear signal (yellow arrow) is emitted in new spatial direction ~kS = ~k4 different from
all other contributing pulses. Delay times between pulses are defined according to the
pulse order diagram.
For an improved time domain representation of nonlinear signals in following figures,
the scattering background (red circles) is spectrally suppressed during post-processing.
This is achieved by applying a notch filter1 of 8 THz bandwidth to the amplitude spectrum at (νt , ντ ) = (±ν0 , 0). For reasons of symmetry, it is sufficient to restrict the spectral
window to the nonlinear signal in the positive quadrant of the spectrum for following discussion.
In analogy to Figure 5.5, the nonlinear signal obtained with different pulse ordering is
shown in Figure 5.6. Columns correspond to different waiting times as indicated, while
upper and lower panels distinguish two possible scanning configurations of the coherence
time. At a given waiting time T , either pulse #1 (upper panels) or #2 (lower panels) can
be shifted in time, while the other remains stationary. Despite similar field profiles, these
two scenarios result in fundamentally different nonlinear signals related to the geometric
orientation of pulses. At positive waiting time (T = 2 ps) shown in the right column
(c,f), the nonlinear signals obtained in both configurations are conceptually similar when
the coherence time is defined with respect to the default pulse order (#1-#2-#3) in
both scenarios. Although the scanning direction of the variable pump pulse is different,
the orientation of phase fronts is identical (black arrows). In both scenarios (c,f), the
orientation of the transient grating with respect to the direction of propagation and the
1

The filter is based on a higher-order Gaussian function as defined in Appendix C.8.
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Figure 5.6. Conceptual origin of nonlinear signals from InSb in different experimental configurations. Panels show the emitted electric field in kV/cm as a function
of both time delays. Upper (a-c) and lower (d-f) panels correspond to the scanning
of pulse #1 or #2 respectively. Waiting time T increases in columns left to right. All
delay times are defined positive with respect the default pulse order #1-#2-#3 as
indicated in the upper and lower corner on the right side of the figure. Insets show
the transient grating (black lines) and k-vector projections to the sample surface
according to Figure 5.5(b). At T = 0 ps (b,e) two grating configurations contribute
to a nonlinear signal and coexist at t = 0 ps. One grating configuration in (b)
emits a signal also for t  0 ps. For reasons of symmetry a third possible grating
configuration (panel a) is suppressed.
sample surface (inset) is identical, and the nonlinear signal emits in ~kS = ~k4 direction.
This instantaneous emission (diffraction) is centered around the probe pulse position
(green, vertical dotted line), while the temporal origin of both pump pulses lies outside
the sampling window.
At waiting time T = 0 ps (panels b and e), probe pulse (green, dotted) and the static
pump pulse (dash-dotted line) overlap, while the other pump pulse scans (dashed line)
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with coherence time. In principle, three grating configurations are feasible, but only two
emit a signal into the direction of detection. The asymmetry of the nonlinear signal
around t = 0 ps is related to pulse ordering and the buildup of the transient population
grating, and will be discussed in the following section. Notable is the extended signal
emission at positive coherence time in panel (b). Here, the pulse configuration allows
diffraction from a transient grating not only created by pulses #1 and #2, but also a
grating generated by pulses #2 and #3. In the latter case, a transient grating at t = 0 ps
is created independent of coherence time τ , while the variable pulse #1 (red) acts as
a probe pulse for t & 0 ps and diffracts into the direction of detection ~kS = ~k4 . The
orientation of the grating is hereby rotated by 90◦ (insets).
Scenario (d) is comparable to (f), with the only difference that the grating is created
by pulses #2 and #3 at t = 0 ps, and signal emission occurs at τ = T = −0.5 ps. Minor
differences between (d) and (f) arise from slightly different pulse profiles and intensities on
exit of the interferometer. In case of panel (a) a population grating is generated by pulses
#1 and #3, whose orientation is such that pulse #2 cannot diffract into the direction of
detection: ~kS 6= ~k4 . The residual nonlinear signal found in panel (a) is due to the weak
overlap of tailing field cycles of pulses #2 and #3, which are separated by |T | = 0.5 ps. No
signal above the noise level occurs in this pulse configuration at T = −1 ps (not shown).
Any of the diffraction scenarios discussed above requires the interference of both excitation pulses, and a transient grating induced by one or the other pulse alone does not
allow diffraction into the direction of detection. In the following, only nonlinear signals
obtained by scanning the coherence with pulse #2 will be considered. This provides a
clean spectral signature without contribution from pump pulse diffraction at short waiting and large coherence time. If not stated otherwise, the time domain data is always
filtered from linear scattering contributions as discussed above. A conceptual error with
the definition of waiting time that arises upon inversion of coherence in the present pulse
scanning configuration time will be discussed in Section 5.5.

5.3.3. Time evolution of nonlinear signals from indium antimonide
For long waiting times |T | > 1 ps the signal is subject to population decay and carrier
diffusion, both of which decrease the grating efficiency. More interesting dynamics occur
at short waiting time when pump and probe pulses overlap. Near T = 0 ps the nonlinear
signal in the time domain is enhanced in amplitude and distorted in shape, as can be seen
in Figure 5.6(b). In this scenario, where all pulses perfectly overlap in time, the transient
population grating is not fully created before the incidence of the probe pulse. For this
reason, the nonlinear signal, i.e. the diffracted probe pulse, is weaker towards negative
sampling delays (t < 0 ps). The nature of 2PA enhances this effect, because the grating
is more efficiently created by peak fields close to the center of pulses, while diffraction
remains a linear effect.
Figure 5.7 (a) shows the temporal evolution of the spectrally integrated nonlinear signal
at (ν0 , ν0 ) as a function of waiting time T . Around the overlap (T = 0 ps), the maximum
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Figure 5.7. (a) Temporal evolution of the spectrally integrated field amplitude
of nonlinear signals plotted as a function of waiting time. The data is modeled by
a Gaussian profile with offset (red curve). Gray data points show an independent
measurement at ν0 = 23 THz for reference. (b) Temporal dynamics of the nonlinear
signal measured at fixed coherence time and detection frequency emphasizing the
long photocarrier lifetime in InSb. (c) The integrated spectral intensity of the nonlinear signal scales with the third power of the initial MIR pulse intensity before the
interferometer.
field amplitude of the nonlinear signal is enhanced by about 40 % showing a symmetric
temporal profile, which can be modeled with a Gaussian profile and constant offset:




2 

(T − T0 )  
f (T ) = A exp 
 + C.
−  q
σ/ 4 ln (2)

(5.3.1)

In this definition, σ = (340 ± 50) fs is the FWHM duration of the signal enhancement,
which is significantly shorter than the field autocorrelation width of excitation pulses.
Instead, it is closer to the intensity autocorrelation2 , which is on the order of 400 fs.
This aspect is another indication for the nonlinear character of 2PA in the excitation
of the population grating. Carrier (population) relaxation on a few-100 ps time scale
is not resolved in the experiment, hence Figure 5.7(a) shows a plateau to both sides
of the time origin [Jar86]. This is confirmed by Figure 5.7(b) showing the nonlinear
signal at fixed coherence time τ = 0 ps and sampling frequency νt = 21.8 THz as a
function of waiting time T for a high density of delay steps and a much longer rage up to
30 ps. The fluctuations at positive waiting time are a result of interference between the
nonlinear signal and linear scattering of the probe pulse from sample inhomogeneities. At
T = 0 ps the pulse ordering of the experiment changes, however according to Figure 5.6 a
nonlinear signal is still emitted by a different grating configuration in pulse-#2 scanning
experiments. The zero background at negative delay in Figure 5.7(b) is instead a result
2

Field and intensity FWHM duration of the driving pulse shown in Figure 5.2 are 440 fs and 310 fs
respectively. The corresponding autocorrelation FWHM is 600 fs, 430 fs, 360 fs or 310 fs for first,
second, third or forth power of field.
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of the finite sampling window. A similar signal enhancement at T = 0 ps appears in the
spectral domain only with integration across all contributing frequencies.
Measured with respect to the MIR pulse intensity before the interferometer, the nonlinear signal from InSb scales with the third power as shown in Figure 5.7(c). This scaling
results from a square power dependence of the grating excitation via 2PA multiplied by
a linear power dependence of the probe pulse diffraction. Identical power scaling of the
nonlinear signal at the overlap (T = 0 ps) and larger delay emphasizes that the same
effect dominates in both configurations. By definition, third order power scaling corresponds to a six-wave mixing process, whose quantum mechanical nature will be discussed
in Section 5.3.7.

5.3.4. Structural dynamics of 2D line shape around the pulse overlap
Interesting dynamics of the two-dimensional nonlinear signal occur at waiting times that
are shorter or comparable to the pulse duration. As found in the previous section the
nonlinear amplitude is enhanced in this configuration, and the temporal shape of the nonlinear signal is distorted. Figure 5.8 shows the temporal evolution of the nonlinear signal
retrieved from InSb at the waiting time origin T = 0 ps (a), at short delays on the order
of the MIR pulse duration (b, c), and at a delay much longer than the pulse duration (d).
Herein, the upper panels show the time-domain signal with filtered background scattering
in analogy to previous figures. Central panels show excerpts from the corresponding 2D
amplitude spectrum as a function of excitation (coherence) frequency ντ on the vertical
and detection (emission) frequency νt on the horizontal axis. The diagonal axis of equal
excitation and detection frequency is marked as a solid line. Dotted lines (horizontal and
vertical) mark the central frequency ν0 = 21.8 THz of driving MIR pulses as measured
with the local oscillator and shown in figure 5.2. The cross-diagonal axis (dashed line)
is defined with respect to the (ν0 , ν0 ) point of the spectrum. Lower panels show relative
difference spectra of the spectral line shape to emphasize distortions and shifts of spectral amplitude. These spectra are calculated by subtracting the diagonally transposed
spectrum from the original, and normalized to the maximum spectral amplitude. Further
details of this method are explained in Appendix C.6.
The time domain signal in Figure 5.8(a) at T = 0 ps shows perfect overlap of the static
pump pulse (red, dash-dotted line) and the probe pulse (green, dotted line), while the
variable pump pulse (blue, dashed line) scans with coherence time τ . Upper and lower
hemisphere (positive or negative τ ) hence correspond to different time ordering of pulses.
For τ < 0 ps, two grating configurations according to Figure 5.6(e) generate a population
grating, which allows diffraction into the direction of detection. In the scenario τ > 0 ps
the transient grating can only be generated at later real time t > 0 ps, meaning that
only the tailing part of the probe pulse can be diffracted, and the time domain signal
becomes much shorter. Since the field profile of all pulses has a FWHM duration of
440 fs, this effect extends even to negative coherence times τ , but is less significant. As
a result, the nonlinear signal has an asymmetric shape that is cut off by the blue dashed
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Figure 5.8. 2D nonlinear signal obtained from bulk InSb at four characteristic
waiting times T increasing left to right (a-d). In the upper panels, the emitted
electric field is color coded as a function of sampling and coherence time in analogy to previous figures. The color bar is scaled in units of kV/cm. 2D amplitude
spectra (arbitrary units) are shown in the central panels respectively. Solid lines
mark the diagonal, dashed lines the cross-diagonal direction, and dotted lines indicate ν0 = 21.8 THz as a guide to the eye. Relative difference spectra in the lower
panel emphasize spectral shifts and distortions with respect to a transposition along
the diagonal. Figure A.5 (Appendix) shows complementary spectra at additional
waiting time positions.
line indicating the position of the scanning pulse. For reasons of symmetry discussed
in Section 5.3.2 pulses from interferometer arms #1 (red) and #3 (green), which are
overlapped at t = 0 ps, cannot create a transient grating that will diffract pulse #2 (blue)
into the direction of detection. The same argument also explains the time domain signal
in (b), where the temporal separation of pulses remains below their duration. Both pump
pulses (red and blue) overlap at t = −T = −0.2 ps and τ = 0 ps, such that a more
significant portion of the probe pulse (green) is diffracted towards detection. Left of
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(t < −T ) and above (τ > t − T ) the pump pulse central positions, the nonlinear signal
is also reduced. At waiting times T ≥ 1 ps (c,d) the nonlinear signal becomes symmetric
with respect to the probe pulse origin t = 0 ps. Here, the transient grating can be fully
generated before interaction with the probe pulse. Minor deviation at T = 1 ps are due
to pulse reflections or the interaction with tailing field cycles of pump pulses.
The reduced temporal extend of the nonlinear signal found at short waiting times in
(a) and (b) results in an elliptical elongation of the 2D line shape. The long axis of this
shape is not symmetric with the diagonal, but instead lies at an approximate angle of
67.5◦ measured in clockwise direction from the diagonal. This angle is a result of equal
contribution from horizontal and diagonal broadening due to reduced grating efficiency
in the left hemisphere (t < 0 ps) and for τ > t respectively. As these effects become
negligible at longer waiting time, the line shape ellipticity along a diagonal direction fully
disappears in (b) and (c). Figure A.5 (Appendix) shows additional intermediate waiting
time steps between (b) and (c). In particular near T = 0.5 ps, the effect of pump pulse
reflections inside the sample can be responsible for additional technical contributions.
Spectral shifts that occur along the excitation axis are denoted with colored arrows in the
figure. These are on the order of −0.5 THz at short delay (a-b), +0.2 THz at intermediate
delay (c), and negligible at long delay in column (d). The origin of these excitation
shifts will be discussed with reference to different MIR pulse profiles in Section 5.3.6.
Color maps of spectral amplitude in the figure are interpolated for clarity, while the real
spectral resolution of the measurement is 0.5 THz in both dimensions. Hence, all observed
shifts are also on the order of the measurement resolution, but remain reproducible with
similar pulse profiles and are therefore not a consequence of measurement instabilities. A
simulation of the coherent nonlinear signal in Appendix A.3 indicates that minor sidebands
occur due to the shape of incident MIR pulses in the experiment.
Relative difference spectra in lower panels help to identify spectral shifts and line shape
distortions that are asymmetric with respect to the diagonal. This analysis is intrinsically
independent of a reference frequency, and suitable to emphasize spectral shifts and distortions. Any spectral shift away from the diagonal will result in a strong derivative-shape
feature as can be clearly seen in columns (b) and (c): The inverted sign of difference
spectra reflects opposite shifts. Positive amplitude indicates that spectral amplitude is
increased at that position of the 2D spectrum. Hereby, relative amplitude measures the
strength of the shift with respect to the spectral profile. In addition, elliptical elongation
that is neither parallel or perpendicular to the diagonal leads to a ’clover leaf’ shape pattern, which is most significant in (a) and (d). An asymmetric clover leaf hence resembles
a combination of spectral shift and elongation. While the elongation in (a) is obvious,
this illustration also emphasizes the reduced excitation bandwidth, and hence a slight
deviation from a circular line shape, in column (d). The relative amplitude of the clover
leaf is considerably lower, but the effect remains clear. A conceptual simulation of 2D line
shape and difference spectra in Appendix C.7 provides a clear example of these effects.
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5.3.5. Linear projection of 2D line shapes
One way to analyze and understand the dynamics of 2D line shape is looking at the
linear projection with respect to selected axes. This concept was extensively applied in
the analysis of broadband visible 2D spectroscopy in Chapter 3 and can ease the understanding of line shape dynamics. It helps to quantify and analyze underlying effects as a
function of other parameters such as the complete range of waiting time. The association
of excitation and detection dynamics along vertical and horizontal axes of 2D spectra is
intuitive also with respect previous discussions and the clear distinction of excitonic and
interband carrier effects studied in Chapter 3. The motivation of comparing diagonal
and cross-diagonal spectral profiles originates from simple molecular systems, where both
quantities are related to homogeneous and inhomogeneous line width respectively. The
ability to distinguish both effects is a superior quality of multidimensional spectroscopy
[Ham11]. However, a semiconductor with wide electronic bands fundamentally differs
from discrete-level systems such as molecules. While the interband resonance in InSb can
in some aspects be modeled as a two-level system using Maxwell-Bloch equations [Jun12],
the two-level oscillator theory must not fully capture the dynamics of a condensed matter
system. This section introduces the technique of line shape projection and discusses its
ability to reveal interesting aspects with respect to following and future analysis.
Except for the diagonal spectral axis, the extraction of line profiles requires the definition of a resonator or reference frequency, i.e. a pivot point in the spectrum. This
is simple when the pulse bandwidth covers the entire resonance, but less intuitive with
narrowband MIR spectra as employed here. In the following analysis, the reference pulse
spectrum centered at ν0 = 21.8 THz (Figure 5.2) is used compare and emphasize shifts
within the measurement. To extract line profiles in a robust and reproducible way, normalized Gaussian gates are oriented perpendicular to the specified spectral direction and
sequentially multiplied to the 2D spectrum3 (see also Appendix C.6). The default bandwidth of the analysis here is set to 1 THz, but can be easily adjusted based on signal
quality. In a second step, the resulting spectrum is integrated across the gate bandwidth
to obtain a 1D spectral profile. Hereby, diagonal and cross-diagonal projection require
a ±45◦ rotation of the spectrum and subsequent rescaling of the frequency axes. The
direction of frequency scaling for cross-diagonal direction is defined from lower right to
upper left corner of the spectrum as indicated in Figure 5.8(d). Further details of this
method are shown in Appendix C.6.
Panels (a-d) in Figure 5.9 show normalized line cuts of 2D spectral amplitude along
detection, excitation, diagonal and cross-diagonal direction respectively. Different colors
trace the temporal evolution at selected instances of waiting time T . In addition, the
reference spectrum of the local oscillator measured without sample is plotted in gray,
3

 
2 
R∞
ν
Normalized Gaussian gate function: G(ν) = A·exp − σ/√4 ln 2
with −∞ G(ν)dν = 1 and FWHM
bandwidth σ = 1 THz.
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Figure 5.9. Profiles of 2D line shape extracted from spectra in Figure 5.8 using
a Gaussian gate function with 1 THz bandwidth along (a) detection, (b) excitation,
(c) diagonal, and (d) cross-diagonal direction (Appendix C.6). The reference pulse
spectrum is plotted in the background (gray). Spectra are individually normalized
to unity. Colors indicate the temporal evolution according to the legend.

and the reference frequency ν0 = 21.8 THz is indicated by a vertical dashed line. All
spectra are individually normalized to unity to emphasize shifts and improve bandwidth
comparison.
Without repeating the discussion of the previous section, the key aspects of this analysis are the following. The spectral profile extracted along the horizontal detection axis
in (a) shows the least variation and closely matches the reference. This resembles the
linear character of probe pulse diffraction from the transient grating and it is therefore a
good reference for the stability of the measurement. For the same reason, the excitation
axis becomes even more important as a characteristic measure of the grating generation.
Excitation spectra in (b) show strong spectral variation on the order of 1 THz as already
indicated in 2D spectra in Figure 5.8. Red and blue shifts at different waiting times are
clearly distinguished. The red shift at early delays T < 0.5 ps extends to frequencies
beyond the reference spectrum (gray). In combination with reduced FWHM bandwidth
red and blue shifts in fact indicate the lack of absorption at high or low frequency respectively. The reduced bandwidth of excitation profiles is profound consequence of nonlinear
pulse interaction, either directly related to the 2PA or an induced coherence by excitation
pulses. Due to increased sampling noise along the vertical profile of 2D spectra, the noise
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floor of excitation profiles is elevated compared to other spectral directions and dips of the
spectrum are influenced by technical sampling errors. Diagonal (c) and cross-diagonal (d)
spectra appear very similar. In both representations the FWHM bandwidth is reduced
with respect to the reference spectrum (gray), however the cross-diagonal spectrum shows
broadening of spectral wings and side-lobes at short waiting time T < 0.5 ps. Conceptually, this resembles the elliptical line shape profile from Figure 5.8(a,b).
In conclusion, this section presents a sophisticated and stable algorithm to analyze line
shape dynamics, which in contrast to tracking of individual points of the 2D is rather
simple to understand and enables reliable analysis also at low signal amplitude. The
linear scale puts side lobes, bandwidth, and increased amplitude of spectral wings into
quantitative focus with better illustration than a color bar. Improvements of this method
can account for the spectral shifts by redefining the pivot point in the 2D spectrum, and
also use arbitrary angles to define individual references axes, which match for example the
67.5◦ orientation of the ellipticity (not shown). Differences between diagonal and crossdiagonal line shapein the data here mostly reflects technical aspects of the grating creation
as discussed previously. In contrast, excitation and detection dynamics along vertical and
horizontal axes are more intuitive for interpretation. In Chapter 3 their profiles revealed
a clear distinction of excitonic and interband carrier effects in gallium selenide. For a
better understanding of the fundamental dynamics of 2D line shape measured with InSb,
the following section discusses the nonlinear signal found with MIR pulse spectra below
and above the 2PA resonance.

5.3.6. Excitation below and above resonance
Across various experiments the center frequency of MIR pulses was shifted along the
absorption spectrum of InSb to address the excitation dynamics. The spectra in Figure 5.10 span from 19 to 27 THz covering the onset of optical absorption via the 2PA
resonance of InSb. Panel (b) shows the linear absorption of InSb as found in the literature [Ins20, Joh67] with a frequency axis scaled to match 2PA frequencies. The band
edge of the sample used in this work is slightly redshifted from this reference (estimate,
gray), which can be due to different doping level or crystal growth.
Figure 5.11 shows the nonlinear signal obtained from multidimensional experiments at
excitation frequencies just below ν0 = 21 THz (a,b) and above ν0 = 25 THz (c,d) the
fundamental 2PA resonance. At each frequency, columns show short and intermediate
waiting times in accordance to the discussion of Figure 5.8. Most notably, the nonlinear
signal at low excitation frequency (ν0 = 21 THz) is about an order of magnitude weaker.
In part this is due to a significant spectral amplitude at lower photon energy, which is
insufficient to excite carriers across the bandgap. In addition, the overall MIR intensity
at ν0 = 21 THz is approximately 50 % lower due to less efficient pulse generation, and
remaining absorption by CO2 molecules despite nitrogen purging of the setup. In both
cases, the instantaneous signal at T ≈ 0 ps shows an elongation with a 67.5◦ rotation to
the diagonal as found previously. A significant difference at low frequency excitation, is
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Figure 5.10. (a) Amplitude spectra of MIR pulses employed in the experiments
and labeled with their approximate center frequency. (b) Linear (single photon)
absorption in bulk InSb at room temperature. The blue curve is reproduced from
data by the IOFFE institute [Ins20] with original data by [Joh67] and [Gob60]. A
qualitative estimate (gray) with red shifted absorption edge matches the sample
investigated here with a two-photon absorption (2PA) resonance at approximately
22 THz. Note that the lower frequency axis is scaled in units of 2 THz.
the vertical blue shift at early delay (a). This emphasizes that excitation is only possible
with the high frequency side of the spectrum. At lower excitation density and with the
low frequency spectrum, bandgap renormalization causing a red shift of the excitation
spectrum at early delay cannot be observed. The probe pulse diffraction by the transient
population grating, and hence the detection profile (horizontal), is unaffected by this so
that it reproduces the reference spectrum. As a result, the difference spectrum in (a) has
a strong derivative signature and no clover leaf pattern meaning that the excitation blue
shift dominates of the diagonal elongation.
A high-frequency measurement at ν0 = 25 THz in Figure 5.11 shows the rotated spectral
elongation without significant shift at short waiting time (c), and an excitation blue
shift at intermediate delay (d). In contrast to resonant excitation, it does not show a
significant red shift in the coherent regime, i.e. for T < 0.5 ps. The excitation dynamics
associated with different MIR fields and as a function of waiting time are further analyzed
in Figure 5.12. A Gaussian fit to excitation line shape profiles presented in Figure 5.9(b)
numerically extracts the excitation peak position. Data points in Figure 5.12 show the
temporal evolution of peak position and shaded areas indicate the 95 % confidence interval
of the fit. Panels (a,f,c) correspond to 2D spectra in Figures 5.11 and 5.8 respectively,
while panels (b,d,e) show additional independent measurement. In all plots the central
frequency of the driving MIR pulse ν0 is indicated by a horizontal gray bar. Dotted
vertical lines mark waiting time T = 0 ps and T = 0.5 ps, the latter of which is the
approximate upper limit of pulse overlap, as a guide to the eye.
The excitation peak position generally shifts towards higher frequency with increasing waiting time and eventually reduces towards the reference at long delay. When
the excitation frequency is below the fundamental 2PA resonance (panels a,b), the 2D
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Figure 5.11. 2D nonlinear signal from InSb obtained with different center frequencies of the driving MIR field. Columns (a,b) and (c,d) show time and spectral
domain at waiting times T ' 0 ps and T ' 1 ps respectively. In the upper panels,
the emitted electric field is color coded as a function of sampling and coherence
time in analogy to previous figures. The color bar is scaled in units of kV/cm. 2D
amplitude spectra (arbitrary units) and difference spectra are shown in the central
and lower panels.
spectrum shows a blue shift already at T = 0 ps. With excitation near the resonance
ν0 ≈ 22 THz (panels c,d,e), the relative peak position shifts from red to blue at approximately T = 0.5 ps when coherent pules overlap is lost. In measurements (d) and (e)
the pulse duration was slightly shorter compared to (c), which explains the transition at
lower waiting time. This redshift during the coherence region with direct pulse overlap
and at MIR frequencies resonant to the 2PA edge emphasizes a dynamic bandgap renormalization, which cannot be observed with nonresonant excitation. The slight blueshift
at intermediate delays (small blue arrow) is small compared to the spectral resolution
and likely a technical feature of the experiment related to pulse reflections. At T = 0 ps
the pulse ordering of the experiment changes but a nonlinear signal is still emitted for
T < 0 ps. It remains unclear why the peak position redshifts towards negative waiting
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Figure 5.12. Excitation dynamics measured in InSb at different MIR pulse frequency. Graphs show the temporal evolution of the peak position along the excitation axis (vertical) of 2D spectra as determined by a Gaussian fit to the excitation
line profile at νt = ν0 ± 0.5 THz. Panels (a,c,f) correspond to data from Figures 5.8
and 5.11, while (b,d,e) present independent measurements at additional frequencies.
Dotted lines mark the time origin T = 0 ps and the upper limit of pulse overlap
T = 0.5 ps as a guide to the eye. Shaded areas indicate 95 % confidence of fits.
time. Possible reasons are again of technical origin and likely related to the asymmetric
sampling window with respect to the time-domain center of the nonlinear signal (compare
with Figure 5.6d).
As can be see in Figure 5.10(b), optical absorption increases towards higher frequency,
which leads to increased excitation efficiency on the high-frequency side of the spectrum
for all frequencies. This provides a general explanation for blue shifted excitation in all
scenarios. At short waiting times T < 0.5 ps hot carriers and the presence of strong nonresonant electric fields alter the optical properties, e.g. strengthen the effective bandgap
renormalization, providing competing dynamics near the overlap. The effect is particularly strong when exciting resonant to the 2PA transition at ν ' 22 THz, leading to
the observed redshift of the excitation spectrum. This dynamic bandgap renormalization is restricted to the coherent regime of pulse overlap and therefore unrelated to the
pure photocarrier density or Coulomb screening. Strong MIR fields induce coherent dynamics such as Stark shifts [Hul90, Bin91] and the high frequency Franz-Keldysh effect
[Yac68, Chi00], both of which cause a redshift of absorption. With field amplitudes on
the order of 300 kV/cm the ponderomotive energy of a free electron inside InSb remains
below the interband excitation energy, such that a perturbative description can be justified [Sch16, Sch18]. A dominant non-perturbative contribution in InSb was found to set
in with electric fields on the order of 1 MV/cm (inside the material) [Jun12].
Towards long waiting times on the order of few-ps, the excitation peak settles near the
reference. The intermediate temporal window between 0.5 ps and approximately 3 ps is
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subject to multiple stronger or weaker technical pulse reflections, which are clipped in detection, but inevitably contribute to excitation. In addition, reflections inside the sample
can increase or decrease the excitation efficiency by superimposing a spectral Fabry-Perot
modulation to the optical absorption, which is most relevant when T ≈ 0.5 ps. Both of
these technical contribution can be associated with one or the other effect, providing an
explanation for deviation from the dominant signatures.

5.3.7. Quantum mechanical interpretation of nonresonant wave
mixing in indium antimonide
The classic description of nonlinear signals from InSb with a transient population grating excited via two-photon absorption (2PA) conceptually explains the data extremely
well (Section 5.2). Theory of nonlinear spectroscopy [Pol92, Muk95, Ham05, Ham11]
typically bases on a wave mixing picture to explain the origin of nonlinear signals. In
this description, the nonlinear signal emitted from InSb is dominated by six-wave mixing (6WM), in which the excitation process is resonant and the signal emission nonresonant. In this configuration the transient population grating contributes to the phase
~ as indicated in Figure 5.3.
matching condition by adding a reciprocal lattice vector G
Wave vector conservation is therefore fulfilled with signal emission in the direction of de~ = ~k4 . At short waiting times that are close to the pulse
tection: ~kS = 2~k1 − 2~k2 + ~k3 + G
overlap, two four-wave mixing (4WM) pathways can also contribute to a nonlinear signal
in the direction of detection. Nonresonant eight-wave mixing (8WM), which describes
two-photon excitation of a population state and subsequent two-photon de-excitation, is
conceptually possible, however, it is nonlinear also in the probe pulse and therefore follows
a I 4 power dependence. As a result, its contribution to the experiment is unlikely and
not considered for further analysis or discussion. Due to the box geometry of the interferometer, the pulse modulation, and spatial filtering, a nonlinear signal is only detected
if it results from an interaction of three different pulses. This prevents additional wave
mixing configurations with only two interacting pulses in the experiment.
Figure 5.13 shows Liouville pathways for three possible wave-mixing scenarios, which
are sketched into the energetic landscape of the InSb electronic band structure around the
Γ point (black lines). The dashed lines at E = E0 = hν0 and E = 2E0 mark units of photon energy of interacting MIR pulses. As discussed previously, a real population can only
be excited via two-photon interaction with a resonant energy level at E = 2E0 ≥ Egap .
The intermediate virtual level E = E0 only allows nonresonant interaction with a coherent polarization or transient modulation of the material. In these inner diagrams (gray),
wave interactions (colored wavy lines) follow a temporal evolution from left to right. Coherence time τ and waiting time T are indicated in the figure (not to scale). Each wave
either represents a |keti (solid) or hbra| (dashed) interaction with the density matrix of
1
the system. The notation of square-root photon energy (hν0 ) /2 denotes a single field
contribution, such that the product of two fields yield a corresponding photon energy.
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Figure 5.13. Liouville pathways of resonant and nonresonant nonlinear interactions
in InSb as discussed in the text. The sequence of wave interactions (wavy arrows)
follows a temporal evolution from left to right (gray arrow). Colors correspond
to field contributions from different interferometer arms (Figure 5.1). The emitted
signal is yellow-orange. Solid and dashed waves represent |keti and hbra| interactions
with the density matrix respectively. Arrow directions refer to absorption (up) or
emission (down). These Liouville diagrams are sketched into the energetic landscape
of the electronic band structure of InSb at the Γ point (black lines), with resonant
(2E0 ≥ Egap ) and nonresonant (E0 ≤ Egap ) energy levels indicated by horizontal
1
dashed lines. The notation (hν0 ) /2 represents a single wave interaction with the
density matrix of the system such that two wave contributions match the photon
energy.

Panel (a) shows nonresonant 4WM with a virtual in-gap energy level. This interaction
requires equal contribution from all fields, but remains weak in the experiment because
the nonlinearity associated with a nonresonant state is low compared to resonant interaction. In a system with 2PA, two fields can only create a coherent superposition, not
a population state (requires two photons, i.e. four fields). For this reason, all 4WM signals are limited to the interaction of pulses with a coherent polarization, which typically
dephases on a sub-picosecond time scale [Jun12]. This limits their contribution to short
waiting times T < 1 ps. According to the power scaling behavior in Figure 5.7(c), no
difference arises between instantaneous (T = 0 ps) and non-instantaneous contribution.
Hence, nonresonant 4WM remains negligible in the experiment despite being the lowest
order nonlinear signal in a 2D experiment.
Six-wave mixing as sketched in (b) allows the interaction with a real population state.
In this case the population periodically modulates the refractive index of the material in
a way that the third pulse interaction can occur nonresonantly with linear power scaling
(transient grating). Hereby, all four wave interactions from pump pulse fields must occur
within the polarization dephasing time of the material. The resulting population state
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relaxes with a time constant on the order of few 100 ps in InSb and hence explain the
long lived nonlinear signal found in the experiment. Nonresonant diffraction from this coherent population distribution is instantaneous. In the current experiment field strength
of probe pulses is reduced in comparison to pump pulses (Table B.1), which intrinsically
reduces higher order contribution (double interaction) of the probe pulse. In all scenarios,
|keti and hbra| contributions from different fields are interchangeable.
Although carrier recombination through optical emission of bandgap energy photons is a
dominant relaxation process in a direct semiconductor, this incoherent luminescence does
not contribute to the observed signal. Emission of bandgap-resonant photons and second
harmonic generation [Wyn71] are intrinsically suppressed: According to wave vector conservation the emission would also occur in a different spatial direction and re-absorption
in a thick sample limits this process to the surface. The effective interaction length for
coherent emission at bandgap energy hence reduces to the back surface of the sample such
that its efficiency is extremely low. In addition, narrow band MIR pulses employed in
the experiments do not extend to high enough frequencies to drive any resonant processes
through single photon interaction.

5.4. Coherent mid-infrared four-wave-mixing in thin-film
graphite
The nonresonant interaction with a population state in InSb enables the use of thick
samples, however, this concept cannot be easily transferred to other material systems,
in particular not to metallic materials. Due to strong absorption of the fundamental
radiation as well as the re-absorption of emitted signals, resonant nonlinear processes
can only be observed in thin-film samples or in reflection geometry, where interaction is
limited to the surface. In both scenarios, the interaction length with the sample is short
and the nonlinear signal reduces. Motivated by the strong perturbation at low energy
found in thin-film graphite with two-color pump-probe measurements in Chapter 4, the
ultrafast carrier dynamics of the same graphite sample are also studied in this spectral
configuration with low energy excitation and detection. The results serve as an important
benchmark to the experimental technique and discussion above.
Carrier relaxation in graphite is fast compared to the few-100-ps lifetime in InSb. As
a result, the nonlinear signal shown in Figure 5.14(a) reduces quickly as a function of
waiting time T . At T = 1 ps its amplitude is a factor of three lower in comparison to the
instantaneous signal at T = 0 ps when all pulses overlap. This implies that MIR nonlinear processes in graphite are dominated by instantaneous wave mixing interactions near
T = 0 ps. The FWHM duration of instantaneous enhancement measured with graphite
(σ ≈ 0.6 ps) matches the autocorrelation of driving MIR pulses indicating a linear carrier
excitation process. The population decay of excited carriers can be seen in the tail of
the signal revealing an exponential relaxation with a time constant τNL = (3.3 ± 0.4) ps,
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Figure 5.14. (a) Temporal evolution of the maximum nonlinear singal ENL,max .
The orange line shows a fit model with exponential relaxation τNL as discussed in the
text. (b) Power dependent measurements of the nonlinear signal show square-law
behavior with respect to the incident MIR pulse intensity. (c) Liouville pathway
of resonant four-wave mixing (4WM) sketched into the energetic landscape of the
electronic band structure of graphite near the K point. Wavy lines and the notation
1
(hν0 ) /2 represent single wave interactions with the density matrix of the system.
which captures the cooling mechanism of excited carriers to thermal equilibrium as found
in Chapter 4. This value is extracted by a fit model based on a Gaussian function and
exponential roll-off to the sides4 (red curve). Instantaneous and non-instantaneous signals
both show quadratic power dependence plotted in Figure 5.14(b). This confirms a thirdorder nonlinear wave-mixing process, i.e. resonant four-wave mixing (4WM), as sketched
in the Liouville diagram in Figure 5.14(c). In the case of graphite the MIR field is resonant
to low-energy excitations around the overlap region of its electronic band structure (gray)
near the K point. Linear excitation by the interfering fields is possible, and a third-order
nonlinear signal that matches conservation of momentum and energy can be emitted in
~k4 -direction.
In the same style as discussed and explained for InSb above, Figure 5.15 shows the
temporal evolution of the 2D nonlinear signal obtained from a 60 nm-thick graphite thin
film (spot B in Figure 4.1). Upper panels show the emitted electric field color coded as
a function of coherence and sampling time as measured in the experiment. Hereby, the
same spectral notch filter is applied to suppress linear scattering at (νt = ±ν0 , ντ 0). The
spectral amplitude of the nonlinear signal and difference spectra are shown in central and
lower panels respectively. The signal at large waiting time (d) is conceptually similar to
the signal found with InSb, but as a consequence of the much smaller sample thickness and
faster relaxation it has significantly lower amplitude at similar pulse energy. At shorter
waiting times (a,b), the time-domain signal has a diamond shape that is aligned with the
scanning pulse (#2, dashed blue). The corresponding spectrum is strongly broadened
4

Fit model: E(T ) =
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Figure 5.15. Nonlinear signal obtained from a 60 nm graphite thin film at four
characteristic waiting times T increasing left to right (a)-(d). In the upper panels,
the emitted electric field is color coded as a function of sampling and coherence time
in units of kV/cm. Central panels show corresponding 2D amplitude spectra with
annotations according to the discussion in the main text. Dotted lines (horizontal
and vertical) mark the reference frequency ν0 = 23.1 THz as guide to the eye. Normalized difference spectra with respect to a diagonal transposition are plotted in
lower panels.

in the cross-diagonal direction matching the short axis of the diamond shape in time
domain. Side lobes (indicated by black arrows) form a whirl or S-shape. In addition,
the central line shape also shows a slight asymmetry along a 50◦ axis, which captures the
remaining asymmetry of the time domain signal (distortion of the diamond in lower right
quadrant of time-domain data). Similar to previous data, the 2D spectrum is slightly blue
shifted along the excitation axis for intermediate waiting times T ' 1 ps, clearly confirmed
when comparing relative difference spectra. This blueshift likely has technical origin and
disappears in column (d) with T ≈ 4 ps. All spectral profiles for T > 0 ps show minor
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Figure 5.16. Temporal evolution of selected line shape dynamics in 2D spectra
from Figure 5.15. (a) Peak position of the excitation spectrum. (b,c) Estimated
FWHM bandwidth of diagonal and cross-diagonal or detection and excitation lines
shape. Gray horizontal bars mark reference values from driving MIR pulses and a
dotted vertical line at T = 0.5 ps marks the upper temporal limit of coherent pulse
overlap. Shaded areas mark the 95 % confidence interval of the fit.

bandwidth reduction along the vertical with respect to the spectrum of incident pulses
(gray curve). This is very clearly revealed by the clover leaf shape difference spectrum
in (d).
Figure 5.16 shows the full temporal evolution of selected line shape dynamics and draws
an important comparison to measurements with InSb. Panel (a) shows the peak position
of the excitation line shape in accordance with Figure 5.12. Other than InSb (Figure 5.12),
the excitation peak position measured with graphite does not show clear dynamics, and
the fluctations are likely related to technical origin. More interesting is the comparison
of 2D spectral bandwidth plotted in pairs comparing diagonal and cross-diagonal (b)
or detection and excitation (c). A clear difference arises in the temporal regime below
or above pulse overlap T < 0.5 ps (dotted vertical line): In the coherent regime of pulse
overlap, cross-diagonal broadening stands out with respect to an almost constant diagonal
bandwidth. The cross-diagonal broadening resembles dynamics of wings found in 2D
spectra (black arrow in Figure 5.15a). Spectra show no difference along diagonal and
cross-diagonal axes for delay larger than the pulse overlap. As already noted in the
discussion above, excitation and detection bandwidth differ at larger delays (panel c).
While detection bandwidth almost perfectly matches the reference (gray horizontal line),
the excitation bandwidth is reduced, meaning the temporal shape of the nonlinear signal
in upper panels of Figure 5.15 is vertically extended. This is a conceptual signature of
a coherent mechanism, for example a material polarization allowing interaction beyond
the pulse overlap. At large waiting time, the bandwidth of spectral profiles along all
axes remains constant and independent of the amplitude decay. The difference between
diagonal and cross-diagonal line shape in the coherent regime is partly influenced by the
technical elongation and related to the scanning configuration, but may be important for
further investigation.
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At first glimpse, the emitted signals from InSb and graphite look strikingly similar (compare Figures 5.8 and 5.15), however, their nature differs. This difference becomes most
notable when comparing the temporal evolution of the spectrally integrated nonlinear
signal in Figures 5.7(a) and 5.14(a). The enhancement of nonlinear signal at the overlap is approximately 40 % for InSb and 300 % for graphite, when comparing the peak at
T = 0 ps to the contribution from the exponential dynamics of carrier relaxation. In InSb,
the instantaneous enhancement is related to multiple configurations of interacting pulses
that generate and diffract from the transient grating, as well as a generally higher field
amplitude when all pulses overlap. On the other hand, graphite has a strong χ(3) nonlinear
susceptibility at low energy [Kum13] enabling efficient instantaneous four-wave mixing in
the coherent regime of pulse overlap as indicated in Figure 5.14(c). A contribution from
hot carriers with relaxation time on the order of few 100 fs, as identified in two-color experiments in Chapter 4, is difficult to distinguish in this experiment. The classic picture
of a transient population grating remains valid also for graphite and explains the weak
non-instantaneous signal contributions.
All 2D line shapes at positive waiting time show a slight asymmetry with reduced
bandwidth along the excitation axis. In the case of InSb this effect is strengthened by
2PA, while in graphite it can be associated with a coherent polarization that extends
the duration of pump pulse interaction along the vertical axis. A pronounced bandgap
renormalization in the coherent region of pulse overlap is inherent to resonant pumping
of the 2PA transition in InSb, and not seen with graphite or off-resonant excitation of
InSb. The slight vertical blue shift found at intermediate waiting time and for both
samples is likely a technical feature of the experiment caused by pulse reflections, or
spatial and spectral distortion of pulses at the focal center. In InSb approximately 35 % of
the transmitted pulse intensity is reflected from the backside of the sample and interferes
with other pulses and the transient grating. The propagation time through the 60 µm
sample is 800 fs, such that measurements with waiting times T < 1 ps are potentially
influenced by the this interference. For several reasons, reflections are less relevant in
measurements of graphite: The sample thickness is much below wavelength, the surface
reflectivity of the diamond substrate is lower, and the reflex inside the substrate is delayed
by approximately 5 ps5 . To avoid sampling artifacts related to pulse reflections, the time
interval for field detection is kept at ±1 ps from the time origin, limiting the maximum
spectral resolution to 0.5 THz in both dimensions.
The overall efficiency of transmission experiments is limited by reflection losses at both
surfaces. In InSb the transmitted probe intensity is on the order of (0.65)2 = 42 %
(relative). For the nonlinear signal the grating efficiency must also be taken into account. According to the field strength measured in Figure 5.8 and of incident pulses
(see Table B.1), the nonlinear signal in this measurement is on the order of 5 % in field.
However, because the excitation process is highly nonlinear, this efficiency will also scale
5

This estimate results from two-way propagation through the 320 µm diamond substrate with n ≈ 2.4.
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nonlinearly. In the case of thin-film graphite, only a small portion of incident field on
the order of 10 % is transmitted through the sample due to high surface reflection and
absorption. Thicker or thinner flakes equally reduce the nonlinear signal, because either
the interaction length reduces or absorption increases. Nevertheless, high carrier density
and mobility in graphite result in a strong nonlinearity that enables efficient four-wave
mixing.
Phase-sensitive sampling of the field profile of the nonlinear signal in a subsequent nonlinear measurement imposes another difficulty to the experiment. It requires high precision of beam and optics alignment as well as appropriate adjustment of phase matching
and spatial overlap with the sampling pulse. For this reason, a fourth reference pulse in
~kS = ~k4 direction is crucial. Any deviation of the nonlinear signal to this alignment reference, such as beam divergence or spatial offset, will cause significant losses in detection
sensitivity. Measurements of 2D field maps require phase stability for the duration of at
least one waiting time step, which is on the order of a few minutes for InSb but can be
as long as one hour to detect weaker signals. To ensure stability of averaging, successive scans of weak nonlinear signals at one time step (T ,τ ) are correlated with respect to
stationary scattered fields from other pulses detected in a separate modulation channel6 .
Fluctuations of the carrier-envelope phase (CEP) and other origins of sampling noise are
elaborated in Appendix B.3.2.
With the current experimental configuration, a systematic error occurs when scanning
pump pulses across their time origin (τ = 0 ps). Figure 5.17(a) defines the pulse ordering
and relative delay times in pulse-#2 scanning experiments. When the scanning pump
pulse (#2, blue) arrives after the static pump pulse (#1, red) in the τ > 0 hemisphere,
the effective waiting time in the experiment reduces with Teff = T − τ (definitions of
relative delay according to Figure 5.6). Two alternative scanning configuration sketched
in Figure 5.17 can avoid this error by either scanning the coherence time asymmetrically
(b) or shifting the probe pulse (#3, green) along with coherence time in the upper half.
For practical reasons, option (b) must be favored over (c): (b) keeps the probe pulse at
fixed position in sampling time such that scattering contributions at (νt = ν0 , ντ = 0) can
be easily filtered in the Fourier domain, and the emitted nonlinear signal does not fall out
of the sampling window. The asymmetric scanning approach however requires a precise
definition of τ = 0 ps in the experiment, which is difficult without active stabilization of
MIR pulses.
The systematic error of scanning method (a) is particular relevant when waiting time
is on the order of coherence time interval, and becomes negligible for T  τmax . On the
basis of current data, the technical elongation of 2D spectra due to the grating buildup at
short waiting time is a consequence of this scanning mode. A possible workaround is the
filtering of 2D spectra in Fourier space and a more extensive analysis of time-domain data
6

All MIR pulses are modulated at the first subharmonic of the laser repetition rate. The chopper
provides an additional modulation channel to separate the nonlinear signal from scattering. The
concept of double modulation and fast scan data acquisition is discussed in Section 4.2.
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Figure 5.17. Scanning modes of three-pulse experiments illustrated in a 2D timedomain map. (a) Pulse ordering of measurements presented in this thesis when
scanning pump pulse #2 and keeping other pulses fixed. (b,c) Alternative scanning
configurations for future experiments avoiding a reduction of waiting time for τ >
0 ps. Arrows indicate the sign of relative time delays with respect to the default
pulse order #1-#2-#3. Depending on pulse order, the experiment with detection
in ~kS = ~k4 direction is sensitive to rephasing (R) or non-rephasing (NR) signals.

in the τ < 0 ps hemisphere of pulse-#2 scanning experiments, where waiting time is unaffected by scanning [Kue11a, Som16a]. In a similar experiment with collinear geometry,
C. Somma and coworkers demonstrated how this method successfully reveals two-phonon
quantum coherences in InSb [Som16b]. With a dominant instantaneous contribution from
a transient population grating, other coherent signals of different origin fall into the background, especially with InSb. Nevertheless, the quality of 2D spectra and signal-to-noise
ratio in the experiments here stands far out and leaves room for further analysis.
With identical MIR pulses in a non-collinear experiment and fixed spatial direction of
detection, rephasing (R) and non-rephasing (NR) contributions are measured with different pulse order, i.e. with opposite signs of coherence time. A symmetric scan of coherence
time across the origin, hence produces a purely absorptive spectrum, which is the sum
of rephasing and non-rephasing spectra. Amplitude and phase sensitive detection of the
emitted signal hereby replaces a local oscillator for detection and in principle allows phasing of 2D spectra in post-processing [Ham11]. The outcome of experiments here therefore
differs from collinear experiments where all signals are sampled simultaneously and can
only be distinguished by their frequency vectors [Kue09, Kue11a]. In many scenarios of
2D spectroscopy of molecular systems it is favorable to collect purely absorptive spectra
instead of rephasing and non-rephasing contributions [Ham11]. Further analysis of the
data presented above, additional measurements, and theoretical investigation will provide
answers of how this concept can be transfered to condensed matter systems.
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5.6. Conclusion and outlook
This chapter develops a systematic approach to the experimental design and understanding of coherent multidimensional spectroscopy in the mid infrared (MIR) with tunable
multi-cycle pulses. The experimental geometry is noncollinear, and the emitted nonlinear
signal is collected in a spatial direction that requires equal interaction of three identical
pulses. Electro-optic sampling (EOS) with an ultrashort near-infrared (NIR) gate pulse
enables field-resolved detection. Signal filtering is enhanced by lock-in demodulation of
the modulated pulse train. Bulk indium antimonide (InSb) with its strong two-photon
absorption (2PA) resonance at 22 THz serves as a benchmark and alignment sample to
explore the capabilities of the setup, and develop a conceptual understanding of the data
analysis and processing. High data quality enables a detailed analysis of the 2D line shape
dynamics with different excitation energies spanning across the absorption spectrum. The
origin of nonlinear signals obeys a classic description of diffraction from a laser-induced
population grating. Hereby, the inherently nonlinear nature of carrier excitation via 2PA
in InSb leads to a higher nonlinear interaction, where six-wave mixing with fifth order
nonlinear susceptibility χ(5) and a cubic power dependence becomes the dominant process.
Previous studies with InSb [Jun12, Som16b] already shed light on the conceptual dynamics of multidimensional nonlinear signals, however, the advanced pulse geometry employed in experiments here allows to disentangle and filter nonlinear signals with unprecedented precision and detail. Other than the investigation of ballistic conductionband electrons in InSb by S. Houver et al. [Hou19], or phonon coherences studied by C.
Somma et al. [Som16b], the frequency regime investigated throughout this work is fully
off-resonant with respect to the the plasma edge and lattice resonances. The small bandwidth of multicycle pulses in this experiment with respect to the broadband absorption
strengthens multiple pulse interactions during overlap [Kha03, Kue11a]. Strong MIR fields
lead to dynamic Stark shifts[Bin91] and the high-frequency Franz-Keldysh effect [Chi00],
both causing a dynamic bandgap renormalization. In the limit of extreme (few MV/cm)
fields non-perturbative effects [Jun12] become relevant, and even a localization of atomic
wave functions within the crystal lattice is conceivable [Sch18]. While experiments here
remain in a perturbative regime, the observed absorption redshift of InSb relates to these
dynamic processes. Future experimental investigation of InSb may include larger bandwidth of pulses, higher field-amplitude, control of polarization, and higher-order grating
diffraction with signal emission in other spatial directions. In addition, theoretical investigation can provide important insight and disentangle the contributions of different
dynamics.
An exfoliated thin-film sample of highly oriented pyrolytic graphite (HOPG) serves
for comparison and helps to improve the general understanding of this method. With
continuous and broadband absorption in the MIR as well as high carrier density and mobility, graphite yields a strong nonlinear signal even as a 60 nm-thick flake. Other than in
InSb, the nonlinear signal from graphite is the result of resonant four-wave mixing with a
square power dependence (χ(3) process). The nonlinear signal is strongly enhanced at the
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pulse overlap, and disappears with the relaxation of photoexcited carriers on the order
of 3 ps. Details of the line shape dynamics are related to the complicated band structure of graphite. The comparison with InSb helps to identify technical artifacts of the
experimental setup, for example a technical blueshift at intermediate delays. Nonlinear
signals outside the coherent regime (|T | > 0.5) are fully described by diffraction from a
transient population grating and show little dynamics. In contrast, both samples reveal
interesting aspects at short delays, where pulses overlap and which is in range of typical
decoherence times of both materials. A sophisticated analysis and general interpretation
of these results remains an ongoing endeavor.
The understanding developed throughout this chapter allows significant improvements
to the experimental design of future experiments. A thorough discussion of pulse geometry
and possible scanning configurations helps to identify different contributions and target
specific signals. Existing measurements can be further decomposed by applying suitable
phasing procedures to unfold the full information of complex-valued spectra. By restricting the analysis to hemispheres of time-domain maps, waiting time can be preserved
also in the current scanning configuration and rephasing or non-rephasing contributions
distinguished in pulse-#1 or pulse-#2 scanning experiments. From a technical side the
measurements provide suggestions how to improve the power distribution between different interferometer arms without inflicting the efficiency of nonlinear processes. This
includes for example a weak reference pulse, as well as balance of power and dispersion for
both pump pulses. In the current experiment, EOS can detect nonlinear signals with field
strength on the order of 100 V/cm with reasonable averaging. Beyond technical improvements of the interferometer or detection, an increase of either the laser repetition rate
or MIR pulse generation efficiency can significantly enhance the signal-to-noise ratio. In
addition, it is worth considering additional directions of nonlinear signal emission, some
of which require optics with higher numerical aperture than used in the current setup.
Hereby, a motorized spatial filter, scanning across the plane of detection, would allow to
compare the intensity of nonlinear signals emitted in various spatial directions.
All in all, the results of this chapter pave the way for the investigation of other functional thin-film materials that show characteristic behavior in the MIR frequency range.
Throughout the following chapter, coherent MIR spectroscopy as introduced here is used
to investigate quasi-particle dynamics in the high-temperature superconductor bismuth
strontium calcium copper oxide (BSCCO) near the high energy edge of the superconducting gap.
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6

Coherent low-energy dynamics in
Bi2212 thin films
Strongly correlated electron materials exhibit dramatic changes of their electronic properties upon small perturbations of external parameters such as temperature, doping, pressure, magnetic, or electric fields. Ultrashort light pulses enable non-equilibrium studies
to unveil the complex interplay of fundamental interactions on time scales faster than the
energy exchange with bosonic degrees of freedom, i.e. in a non-adiabatic regime [Gia16b].
The family of copper oxide-based high-temperature superconductors (HTSCs) is of particular importance, technologically, and also from a fundamental scientific perspective.
Decades of research have been dedicated to these materials, and established the field of
novel quantum matter [Kei15]. While some aspects were resolved [Bas05, Taj16], important questions relating the complex phase diagram [Nor05], collective fluctuations [Giu19],
and the fundamental nature of superconductivity [Has14] remain. With the development
of novel laser sources, nonlinear light-matter interaction from visible to far-infrared frequencies became a prime tool to investigate resonant dynamics in these materials [Nic16].
Standard two-pulse pump-probe measurements however struggle to access the fundamental decoherence process. Instead, multidimensional spectroscopy has high potential to
disentangle the coherent mechanisms, which govern the quantum state of HTSCs [Gia16a].
In this chapter, a mechanically exfoliated bismuth strontium calcium copper oxide
(Bi2212) thin-film is investigated by means of partially collinear two-color pump-pump
probe and noncollinear mid-infrared (MIR) 2D spectroscopy resonant to the high-energy
edge of the superconducting (SC) gap. A brief introduction on HTSCs outlines fundamental properties and discusses the current state of research with respect to ultrafast
dynamics. Both experimental techniques applied in the following have been introduced
in Chapters 4 and 5 of this thesis. While two-color experiments with visible excitation
test and benchmark the SC properties, MIR four-wave mixing presents a fundamentally
new approach to study coherent dynamics of the SC state, establishing the technique and
also raising interesting questions for future experiments.

Chapter 6. Coherent low-energy dynamics in Bi2212 thin films

6.1. Introduction to high temperature superconductivity
The discovery of high-temperature superconductivity in copper oxides in 1986 [Bed86]
initiated a quest for materials with even higher phase transition temperatures. A wealth
of compounds has been discovered since, and highest transition temperatures reach 165 K
[Kei15]. The established quantum theory for conventional superconductors [Tin96, Buc12a,
Dre13], primarily known as Bardeen-Cooper-Schrieffer (BCS) theory, however, falls short
of describing fundamental interactions in these materials. A schematic temperaturedoping phase diagram in Figure 6.1 shows a rich variety of additional phases of cuprate
superconductors including the pseudogap (PG), charge order (CO), charge-density wave
(CDW), Fermi liquid, and SC fluctuations [Nor05, Vis18], all of which give rise extremely
to interesting states of matter. Two prominent and widely studied examples of cuprate
superconductors are yttrium barium copper oxide (YBCO) and Bi2212 (also BSCCO),
the latter of which is a layered material that allows mechanical exfoliation and cleaving
of the surface. Thin films enable resonant investigation of the material also in transmission experiments. Furthermore, the two-dimensional properties of strongly correlated
materials approaching the few- or monolayer limit remain an open and highly interesting
question with potential to provide new insights to the electron-electron pairing mechanism.
Many experimental techniques have contributed to an improved microscopic understanding of high-temperature superconductivity, however, a universal theory remains elusive. Angle-resolved photoemission spectroscopy (ARPES) [Kor15, Vis18], which maps
the Fermi surface and valence bands with momentum and energy resolution, is a crucial
technique to disentangle phases and study the wave function symmetry in these highly
anisotropic materials. Scanning tunneling spectroscopy [Fis07] is sensitive to the local
density of states with atomic resolution, and often combines large magnetic fields with
extreme energy resolution. The spin dynamics and magnetic excitations are best studied
by neutron scattering [Tra14], and resistivity [TK13] or thermal conductivity [Sut03] measurements also remain important methods of material characterization. Optical studies
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6.1. Introduction to high temperature superconductivity
[Taj16] complement these techniques, and add unprecedented temporal resolution to the
investigation of nonequilibrium dynamics [Ave01, Chi11, Gia16a].
This section highlights some important aspects of conventional and unconventional
superconductivity, which are important to a basic understanding and the following discussion. The focus lies on all-optical experiments with novel laser systems. A wealth of
literature cited along the way provides further in-depth understanding of related aspects.

6.1.1. Energy gap in s- and d-wave superconductors
In conventional superconductivity as described by the BCS theory [Tin96], the pair interaction of electrons, i.e. the formation of Cooper pairs (CPs), is mediated by crystal
lattice vibrations (phonons). More generally and with respect to unconventional (type-II)
superconductors a combination with other bosonic interactions, e.g. spin waves, must
be recognized. The resulting lowest energy state of two bound electrons has zero spin
(S = 0) and zero angular momentum (L = 0) showing an isotropic s-wave symmetry.
Higher order wave function symmetries with either spin triplets (S = 1) or L > 0 are
conceptually possible, but also require higher energy. In the SC ground state, an energy
gap ∆ opens up, which represents the CP binding energy per electron. An electronic
excitation hence requires a minimum energy of Egap = 2∆ to break this bound and create
excited quasiparticles (QPs). The crystal structure of hole-doped cuprates as investigated
here shows high anisotropy, and superconductivity only occurs in the copper oxide planes
of the material. Hereby, the dx2 −y2 symmetry of chemical bonds (Figure 6.2a) imprints
on the CP wave function and the order parameter. The squared amplitude of this order
parameter resembles the density of SC charges, i.e. the SC gap function, and as a result d-wave symmetry in the SC ground state is energetically favored for these materials
[Buc12a].
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Figure 6.2. (a) Crystallographic illustration of CuO2 planes emphasizing the
d-wave symmetry of chemical bonds. Panels (b) and (c) schematically illustrate
the superconducting energy gap in s and d-wave superconductors with a circular
Fermi surface in two-dimensional k space (orange). (d) Single particle density of
states (DOS) for both symmetries as a function of energy and integrated across all
k vectors. The DOS is normalized to the metallic state.
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Panels (b) and (c) of Figure 6.2 illustrate s and d-wave symmetry of the pair wave
function in two-dimensional k space. A circular Fermi sphere with maximum wave vector
kF is sketched in orange color. In case of s-wave symmetry (b), an isotropic energy gap
surrounds the occupied states (faint green). Nodes and anti-nodes develop with d-wave
symmetry (c), such that no energy gap exists for diagonal directions in momentum space
[Tsu00]. Experimentally this asymmetry was first confirmed by ARPES measurements
[Din96]. The electronic DOS measured in optical experiments is insensitive to this k-space
anisotropy, because photons carry only negligible momentum and often field polarization lies in plane, such that the photon wave vector is perpendicular to the CuO2 layer.
Figure 6.2(c) shows the integrated DOS as function of energy for both symmetries and
normalized to the metallic state of the material. At the Fermi energy EF , the DOS in a
d-wave superconductor approaches zero such that the absorption cross-section at low energy (< 2∆) is small, but remains non-zero. In both symmetries the DOS and absorption
cross-section are highest for excitations resonant to the SC gap 2∆.
The fundamental relationship 2∆/kB ΘC is on the order of 3.5 for conventional BCS
superconductors, and increases to 9 or 12 in cuprates [Buc12a]. This discrepancy resembles
the fact that the fundamental pairing mechanism of HTSCs differs. In addition to the
energy gap found in the SC state, cuprates also feature an anomalous gap and fluctuating
superconductivity above the critical temperature ΘC , often referred to as the pseudogap
(PG) [Tim99, Nor05]. This state forms a new intermediate phase between the SC and
metallic (normal) properties, and occurs in the anti-nodal direction. A characteristic
crossover temperature Θ∗ characterizes the upper phase transition of the PG to the normal
state. The associated spectral energy to this transition is blue shifted from the SC gap
(kB Θ∗ > kB ΘC ), and often considered a second gap state. Whether both gaps coexist in
the SC state remains an open question, however, suggestions emphasize this interplay is
a crucial ingredient for high temperature superconductivity. In this proposal, Θ∗ reflects
a pairing energy while ΘC adds superconducting condensation energy (phase coherence)
in the low temperature state [Hüf08, Has14].

6.1.2. Ultrafast optical experiments and quasiparticle dynamics
Very first measurements of ultrafast dynamics in cuprate HTSCs date back to the 1990s
[Chw90, Ees90], and a comprehensive overview today is given by numerous review articles
and textbook chapters [Sob00, Ave02, Li14, Gia16b]. All-optical spectroscopy from visible to FIR has shed light on quasi-particle dynamics in many ways. In most cases, pump
pulses with photon energy larger than the SC gap break CPs, and probe pulses hence track
the transient dynamics of excited QPs. Optical spectroscopy features a variety of implementations ranging from simple transmission or reflection experiments to time-domain
techniques, where the probing field is resolved in amplitude and phase. Its outstanding
time resolution and relative simplicity with modern table-top laser sources has brought
significant advances to the understanding of the underlying pairing mechanism [Dal12].
Other common techniques studying ultrafast dynamics in correlated materials include
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time-resolved ARPES, where a high-energy probe pulse emits photoelectrons after previous photoexcitation of the sample [Per07, Sma12], or time-resolved electron and X-ray
diffraction [Gia16b].
Instead of studying the high-energy response at visible or NIR photon energy [Smi00]
or low energy dynamics at FIR frequencies [Ave01], it is convenient to study the SC
properties in the intermediate MIR spectral region. This frequency range is resonant
with typical energy gap values of HTSC, making it a fingerprint spectral region with
high potential to disentangle important dynamics. First measurements of Cooper pair
formation dynamics in the MIR revealed a picosecond recovery of superconductivity and
sub-picosecond dynamics of PG correlations [Kai00, Kai05] and have been confirmed by
theoretical investigations [Unt08]. Even though a comprehensive model of the microscopic
processes remains elusive, it is widely accepted that typical recovery times increase from
few 100 fs in the normal state to  1 ps in the SC state when cooling below ΘC . This
sudden increase is related to a bottleneck process, in which excitations across the gap are
trapped due to reduced scattering with gap-energy bosons [Gia16b].
With progressive development of modern laser systems, time domain techniques known
from FIR studies [Car04] can be transfered also to the MIR [Pas10]. A recent study of
ultrafast dynamics in optimally doped and underdoped Bi2212 thin films by L. Perfetti
and coworkers [Per15] presents a thorough investigation of transient MIR conductivity
changes upon ultrafast NIR excitation, and identifies the scaling behavior of the critical
region associated with SC fluctuations and the PG phase. The authors reveal and model a
characteristic relaxation time as a function of temperature, which identifies three distinct
phases matching the phase diagram in Figure 6.1. These results will be picked up in
the discussion of measurements in Section 6.3. More generally, ultrafast dynamics at low
temperature and in a low perturbation regime can be described by the Rothwarf-Taylor
[Rot67] or a two-temperature model [Sob00] describing the QP population with a set
of rate equations. Both models capture the bottleneck responsible for dramatic change
of carrier dynamics across the SC phase transition [Gia16b]. At high excitation pulse
fluence above 70 µJ/cm2 a fast electronic response inflicts with the CP reformation, and
introduces a discontinuity to the optical response [Gia09]. In addition to the relaxation
dynamics, important information can also be drawn from a characteristic build-up time
of the transient signal, i.e. the rise of signal upon impulsive photoexcitation [Zha16].

6.1.3. Coherent nonequilibrium dynamics at low energy
Traditional approaches to modeling the ultrafast behavior of superconductors rely on two
major theories. The phenomenological Ginzburg-Landau approach reduces the observed
dynamics to a single order parameter of the system describing a local equilibrium (stationary superconductor). Boltzmann equations go beyond this and capture transport in a
nonequilibrium system, but remain limited to slow variations of the distribution function.
Many variations and additional models have been developed since, but none of them captures coherent dynamics in the nonadiabatic excitation regime, which has recently become

83

Chapter 6. Coherent low-energy dynamics in Bi2212 thin films
accessible with ultrafast laser sources [Kop01]. T. Papenkort and coworkers introduced
a formalism to distinguish adiabatic and nonadiabatic regimes in BCS superconductors
with optical pump-probe experiments [Pap07]. By using a scheme of two phase-locked
resonant pump pulses, the coherent oscillations of the order parameter, i.e. the SC gap,
can be controlled [Pap08, Udi19].
With respect to HTSCs, the occurrence of coherent phenomena has been identified at
various locations in the phase diagram. Most notably charge order and charge density
wave states have been found along with a regime of coherent SC fluctuations near the
transition temperature ΘC [Vis18]. Coherent dynamics also gain particular relevance when
it comes to the PG phase, where little is known about the fundamental mechanisms [Var10,
Li10]. Today it is widely accepted that pairing occurs beyond the macroscopic appearance
of superconductivity, and other than in conventional superconductors energy gap and
phase coherence do not occur simultaneously in HTSCs [Mad14]. This violation of the
independent-electron approximation in strongly correlated electron materials hereby leads
to the appearance of low energy quasi-particles at the expense of high-energy electronic
states [Gia16a]. Different approaches to control coherent excitations in HTSCs have lead
to the observation of photoinduced superconductivity by MIR fields [Cav18].
A recent study by K. Katsumi and coworkers identified Higgs modes in the unconventional d-wave superconductor Bi2212. In their work, an intense single-cycle THz (FIR)
pulse creates a nonadiabatic QP population at energies near the SC gap and triggers coherent oscillations of the NIR interband response [Kat18]. This method exploits a third-order
nonlinear signal (THz Kerr effect), which can be related to the d-wave symmetry. In a
broader context, this Higgs spectroscopy approach allows to distinguish the symmetry of
the superconducting ground state [Sch20]. Photoinduced phase coherence in Bi2212 was
also observed by F. Giusti and coworkers, revealing d-wave symmetry of superconducting fluctuations above ΘC with polarization control of the incident MIR field [Giu19].
All these works emphasize the importance of coherent control exerted by ultrashort light
pluses to develop an improved understanding of the fundamental pairing mechanism in
cuprates and other strongly correlated electron materials. In this context, multidimensional coherent spectroscopy is a promising tool to directly access the decoherence time
of QP excitations [Gia16a].

6.2. Equilibrium properties of Bi2212 thin films
Optical experiments allow to track the dielectric function of the materials in energy and
time. Typically, this stems from transient dynamics of reflectance or transmission. With
the thin-film model introduced in Chapter 4, dynamic changes of transmission can be
directly related to the dielectric function of the material. In case of a superconductor it
is convenient to look at the optical conductivity σ(ω) = σ1 + iσ2 = −iω0 (ε(ω) − 1). Its
real part σ1 mostly resembles absorption of the material and highlights the presence of
the superconducting gap. To conceptually understand the spectral dependence of optical
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Figure 6.3. Equilibrium properties of bulk Bi2212. (a) Normalized real conductivity of a BCS superconductor according to the Mattis-Bardeen model [Dre13]. Colors
indicate relative temperatures with respect to ΘC , and the frequency axis is scaled
in units of the gap frequency νgap = 2∆/h. (b) Phenomenological model of real
conductivity of Bi2212 according to reference [Per15] and adapted to measurements
with the thin film sample. The approximate position of the SC gap is marked by a
dashed line. (c) Microscope image of the thin-film sample investigated in this work.
Layer thickness varies between 50 nm (B) and 120 nm (D) [Dec19].

conductivity, Figure 6.3(a) shows the equilibrium conductivity of a BCS superconductor
at different relative temperatures below ΘC according to the Mattis-Bardeen equation
[Mat58, Dre13]. The low temperature conductivity is normalized with respect to conductance in the normal state σn . For a universal representation the frequency (energy) axis
is scaled in units of the SC gap 2∆. In the SC state (Θ < ΘC ), σ1 is reduced with respect
to normal (metallic) conductance. The relative difference ∆σ = σn − σ1 increases with
lower temperature, and becomes largest inside the SC gap, i.e. for hν/2∆ < 1. Above
the SC gap and especially for hν/2∆ > 3 or at elevated temperatures (Θ & 0.5ΘC ), a
reduction of conductivity remains notable but the spectral transition washes out. The
spectral weight of conductivity in the SC state is transfered to a narrow (delta) peak at
zero frequency (not shown).
A comprehensive study of the in-plane equilibrium conductivity of Bi2212 and close
compounds is given in references [Mar03, SS04]. This work adapts a phenomenological
model based on results from L. Perfetti et al. [Per15], which is matched with linear absorption measurements of the sample used in this work. This approximation assumes linear
spectral dependence of conductivity in the vicinity of the SC gap, i.e. near hν/2∆ = 1
(Figure 6.3b) [Dec19]. Details of this model are elaborated in Appendix A.6. Other than
for a BCS superconductor, equilibrium conductivity of Bi2212 varies also for temperatures
greater than ΘC , which is associated with a transition regime of SC fluctuations or the PG
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phase. To understand the ultrafast optical response and allow its correct determination
in following sections, it is important to benchmark the transient nonequilibrium state to
these properties at thermal equilibrium.
The thin-film sample used in this work was mechanically exfoliated from a bulk crystal
and transfered to a diamond substrate in a modified standard procedure [Hua15, Dec19].
A commercially available Bi2 Sr2 CaCu2 O8+x (Bi2212) single crystal with optimal doping
from 2D Semiconductors 1 was used as base material. The critical temperature for superconductivity is ΘC ≈ 95 K. Polycrystalline diamond substrates are (200 ± 10) µm thick
and optically polished on both sides. Exposure to ambient atmosphere during exfoliation
is reduced to below 30 minutes, before and after the sample is stored in vacuum or nitrogen
atmosphere to avoid any oxidation processes. A microscope image of sample S3 is shown
in Figure 6.3(c). It shows large homogeneous areas of constant thickness, some of which
are labeled as measurement spots. The thickness is estimated via gray scale comparison with other samples, which were measured with a contact profilometer [Dec19]. This
measurement was explicitly not performed with sample S3 to minimize oxygen exposure
and to avoid potential sample damage. Black areas are thicker flakes, which are optically
thick at visible and MIR frequencies.
The polarization of MIR fields with respect to the sample is indicated in the figure,
however, in its current configuration the setup does not allow polarization dependent
measurements and the orientation of in-plane crystal axes cannot be determined. A
slight anisotropy of in-plane optical properties compliant with the orthorhombic crystal
of Bi2212 exists, but remains negligible for all-optical measurements presented in the
following [Qui99]. Lowest sample temperatures achieved in the experiment are approximately 20 K and far below the SC transition temperature ΘC . Throughout measurements,
the MIR spectrum is chosen to reduce ambient absorption by CO2 molecules at 20 THz
and still efficiently excite the SC condensate. A sample thickness in the range of 50 nm
(S3-B) to 120 nm (S3-D) yields good signal strength for MIR and two-color measurements
respectively. Infrared active lattice resonances in Bi2212 are mostly off-resonant with relevant MIR spectra in this work and do not inflict with the observed carrier dynamics
[Tu02b, Tu02a].

6.3. Ultrafast low-energy dynamics induced by
high-energy excitation of the superconducting
condensate
To understand, show, and benchmark the SC properties of the Bi2212 thin film sample, its optical response in the MIR is measured with the two-color pump-probe system
introduced in Chapter 4. As discussed in previous sections, ultrafast high-energy visi1

2D Semiconductors, 3260 N. Hayden Rd., Suite 210-380, Scottsdale, AZ 85251, USA
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Figure 6.4. Dynamic change of real conductivity in 120 nm-thick Bi2212 induced
by high-energy excitation with a fluence of Φ = 27 µJ/cm2 . ∆σ1 is color coded as
a function of delay time and MIR frequency. Different panels (a-d) show the same
measurement at different sample temperature as indicated. A black line in (a) marks
the mid value of the spectral profile for each time step.
ble excitation breaks CPs and creates a transient metallic state, in which excited QPs
enable absorption also at frequencies below the SC gap νgap = 2∆/h. The high excess
energy (EVIS  2∆) of resulting QPs triggers avalanche carrier multiplication, such that
the effective carrier density in this experiment is much higher than anticipated by the
number of absorbed photons [Li14]. Amplitude and phase-resolved tracking of changes
to the dielectric function near the high-energy edge of the SC gap in the MIR reveals the
ultrafast recovery of the SC state. Figure 6.4 shows the pump-induced differential change
of conductivity ∆σ1 color coded as a function of MIR frequency and pump-probe delay
(waiting time). Panels (a-d) correspond to different sample temperatures. A solid line in
panel (a) marks the mid value of spectral (vertical) profiles, which is constant at 22.5 THz.
The excitation pulse fluence in all measurements is Φ = 27 µJ/cm2 , which is in the linear
regime of excitation without depleting the SC condensate [Smi00, Gia09, Mäh11].
The transient change of conductivity is purely positive, and its step function spectral
profile is a clear indication to the existence of a SC gap at νg = 2∆/h. To a first approximation the mid value line marked in (a) resembles this gap frequency. Typical values
found in the literature range from 19 to 22 THz (∆ = 40 to 45 meV) [Bas05], depending on
sample purity and doping level. The differential change of conductivity approaches zero
towards high frequency and is strongest deep inside the SC gap region, i.e. below approximately 20 THz. With increasing temperature, the differential signal amplitude decreases
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(scaling of color bars) and the sharpness of the spectral transition from low to high amplitude washes out. Qualitatively, a redshift of the gap value with respect to the mid value of
∆σ1 and the smoothened spectral transition at higher temperature is in accordance with
the Mattis-Bardeen model of a conventional superconductor presented in Figure 6.3(a).
For temperatures larger than the superconducting phase transition Θ > ΘC ≈ 95 K, where
macroscopic superconductivity is lost, a fast QP response remains. The spectral signature at Θ = 120 K still exhibits an increased amplitude at lower frequency, which is likely
related to pairing in the PG phase for temperatures below Θ∗ ≈ 135 K in accordance with
results found in reference [Per15].
The temporal evolution of transient conductivity at specific frequency (energy) is further
analyzed by a two-step fitting process. At first, a biexponential relaxation is fitted to the
data at positive delay where amplitude has fallen to 90 % of its maximum value. In a
second step, the resulting parameters are used as starting values for a comprehensive
model, already introduced in Section 4.4:








1
T − T0
T − T0
(T − T0 ) 
q
∆σ1 (T ) = · erf 
+ 1 · A1 · exp −
+ A2 · exp −
2
τ1
τ2
τbu / 4 · ln(2)










.

(6.3.1)
Figure 6.5(a) shows selected horizontal profiles from the data in Figure 6.4(a) emphasizing
the accuracy of the fit model (red curves) on a semi-logarithmic scale. Panels (b) and (c)
show the spectral dependence of fit parameters τ1 and τ2 with corresponding amplitudes.
The approximate frequency of the SC gap vg = 2∆/h ≈ 22 THz (91 meV) is indicated by
dashed lines as a guide to the eye. Signal buildup time τbu is approximately 100 fs at all
frequencies, and above the temporal resolution2 of the experiment. A delayed increase
of the transient signal in the SC state on the order of 40-100 fs [Gia16b] captures the
QP excitation via avalanche multiplication as well as an enduring interaction of broken
CPs. Especially at low excitation fluences a significant increase of buildup time has been
observed and attributed to residual paring of excited QPs [Zha16].
Spectral dynamics can be associated to three different regimes labeled in Figure 6.5(b)
and (c). For frequencies inside the SC gap (ν < 22 THz, regime I), relaxation dynamics
are independent of frequency: τ1 = (2.7 ± 0.2) ps captures the reformation of CPs from
QPs, and τ2 = (30 ± 10) ps describes subsequent cooling of the lattice. Both values found
here agree with published literature [Per15, Cor11, Liu08, Cos11, Gia09, Tod11]. In the
transition regime (II) between 22 THz and 26 THz, both relaxation times decrease along
with a significant reduction of amplitude (red curves in panels b and c). The mid value of
this fit amplitude identifies with the SC gap at νg ≈ 22 THz. At high frequencies larger
than 26 THz (108 meV), the relaxation dynamics become effectively monoexponential as
error bars (shaded area) of τ2 diverge and the associated amplitude becomes very low.
2

The overlap correction of MIR field cycles according to Appendix C.4 reduces the temporal resolution
to below 20 fs. Details of this method are also discussed throughout Chapter 4.
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Figure 6.5. (a) Temporal evolution of the dynamic change of conductivity at
low temperature Θ < 20 K and selected detection frequencies νt extracted from
Figure 6.4(a). Red curves correspond to a fit model as discussed in the text. Panels
(b) and (c) show the spectral dependence of fit parameters, where circles represent
exponential relaxation time and diamonds the corresponding amplitude. Dashed
lines at 22 THz (91 meV) and 26 THz (108 meV) separate three spectral regimes
(I-III). Shaded areas denote the 95 % confidence interval of fit parameters.
In this third regime (III), τ1 settles to a constant value on the order of (1.5 ± 0.2) ps describing the thermalization of excited QPs. Since the overall signal in this regime is weak
(see also Figure 6.4a), the error bars are relatively large and the bandwidth of the MIR
probe is insufficient to judge whether τ1 remains constant beyond 30 THz. In this high
frequency regime, probe photons have an energy large enough to independently break
CPs, hence probing the QP response instead of the SC state. At low excitation fluence
of the experiment (Φ = 27 µJ/cm in free space) the SC condensate is not depleted by
the pump pulse and QP densities remain low, such that ∆σ1 is small in this regime. On
the opposite side of the spectrum, below 16 THz, the spectral intensity of the MIR probe
becomes very low such that error bars (shaded area) of all fit parameters diverge despite
a large relative signal.
In addition to their spectral energy dependence, the relaxation dynamics are investigated as a function of temperature Θ and excitation pulse fluence Φ. Figure 6.6 shows
the dependence of CP reformation time τ1 and corresponding fit amplitude A1 as a function of both parameters at fixed sampling frequency of 18 THz inside the SC gap. Up
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Figure 6.6. Dependence of Cooper pair (CP) reformation dynamics on sample
temperature (a) and excitation fluence (b). Both panels show the time constant τ1
(blue) and corresponding amplitude (red) on left and right axes respectively fitted at
fixed sampling frequency νt = 18 THz. Excitation fluence is measured in free space
before the sample. Open circle data points in (b) mark an independent measurement
at sample spot S3-B for comparison.
to temperatures of 80 K τ1 remains constant while the amplitude decreases by more than
half. Towards 90 K and the transition temperature of superconductivity ΘC , the relaxation time drops significantly and settles at a few 100 fs. This sudden increase of the
relaxation rate γ = 1/τ1 is characteristic to carrier dynamics in a quasi-metallic state of
the material, thus confirming a SC transition temperature around 90 K of the investigated
sample. Dynamics above 80 K are dominated by fluctuating superconductivity and the
PG phase. L. Perfetti and coworkers showed that the full metallic state of the material
will be reached at higher temperatures Θ > Θ∗ ≈ 135 K. Between ΘC and Θ∗ the CP
reformation obeys a characteristic scaling behavior [Per15].
The spectral dependence of τ1 at higher temperatures and in the measurements here
reveals an increased bandwidth of the transition regime II, which can be seen in panels
(b-d) of Figure 6.4. Hereby, regime III shifts towards higher frequency beyond the spectral sensitivity of this experiment. Temperature dynamics of τ1 at frequencies > 20 THz
indicate a similar drop (Figure 6.6a) above the transition temperature, however the dynamics below are synchronously influenced by the broadening of regime II. For a more
detailed investigation one has to clearly define the spectral regimes at all temperatures
and compare time constants at respective frequencies.
Panel (b) of Figure 6.6 shows the dependence of CP reformation time τ1 on excitation
pulse fluence. Different symbols show two independent measurements at different spots
of the sample: S3-B (50 nm, open circles) and S3-C (120 nm, triangles). The amplitude
scales linearly below approximately 60 µJ/cm2 and transitions into a sub-linear regime
above (dashed line). In previous studies this transition was identified as a ’vaporization
threshold’ of the superconducting condensate [Kus08], meaning that a significant portion
of CPs are depleted and the photoinduced response begins to saturate. In the linear
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regime τ1 decreases strongly and settles at 2.5 ps above 25 µJ/cm2 . At high detection
frequency above 26 THz (regime III), τ1 is constant as a function of excitation intensity
and shows no increase at low fluence. The fact that dynamics of τ1 are identical at both
sample spots indicates high stability of the measurement and the applied fitting algorithm. A difference in amplitude scaling between measurements of different sample spots
is related to the thin-film thickness.
With respect to the literature, a key feature of the results presented here is the broadband spectral resolution enabling a clear distinction of spectral regimes as well as the
accurate determination of QP relaxation time below and above the SC gap. Similar spectral dynamics of the MIR transient response from the cuprate superconductor YBCO were
observed by A. Pashkin [Pas10] and coworkers in two-color NIR pump and MIR probe
reflectivity measurements. In addition to the in-plane dynamics they also find a characteristic out-of-plane (c-axis) signature. Due to the layered crystal structure this orientation
cannot be easily accessed in Bi2212. As a follow up to the YBCO experiment, similar
measurements were also performed on a thin film Bi2212 sample, but preliminary results
remained unpublished in scientific journals [Mäh11, Gru12]. These measurements confirm a similar fluence dependence with sub-linear scaling above 100 µJ/cm2 , a comparable
spectral profile of transient conductivity, and identical temporal relaxation of photoexcited QPs as a function of temperature and fluence as found here. All measurements in
this work show that τ1 is the dominating dynamic process within the ultrafast optical
response of a superconductors revealing precise information of the condensate behavior.
No indication or disturbance of the phonon resonance near 18.4 THz (76 meV) [Tu02b] can
be seen in the data. The consistency with previous studies as well as the clear definition
of spectral regimes in the response of photoexcited QPs here is an important contribution
to the MIR dynamics studied in the following section.

6.4. Coherent multidimensional spectroscopy at the
superconducting gap
Mid-infrared (MIR) spectroscopy of thin-film Bi2212 uses the experimental technique
presented in Chapter 5. In fact, the driving MIR field is identical to the one presented
in Figure 5.2, and the InSb data was taken in the same series of measurements. The
central frequency of MIR pulses at 22 THz (91 meV) is also resonant to the high-energy
edge of the SC gap in Bi2212 enabling efficient excitation of QPs as well as a large
transient response. Nevertheless, the nonlinear signal from Bi2212 is significantly weaker
than signals obtained from InSb or graphite due to low sample thickness and reduced
carrier density. It obeys a square-law power dependence indicating that its origin is a χ(3)
nonlinear process, with comparable conceptual interpretation to the discussion on graphite
in Section 5.4. Dynamics of 2D line shape, their temporal evolution, and the dependence
on sample temperature will be discussed with respect to the results of Chapter 5.
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Figure 6.7. Time evolution of the nonlinear signal obtained from a 50 nm Bi2212
thin film (S3-B) at four characteristic waiting times T (a-d). In the upper panels,
the emitted electric field is color coded as a function of sampling and coherence time
in analogy to previous figures. Scale bar units of field are kV/cm. 2D amplitude (arbitrary units) and diagonal difference spectra (relative units) are shown in the lower
panel respectively. Measurements are conducted in the SC state at low temperature
Θ < 20 K.
Figure 6.7 shows the nonlinear signal obtained from a 50 nm Bi2212 thin film (S3-B)
at selected waiting times in columns (a-d) and at low temperature (Θ < 20 K). Upper
panels show the time domain signal in units of kV/cm, which is filtered in the spectral
domain for improved visibility at low amplitude3 . To confirm the validity of the nonlinear
signal even at very low amplitude, the same measurement is performed on a clean spot
of the diamond substrate, without finding any indication of a coherent response above
the noise level (not shown). Other sample spots with larger film thickness yield a similar
3

Instead of using a notch filter to suppress only the linear background as done in Chapter 5, the time
domain data here is extracted by a 8 THz FWHM higher order Gaussian filter at (±ν0 , ±ν0 ). See also
Appendix C.8. This does not affect the analysis of spectral data.
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Figure 6.8. 2D spectral amplitude in analogy to Figure 6.7 measured at different
waiting time (rows) and at selected temperatures (columns). Dotted lines mark
the reference frequency ν0 = 21.8 THz. All measurements were performed with
comparable MIR pulse settings. Panels (a) and (d) are identical with corresponding
spectra in Figure 6.7.
nonlinear response, however, due to lower absorption the thinner spot is favorable for
MIR measurements. Central and lower panels of the figure show spectral amplitude and
difference spectra with respect to a diagonal transposition.
Time domain profiles at early delay (a,b) show a cut-off of the nonlinear signal profile
which is related to the same conceptual aspects identified and discussed in Section 5.3.4.
As a result, the 2D line shape also shows an elliptical elongation along a rotated principal
axis (dashed line in panel a). Other than found for InSb, the spectral red shift of 2D
line shape from Bi2212 occurs along the diagonal resulting a symmetric clover leaf shaped
difference spectrum in (a). This diagonal red shift endures during the pulse overlap,
even when the elongation vanishes (a-c, T ≤ 0.5 ps). The vertical elongation in (c)
appears to be a technical feature, which also occurs with InSb (Figure A.5, Appendix).
At intermediate delays larger than the pulse overlap (d), the spectral position of the
nonlinear signal slightly blue shifts along the excitation axis and eventually approaches
the reference frequency (not shown), which was also found in previous measurements. The
resulting derivative shape signature in the difference spectrum and its relative amplitude
is strikingly similar to measurements with InSb or graphite. This reproducibility across
fundamentally different samples indicates that the emitted nonlinear signal at waiting
times larger than the pulse overlap resembles primarily a conceptual picture described by
linear diffraction from a transient population grating (Section 5.2), where the slight blue
shift in Figure 6.7(d) relates to technical feature of the experiment. Spectral narrowing
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(a) θ = 4 K
𝜏NL = (2.7 ± 0.7) ps

background

(b) θ = 70 K
𝜏NL = (2.9 ± 0.4) ps

background

(c) θ = 90 K
𝜏NL = (0.9 ± 0.5) ps
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Figure 6.9. Time evolution of the spectrally integrated nonlinear signal (blue circles) obtained at different sample temperature. Red curves show a fit model as
discussed in the text. Each panel is individually normalized to unity. The exponential relaxation time τNL obtained from the fit is shown. Gray dashed lines
indicate the relative noise level of the experiment. The FWHM bandwidth of the
instantaneous signal enhancement at T = 0 ps is fixed to σ = 0.6 ps in the model.
of the excitation bandwidth with respect to detection spectrum and the driving MIR
field can be found at all delays as a consequence of slightly extended coherence during
excitation.
At higher temperature the nonlinear signal reduces by approximately one order of magnitude, when approaching the fluctuation regime (PG phase) above ΘC . Otherwise, and
from a conceptual point of view, the 2D signal at higher temperatures is identical. Sensitivity of the experiment in its current configuration is insufficient to resolve the nonlinear
signal at temperatures above ΘC , where the signal amplitude decreases to below 100 V/cm
and alignment becomes extremely difficult. Figure 6.8 shows the 2D spectral amplitude at
two characteristic waiting times (rows) and for different sample temperature (columns).
With increasing temperature the amplitude reduces, however to the accuracy of the measurements no significant changes of 2D line shape occur. The diagonal redshift and line
shape ellipticity at short delay (T < 0.5 ps) as well as the slight blue shift at larger delay
(T = 1 ps) remain independent of temperature.
Interesting dynamics arise when plotting the spectrally integrated nonlinear signal as a
function of waiting time for different temperatures (Figure 6.9). The temporal evolution
of the nonlinear signal can be modeled with a combination of Gaussian-shape enhancement at the overlap multiplied with an exponential roll-off, as already introduced and
discussed in Section 5.4 (red curves). To increase the stability of the fit, the FWHM
duration of the instantaneous signal enhancement is kept fixed at σ = 0.6 ps matching
the autocorrelation width of MIR pulses, and the background level is retrieved from the
2D spectral amplitude noise floor. The values of exponential relaxation time found here
perfectly agree with τ1 values as determined by two-color measurements in the previous
section (Figure 6.6). Near the transition temperature (Θ = 90 K, panel c), i.e. near the
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Figure 6.10. Power and temperature dependence of the spectrally integrated nonlinear signal from Bi2212 (sample S3-D) at T = 0 ps. (a) Quadratic power scaling
of background-free nonlinear signal intensity is found with respect to the input MIR
intensity. Data points include two independent measurement series at excitation frequencies ν0 = 22 THz and ν0 = 25 THz. (b) Normalized amplitude of the nonlinear
(NL) signal as a function of temperature. ΘC = 95 K is the transition temperature
of the SC state. The comparison of measurements with different temperature is subject to large errors, because the sample position needs realigned upon temperature
changes.
fluctuation regime, the relaxation time τNL reduces as a consequence of the bottleneck
opening as discussed before. In addition, a higher relaxation rate of the QP population
and increased carrier mobility at elevated temperature both reduce the lifetime of the
transient laser grating, which is responsible for nonlinear signal emission at large waiting
times. The sensitivity of the experiment and the range of investigated delays are insufficient to identify biexponential dynamics as found in Figure 6.5. Amplitude changes of the
coherent nonlinear signal measured in this three-pulse configuration are less sensitive to
such a thermal signature and therefore dominantly show the fast relaxation. Other than in
conventional time-domain spectroscopy, a nonlinear signal as measured in this experiment
may contain valuable information about the many-body interaction of carriers without
disturbing influence of dielectric changes or a strong thermal background. In particular,
the strong gradient electric field imposed by the overlap of MIR pulses has potential to
reveal new insights to coherent dynamics while coupling to higher order excitations.
Quadratic power scaling of the nonlinear signal at T = 0 ps is confirmed in Figure 6.10(a). This power dependence was measured at low temperature (Θ < 20 K),
and remains unchanged also for different excitation frequencies (data points are combined
from measurements at ν0 = 22 THz and ν0 = 25 THz). The nonlinear signal thus results from a resonant four-wave mixing process as discussed for graphite in Section 5.4
and Figure 5.14(c). Maximum MIR pulse fluences in the experiment are 65 µJ/cm2 with
corresponding peak field amplitudes on the order of a few 100 kV/cm (Table B.1). In
comparison with Figure 6.6, this is still in a linear regime of excitation, and the MIR
power dependence here does not indicate saturation. MIR photon energy is just large
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enough to break CPs (EMIR ≈ 2∆) and leaves no or little excess energy to resulting QPs.
In contrast, the photon energy used in two-color experiments is 25 times larger, however,
due to avalanche multiplication similar QP densities can be achieved in both experiments
despite fundamentally different photon numbers.
Figure 6.10(b) shows the temperature dependence of the spectrally integrated nonlinear
signal at T = 0 ps on a logarithmic scale. The average background noise level is indicated
by a gray dashed line. Near the transition temperature ΘC , the nonlinear amplitude
quickly decreases, and the signal at temperatures larger than 90 K is detectable just
above the noise floor. A precise analysis of 2D line shape at temperatures above ΘC or
measurements of its temporal evolution are not feasible with the current sensitivity of
the setup. After all, the temperature dependence of the nonlinear signal seems to be
comparable with Figure 6.6(a) and deviations lie within the margin of error. Because the
sample position shifts with temperature changes of the cold finger cryostat, the comparison
of independent measurements at different temperature is subject to large alignment errors.
The encircled data point in Figure 6.10 does not obey the expected trend, and is likely
underestimated as a result of imperfect alignment. Especially at low amplitude, the
relative scattering contribution to the nonlinear signal is large and can only be effectively
filtered in a complete scan of the pump pulse coherence. In addition, the nonlinear
power scaling strongly amplifies any alignment errors such that quantitative and detailed
temperature series are difficult to obtain. The nonlinear amplitude from low temperature
to the PG state (Θ > ΘC ) reduces by a factor of five and approximately one order of
magnitude from low temperature to the metallic state (Θ > Θ∗ ), which is below the noise
level in current experiments. Larger signal and higher sensitivity can be obtained with
higher MIR fields, however a simple increase of pulse energy would quickly lead beyond the
linear regime of excitation. Shorter pulses at similar pulse energy could solve this issue,
but increase the stability requirements for the setup and are potentially disadvantageous
because of a reduced duration of coherent pulse overlap.

6.5. Conclusion and outlook
This chapter presents a systematic study of ultrafast nonequilibrium dynamics in the
high-temperature superconductor (HTSC) Bi2212 near the high-energy edge of the superconducting (SC) gap. An exfoliated thin-film sample enables highly sensitive transmission experiments while retaining the bulk material properties. Two-color pump-probe
measurements test and benchmark the sample for its SC behavior. The results match
previous experiments from the literature [Per15], and contribute additional information
with spectral resolution. This clearly identifies the onset of the SC gap and allows to
distinguish ultrafast quasiparticle (QP) dynamics in three energy regimes. Inside the SC
gap, the fast relaxation time τ1 captures the reformation of superconductivity when excited QPs relax to their quantum ground state. Similar to the freezing of lattice scattering
in semiconductors, trapped excitations in the superconducting state lead to a bottleneck
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responsible for a sudden increase of the relaxation time below ΘC [Gia16b]. At higher
frequency, the electronic response is much faster and related to the thermalization of
excited QPs.
In a second experiment, multidimensional coherent spectroscopy resonant to the SC
gap reveals a third order nonlinear signal emitted from the coherent interaction of three
resonant pulses and presents a new approach to study coherent phenomena in strongly
correlated electron systems. Despite the different geometry and energetic configuration,
the temporal evolution and temperature dependence of both experiments are strikingly
similar. To first order, the nonlinear relaxation time τNL describes the lifetime of excited
carriers responsible for a transient grating, and matches the CP reformation dynamics
found in pump-probe experiments. These preliminary measurements show that higherorder multidimensional spectroscopy is less sensitive to transient thermal dynamics of the
dielectric function, which can be beneficial to distinguish coherent dynamics from thermal
background.
Multidimensional spectroscopy in combination with noncollinear pulse geometry brings
a powerful optical method to HTSCs. Near the pulse overlap, the interaction of MIR
pulses tracks coherent carrier dynamics and further development of the analysis with
sophisticated theoretical methods can in principle directly access the dephasing of offdiagonal spectral features. In the data, interesting aspects arise by looking at shifts and
distortions of the 2D line shape. Most notably, a diagonal redshift from the spectral center
of MIR pulses hints towards the energetic position of the QP resonance or a ’gap renormalization’. With an improved general and theoretical understanding, future analysis can
target the temporal evolution of single points in the 2D spectrum and exploit the complete amplitude and phase information of the signal. The current spectral bandwidth of
multi-cycle MIR pulses is however insufficient to identify the features of broad resonances.
Other than in experiments with pump-probe geometry, where the signal is superimposed
on the probe pulse, 2D spectra from noncollinear geometry carry the emitted nonlinear
signal only. All other pulses are spatially blocked from detection. A normalization of
the nonlinear signal by the profile of driving pulses is not feasible because of low spectral
bandwidth. The comparison of line shape differences along principal axes highlights the
aspects found in 2D spectra in simple way. Measurements at several temperatures inside
the SC phase show no dynamics of 2D line shape. In the current configuration, sensitivity
is insufficient to measure at elevated sample temperature in the PG or normal phase.
Redshifting the MIR pulse spectrum in future measurements requires extensive nitrogen
purging to avoid ambient absorption, but might clarify the origin of spectral shifts. With
respect to the discussion in Section 5.5 and the current scanning configuration of the
experiment, technical improvements in future experiments will benefit and advance the
current interpretation.
Both experimental investigations of Bi2212 are performed in a low-perturbation regime,
where power scaling is linear with respect to the order of nonlinearity. The higher repetition rate (50 kHz) of the laser system and improved measurement geometry employed in
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this work show significant advances in comparison to previous attempts [Mäh11, Gru12]
that struggled with sensitivity and were unable to resolve clear four-wave-mixing signal
after all. To the author’s knowledge this work shows the first solid experimental implementation of multidimensional spectroscopy with a HTSC in the mid infrared. Higher
pulse energies beyond the low perturbation regime, where a depletion of the SC condensate is achieved, can yield even larger signals and potentially reveal interesting differences
to the dynamics discussed here [Gia09]. In the course of experiments, strongly off-diagonal
multidimensional measurements with a phase-locked sequence of visible pump pulses and
mid infrared readout, as introduced in Chapter 4, were also performed but did not reveal
a significant dependence on excitation frequency using the Bi2212 sample. However, this
approach to off-diagonal correlation spectroscopy is highly interesting for other HTSC
samples, where high-energy charge transfer excitation in the 1.5 to 3 eV range couple
to the MIR fingerprint region of superconductivity [Gia16a]. In addition, the advanced
sensitivity of the experimental setup paves the way towards an investigation of HTSCs
also at their two-dimensional crystal limit. Bi2212 with its layered structure that allows
simple mechanical exfoliation is a prime example for this direction, and its superconducting properties in the few-layer limit are mostly unexplored. A recent report by Y. Yu
and coworkers [Yu19] shows no dimensionality effect in monolayer Bi2212 compared to
the bulk, contradicting once again established findings of conventional superconductivity
[Hav89, Qin09], and making future studies even more exciting.
In future experiments, a modified noncollinear experimental approach in combination
with improved data collection and experimental methodology may also detect higher-order
nonlinear signals emitted in other spatial directions. At the end of the previous chapter,
this concept was already discussed for the semiconductor InSb, where the nonlinearity
imposed by two-photon absorption leads to a transient population grating with a cos4
modulation. A finite wave vector and limited coherence length enable dipolar coupling
of CPs and linear absorption in a superconductor, however, the intrinsic nature of CP
coupling is related to higher-order origin. The mechanism behind the ’dirty limit’, where
the coherence length is shorter then the spatial extend of CPs, is part of ongoing investigation. A high gradient electric field of nonlinear gap-resonant experiments might lead to
efficient emission of nonlinear signals according to wave mixing processes beyond the χ(3)
limit also in superconductors. These questions are hypothetical today, however, the application of multidimensional coherent spectroscopy to HTSCs is widely unexplored and
offers exciting pathways to future experiments [Gia16a]. The bosonic glue responsible for
pairing in HTSCs remains unknown to date. With a few decades of research already dedicated to this question it is unlikely that the answer will come from a single experiment.
The complexity of the phase diagram presented at the beginning of this section is just
an indication that many more questions will have to be answered by future experimental
and theoretical investigation.
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Concluding remarks
Experiments presented throughout this thesis guide a novel approach to ultrafast multidimensional spectroscopy of condensed matter materials. The general goal is to explore
the capabilities of field-resolved 2D spectroscopy and to apply this method to strongly
correlated materials. A special emphasis lies on the correlation of high- and low-energy
phenomena as well as coherent dynamics at mid-infrared frequencies, which are an important fingerprint region of collective many-body interactions. Aside of demonstrating
the method, the experiments reveal interesting dynamics in technologically important
semiconductors and superconducting thin films. The presented results set the foundation for future experiments and theoretical investigation. Strongly off-diagonal spectral
configurations in the experiment access the correlation of fundamentally different energy
regimes. This approach targets the interplay between electronic resonances, such as excitons or interband transitions, and collective phenomena from complex refractive index
to superconductivity.
High sensitivity of the experiments results from a compromise between repetition rate
and laser pulse energy. Multi-kHz pulse trains allow much better statistics compared to
typical 1 kHz systems, while the pulse energies remain large enough to efficiently drive
nonlinear processes [Gru18]. Broadband pulses from visible to mid-infrared frequencies
can be tuned resonant with intrinsic material resonances. In combination, this allows to
study thin-film or small size samples in a perturbative regime with moderate field strength
[Tru15, Bud19b], and opens the door to many functional and highly interesting material
classes. This includes 2D materials [Gen18], metallic systems with high absorption and
superconductors [Per15], nanostructures [Fis18b] and engineered metamaterials [Kut20b].
Chapters 2 and 3 investigate the ultrafast carrier dynamics in the bulk semiconductors
germanium and gallium selenide by means of near-infrared and visible transient absorption spectroscopy. Both chapters are self-consistent and the discussion on proceeding
theoretical or experimental investigation can be found in their respective conclusion. The
following remarks focus on the experimental techniques and material systems presented
in Chapters 4, 5, and 6, where open questions and exciting new ideas remain. In all three
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chapters field-sensitive detection of mid-infrared signals provides access to amplitude and
phase of coherent signals. The use of multi-pulse excitation either in the visible or mid
infrared is a novel addition to this transient time-domain spectroscopy technique. In this
framework, experiments combining the investigation of indium antimonide and the hightemperature superconductor Bi2212 turn out extremely beneficial as both fundamentally
different materials systems share a strong resonance at the same optical frequency.
To the author’s knowledge 2D spectroscopy with visible excitation and field-resolved
mid-infrared readout is a new approach to access correlations at high and low energy.
Thin-film graphite serves as a benchmark sample to explore the capabilities of the setup.
Off-diagonal 2D spectra from the semiconductor gallium selenide or Bi2212 have so far
only revealed obvious results, however, this method remains highly interesting for other
samples. The fundamental time resolution in these 2D experiments is limited by the much
longer mid-infrared field profile, such that it cannot observe sub-100 fs dynamics as for example required to monitor the excitonic behavior of gallium selenide at room temperature
(Chapter 3). With respect to superconducting materials, it will be interesting to direct
this configuration of 2D spectroscopy at charge transfer and exciton resonances of transition metal oxides or other high-temperature superconductors [Gia16a]. Here, a strongly
off-diagonal approach can directly access the influence of these high-energy excitations
to the superconducting behavior. With blueshifted excitation spectra, exciton-phonon or
exciton-plasmon correlations in II-IV semiconductors such as zinc selenide or zinc oxide
also come in reach of future experiments.
Transient time-domain spectroscopy in a two-pulse pump-probe configuration remains
an important platform to develop a general understanding of the material and to precisely
calibrate samples. The information gained on Cooper pair and quasiparticle dynamics in
Bi2212 thin films is exciting and encouraging already without the 2D approach. L. Perfetti
and coworkers [Per15] showed how the fast temporal relaxation is linked to a fundamental
scaling behavior in the transition regime between the superconducting gap and the pseudogap of the material. Important aspects of the pseudogap phase with the occurrence
of superconducting fluctuations and the potential coexistence of multiple gaps remain
elusive today. The additional information provided by broadband spectral resolution and
high sensitivity in this work benefits the understanding and potential modeling of ultrafast dynamics resonant to the high-energy edge of the superconducting gap. In future
experiments, a high-resolution temperature grid around both phase transitions, and the
comparison of samples with different oxygen doping will be interesting to compare. In addition, it will be fascinating to explore these dynamics with 2D spatial confinement of few
atomic layers. Due to its layered structure and simple exfoliation techniques, Bi2212 is a
convenient sample for this kind of transmission experiments. High-quality thin-film samples of other materials require sophisticated and complicated growth techniques, which
unfortunately strongly limits their availability.
The experimental concept of field-resolved 2D spectroscopy in the mid infrared is not
completely new, yet it is a widely unexplored method to investigate coherent dynamics of
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condensed matter materials. In the presented experiment, background-free detection of
nonlinear signals is enabled by the noncollinear beam geometry. This spatial selection replaces the frequency filter applied in post-processing of collinear experiments [Kue09]. The
dominant signal contribution in the current geometry results from a transient population
grating induced by the spatial interference of pump pulses. In the investigated semiconductor indium antimonide this leads to strong nonresonant probe pulse diffraction, where
a reciprocal lattice vector of this transient grating contributes to phase matching and
permits excitation via two-photon absorption. From a standpoint of molecular dynamics,
multidimensional experiments provide access to population decay, spectral diffusion, and
homogeneous or inhomogeneous broadening. The detailed investigation of spectral line
shape presented along Chapter 5 marks an important step towards a better understanding
of how these aspects must be treated and understood with respect to solid state materials. Future experiments and analysis with suitable phasing and scanning procedures
will unfold the full capabilities of two-dimensional studies and relate the 2D line shape
to dynamics in bulk semiconductors, metals, and strongly correlated materials, where the
optical response must be linked to many-body interaction rather than ensembles of twolevel systems [Cun08]. In other words, the second quantization and a many-body wave
function form the basis for a comprehensive model of these complex materials.
Exciting questions and implications for future experiments lie at hand. Some of the
most prevalent and intriguing ideas are summarized in the following.
• Mid-infrared 2D experiments with broadband or non-degenerate pulse energies can
identify slightly off-diagonal correlations and spectral shifts [Kue09] required for a
better understanding of the transient dynamics. In addition, the emission and detection of harmonics of the fundamental signal offers an interesting pathway to access
high-order nonlinear signals. The noncollinear pulse geometry allows to clearly distinguish different contributions.
• The implications of continuous absorption bands and extremely short dephasing
times in semiconductors and metals to the interpretation of multidimensional spectra are complicated. Hereby, the effect of local fields, renormalization, and (strong)
coupling must be taken into account [Cun08]. In addition to ongoing experiments,
it is also a question for theoretical consideration to shed light on how the concept
of discrete level quantum mechanical oscillators must be transfered to many-body
effects in condensed matter systems.
• Ultrashort pulses typically have high field strength on the order of 100 kV/cm to
few MV/cm and beyond. In this region lies the transition from perturbative to
non-perturbative interaction in many materials [Jun12, Sch18]. It is a conceptual
question for the design of any experiment to stay in either regime, and trade between signal strength and controlled excitation in these highly nonlinear experiments
without generating new transient states of matter in the limit of extreme fields.
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• C. Giannetti lists a series of unsolved questions for multidimensional spectroscopy
targeting Cooper pair condensation and electronic excitations of high-temperature
superconductors [Gia16a]. This addresses the hierarchy of coherent interaction,
dynamics of the charge transfer gap, and critical fluctuations in or near the pseudogap phase. Despite the issue about growth and fabrication, other members of
the transition metal oxide family where strong electronic resonances arise should be
considered for future experiments.
• Despite decades of research, a comprehensive description of the quantum ground
state of the bosonic glue in high-temperature cuprate superconductors remains elusive today. The wave function associated with correlated electron pairs receives a
dipolar character only through a finite wave vector and limited coherence length.
The origin of this mechanism is subject to ongoing investigation. Multidimensional
spectroscopy with strong gradient electric fields has high potential to contribute
further experimental insight to these questions.
With extremely fast interaction time scales, intrinsic bulk materials impose highest requirements on the spectroscopy setup. At the same time, these experiments remain crucial
for a general understanding of physics and to push the standards of ultrafast spectroscopy.
With respect to modern technology and industrial applications, engineered materials gain
in importance and make up a significant part of the fast growing field of photonics. Metamaterials [Ben13], nanostructures [She11], plasmonic resonators [Chi16] or even quantum
dots, where relaxation time scales are often in the picosecond regime, provide an interesting platform for tracking exciton-phonon, plasmon-phonon and other fundamental coupling mechanisms by means of multidimensional spectroscopy. In addition, the emerging
field of strong coupling with hybrid states of light and matter is a playground for correlation spectroscopy in all variations and frequency ranges [Nov10, Dov18]. Commercially
available fabrication techniques and facilities around the world boost the development of
nanophotonic structures [Vam17] as well as magneto-optical devices [Tem12] and many
other systems with subwavelength confinement of light [Kut20a, Kut20b].
To conclude, steady-state measurements as well as conventional ultrafast pump-probe
spectroscopy remain important characterization techniques for new and old materials
alike. Multidimensional experiments provide an important addition to disentangle the
correlations unseen by the simpler techniques. The results of this thesis emphasize the
power of multidimensional spectroscopy to study ultrafast interactions in condensed matter materials, guiding this technique towards a prosperous, meaningful and exciting future.
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Figure A.1. Excitation and detection spectra used in the experiments with GaSe.
Left axis (blue, green): Normalized spectral intensity of excitation and detection
pulses, obtained with a visible noncollinear optical parametric amplifier (NOPA)
and supercontinuum generation in a 2 mm YAG crystal respectively. The detection
pulse spectrum (green) is modulated by Fabry-Perot reflections upon transmission
through the GaSe sample. Right axis (red): Linear absorption spectrum of bulk
GaSe at room temperature (294 K) [Bud19b].

A.2. 2D spectra from bulk GaSe at reduced fluence
Figures A.2 and A.3 show the 2D correlation spectra and cuts at selected pump frequencies for a measurement on GaSe at reduced excitation fluence (0.6 mJ/cm2 ) as discussed
in Chapter 3. The sample thickness is 3.3 µm and the value of the 2D spectra is linearly

Appendix A. Supplementary data
scaled to a unit thickness of 1 µm to improve comparability with previous data. Scanning parameters of the pump pulse coherence and hence the numeric Fourier transform
algorithm are identical in both measurements. Due to the thicker sample spot, the FabryPerot intensity modulation along the excitation axis in Figure A.2 has a shorter period
of approximately 30 THz.

(a) T = 30 fs

(b) T = 60 fs

ΔT/T

ΔT/T

(c) T = 100 fs

ΔT/T

(d) T = 520 fs

ΔT/T

Figure A.2. 2D frequency maps showing the retrieved pump-induced differential
transmission change ∆T /T in GaSe color coded as a function of excitation and
detection frequency for four selected delay times as shown in (a)-(d). All data
is measured at reduced excitation fluence of 0.6 mJ/cm2 and with a 3.3 µm-thick
sample. Units of 2D amplitude are normalized to a unit thickness of 1 µm. The
diagonal of each frequency map is indicated by a solid line, and a the vertical dashed
line at ν = 481.5 THz marks the position of the signal as a guide to the eye. Colored
arrows indicate selected pump frequencies for further analysis in Figure A.3.
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A.2. 2D spectra from bulk GaSe at reduced fluence

(a)

(b)

(c)

×0.75

Figure A.3. Cuts of the differential transmission change along the probe frequency
axis of 2D spectra in Figure A.2 for different waiting times T (vertical offset) and at
selected pump frequencies: (a) on the exciton resonance at 483 THz (2 eV), (b) just
above the exciton resonance at 495 THz (2.05 eV), and (c) for a interband excitation
at 530 THz (2.2 eV). Dashed lines at ν = 481.5 THz indicate the frequency of zero
differential transmission at long T to emphasize spectral shifts. The excitation
fluence of the measurement is 0.6 mJ/cm2 .
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A.3. 2D correlation of mid-infrared pulses
The 2D autocorrelation of mid-infrared (MIR) pulses provides an estimate for errors
associated with the field profile. This correlation is achieved by calculating the matrix
product of the field profile with itself, and removing anti-diagonal signals (νt = ∓ν0 and
ντ = ±ν0 ) by Fourier filtering. Figure A.4 shows the result of two scenarios: Upper panels
(a-c) use a calculated Gaussian field profile and serve as a reference, while lower panels
(d-f) take the measured field profile of the reference pulse as an input. Minor differences
in the field profile, i.e. the tailing interference around 0.5 ps marked by a black arrow in
(d), cause an asymmetry of the nonlinear signal in (e), which results in sidebands in the
2D spectrum (f).
Upper panels: Gaussian field profile
(a)

(b)

(c)

(d)

(e)

(f)

refer.
pulse

Figure A.4. 2D autocorrelation of mid-infrared pulses. Panels left to right show
field profile, 2D correlation, and spectral amplitude of the correlation signal. Upper
panels (a-c): Gaussian field profile. Lower panels (d-f): Measured field profile of the
reference pulse. The color scale in (c) and (f) is magnified at low values to emphasize
the existence of weak side lobes.
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A.4. 2D spectra of bulk InSb at additional delay times
Figure A.5 shows 2D spectra obtained form bulk indium antimonide (InSb) with additional
waiting time (pump-probe delay) steps complementing Figure 5.8. The vertical elongation
of spectral line shape in panel (b) is strongly influenced by the coherent interaction with
tailing field cycles of the initial MIR pulse (Figure 5.2) and pulse reflections inside the
sample.

(b) T = 0.5 ps

(c) T = 0.7 ps

(d) T = 2 ps

di
a

67.5°

go

na

l

(a) T = -0.1 ps

sos .
cr iag
d

Figure A.5. 2D spectra of the nonlinear signal obtained from bulk InSb in analogy
to Figure 5.8, showing additional waiting times T increasing left to right (a-d).

A.5. Time-domain analysis of technical sidebands in
nonlinear signals
Sidebands of the nonlinear signal at ντ = ν0 ± 7.5 THz appear as a technical artifact of the
experiment. They occur with all investigated samples and are off-resonant with phonon

107

Appendix A. Supplementary data
or two-phonon coherences. Their origin is unlikely an aliasing effect because they occur
independent of sampling time settings and also with different step sizes of coherence time
τ . The amplitude of sidebands scales with the nonlinear signal. Future investigations
with significantly different MIR field profiles must shed light on this reappearing feature
and identify its origin.
(b)
15 THz

(a)

Figure A.6. Sidebands of nonlinear signal from Figure 5.8 in time (a) and spectral (b) domain. Higher-order Gaussian filters (Appendix C.8) with 5 THz FWHM
bandwidth at (ν0 , ν0 ± 7.5 THz) are applied in (b) to produce the time domain signal
in (a).

A.6. Equilibrium refractive index of Bi2212

θ = 100 K
θ = 90 K
θ = 80 K
θ=4K

(a)
θ = 120 K

(b)

Fit for all θ
Measurement 4 K
Measurement 120 K

Figure A.7. Equilibrium optical properties of bulk Bi2212: (a) real conductivity,
and (b) real refractive index as measured in the unexcited state (index u). Solid
lines present a qualitative temperature model in accordance with quantitative results
presented by Perfetti et al. [Per15]. Details of this model are elaborated in [Dec19].
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Details on the experimental setup
B.1. Experimental design of TWINS interferometer
Figure B.1 shows the conceptual design and a photograph of the translating-wedge-based
identical pulses encoding system (TWINS) interferometer [Bri12, Reh14, Len18]. The
spectral modulation on the sample induced by the interfering pump pulses (Figure 1.4)
is a function of wedge insertion and can be uniquely related to the optical frequency.
Appendix C.2 shows further details of this calibration and numerical processing.
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Figure B.1. Design of a compact Translating-Wedge-Based Identical Pulses eNcoding System (TWINS) [Bri12]. (a) Polarization and delay of pulses at different
positions of system (b). Green arrows mark moving parts and the variable delay
of pulses. Blue arrows indicate the optical axes of birefringent α-BBO crystals and
wedges. Panel (c) shows a photograph of the TWINS apparatus during alignment
with red helium neon laser. PF: polarizing filter.
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B.2. Design of the MIR interferometer
Figure B.2 presents the experimental design of the mid-infrared (MIR) interferometer. In
the configuration used throughout this work, approximately 70 % of the input intensity
is lost throughout the interferometer due to mirrors (approximately 96 % reflectivity per
bounce), at the beam splitters and due to beam clipping in the compact design. Beam
alignment is achieved with a sensitive pyrodetector and slow modulation (100 Hz). In
future experiments, a suitable high-power infrared alignment source, e.g. a continuous
wave CO2 laser, could significantly improve the technical alignment and strengthen the
overall output intensity. Table B.1 lists the pulse energy fluences and corresponding peak
electric field values as measured from different interferometer arms.
The peak field is estimated on the basis of a Gaussian field profile E(t), an FWHM
focal area AFWHM , a laser repetition rate frep , and a total power P [Die06],




E(t) = cos (2πν0 t) · exp − 


s

Epeak = 2 ·

2 
 
,

t
√
τp / 2 log 2


(B.2.1)

1
1
P
R 2
·
·
.
frep ε0 cn AFWHM EEnv (t)dt

(B.2.2)

Herein, ε0 is the vacuum permittivity, c the vacuum speed of light and n the real
refractive index of a dielectric material. The integral across the square field (intensity)
2
envelope EEnv
(t) = |hilbert [E(t)]|2 does not require normalization, because it is defined as
a dimensionless scalar with peak value one in the definition given above. In this derivation,
power is calculated as an average across the FWHM focal area, hence the peak field at
the focal center scales with a factor of two, which is included in equation (B.2.2).
The lock-in signal from EOS detection of nonlinear signals is calibrated assuming linear
field scaling and the free space peak field values given in Table B.1. A slight difference in
spatial direction or divergence of nonlinear signals in comparison to the reference pulse
may cause systematic deviations.

Table B.1. Power distribution in different interferometer arms based on 3 mW
input power (80 nJ pulse energy), 100 µm FWHM focal diameter, 22 THz central
frequency, and 300 fs FWHM pulse duration (intensity). The field estimate inside
an InSb sample assumes a refractive index of 4 and reflection losses of 35 % at the
surface with normal incidence.
Arm
#1 Pump
#2 Pump
#3 Probe
#4 Reference
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Irel (%)
21
50
14
15

Φ (µJ/cm2 )
27
65
17
19

Efree (kV/cm)
250
390
200
210

EInSb (kV/cm)
100
157
80
85

B.2. Design of the MIR interferometer

phase-stable MIR
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electric
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800 Hz
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pu #2
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BS

#1
#4

Box
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y
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≈ 30 cm

periscope BS
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Figure B.2. Experimental design of the mid-infrared (MIR) interferometer. Incident pulses (black) are p-polarized and split by three gold-coated germanium wafers
(BS) positioned near Brewster’s angle. Colored beams mark different arms of the
interferometer. A periscope vertically offsets arms #2 and #3 without changing
polarization. Arms #1 and #2 have variable delay (VD) based on walking piezo
stages. The delays of other arms are controlled manually. Figure based on [Dec19].
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B.3. Field-resolved detection of mid-infrared fields
B.3.1. Fast scan data acquisition
The setup used throughout this work produces tunable mid-infrared (MIR) in the range
of 15 to 35 THz (8 to 25 µm), which are sampled with a 14 fs NIR supercontinuum
[Gru18, Fis18a]. While the balanced detection ellipsometry setup for detection in phasematched GaSe crystals is well established, different methods of data acquisition can be
applied. In experiments without active stabilization, EOS using a fast scan method is
most suitable for efficient data harvesting. Instead of sampling the electric field at specific
delays as in a typical pump-probe experiment, the sampling pulse in fast scan operation
continuously scans across the MIR field transient. In the experiments, this is implemented
with a saw-tooth waveform, realized with a P-625.1CD PIHera linear piezo scanner by
Physik Instrumente. Figure B.3 shows this waveform (red curve) and the electric field
profile (yellow) measured at the corresponding stage position (sampling time t). Trigger
marks (blue) allow to identify successive scan cycles in data processing, such that field
transients can be aligned by cross-correlation and averaged [Spi19]. This method enables
the sampling of full MIR waveforms at rates of 0.1 to 3 Hz without any interruption or
data loss.
Another important advantage of the fast scan sampling method is its robustness against
slow fluctuations, e.g. thermal drifts, between MIR field and the sampling pulse. Any
shift that occurs on a time scale longer than the EOS scan period intrinsically cancels
because successive transients are independently aligned before averaging.

THz
field
E

Trigger signal

EOS stage position

Sampling time t

EOS scan period
Real time

Figure B.3. Electro-optic sampling (EOS) with fast scan data acquisition. The
sampling delay (red) follows a periodic sawtooth wave form defining the EOS sampling interval. A trigger output (blue) is sampled synchronously to define the starting point of this waveform for data processing. The electric field profile (yellow) is
measured twice per cycle (forward and backward).
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B.3.2. Technical considerations for electro-optic detection
Chopper frequency
Electronic modulation of MIR pulses at the first or second subharmonic of the laser
repetition rate (50 kHz) enables high sensitivity of the experiment [Gru18]. However,
this fast modulation is not feasible for chopper operation required to distinguish different
arms of the MIR interferometer. Any chopper modulation must be synchronized to the
fundamental laser repetition rate to avoid sampling noise from the beat frequency of the
MIR pulse train and the chopping frequency. In the experiments the chopper modulates
at around 780 Hz, which corresponds to the sixth subharmonic.
Lock-in filter settings
Careful attention must be paid to the sampling settings during fast scan EOS, especially
when operating at relatively low modulation rates with mechanical choppers in the sub1 kHz range. The time constant associated with the low-pass filter of the lock-in must
be larger than the inverse modulation frequency to cover at least one full modulation
period: τTC > 1/fmod . Depending on the suppression order of the low pass filter, this time
constant must be scaled to match the real response time (settling time tS ) of the lock-in.
This scaling factor depends on device settings and is provided by the user manual [Zur19].
With an EOS fast scan period TEOS (forward and backward scan) and a scan range ∆t,
the effective time resolution and corresponding sampling frequency are
δt =

2 · ∆t
TEOS /tS

and

νt,noise =

1
.
2 · δt

(B.3.1)

In a typical measurements presented in Chapter 5, the following parameters were used
for EOS: fmod = 780 Hz, τTC = 1 ms, low pass filter order 4: tS ≈ 9 × τTC , ∆t = 2 ps, and
TEOS = 2.5 s. This results in an effective sampling frequency of approximately 35 THz,
and matches weak noise signatures found in the data (not shown). At higher electric
field frequencies νt > νnoise in the experiment, the measured lock-in amplitude cannot
fully settle, which means that the amplitude of these frequencies will be reduced in the
measurement. By tweaking the parameters above, the sampling noise background can
be shifted to higher frequencies such that it does not interfere with the measurement:
νnoise > ν0 .
Carrier-envelope-phase and sampling pulse fluctuations
Although the MIR pulse generation via difference frequency generation (DFG) is intrinsically phase stable towards fluctuations of the fundamental laser, thermal instabilities cause
temporal jitter between the driving pulses. As a result, the carrier-envelope phase (CEP)
of MIR also shows a thermal drift on the order of few-10-minutes to hours. In addition, the
white light supercontinuum used for EOS can thermally fluctuate against the MIR field.
Both of these fluctuations can be actively stabilized through interferometric correlation
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to achieve phase stability over the course of days [Sch16], which is not done in the experiments of this thesis. Owing to the high modulation frequencies as well as simultaneous
detection of field and induced change, these thermal drifts are too slow to significantly
influence the outcome of measurements here. However, successive static measurements
of the electric field profile, as for example in equilibrium measurements comparing different sample spots, are prone to large errors, which can only be eliminated through active
stabilization of the setup.
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Methods and numerical data processing
C.1. Correct estimation of excitation fluence with
unbalanced focal sizes
The pulse energy fluence is determined by measuring the lateral focal size and power.
With visible pulses a CCD sensor directly measures the beam waist. At MIR frequencies
relative power transmittance through different size pinholes provides a decent estimate.
By assuming a Gaussian TEM00 lateral intensity profile, this gives an estimate of the
pulse energy fluence at FWHM. The relative intensity at the center of the focal spot
is therefore 200 %. When multiple beams with different lateral intensity profiles pulses
overlap in a pump-probe experiment, a linear scaling factor must correct the focal size
mismatch. Figure C.1 shows this correction by comparing two Gaussian intensity profiles,
where the excitation spot size is twice as large as the detection spot. Table C.1 compares
the result of this estimate for different detection pulse focal spot diameters. Throughout
this work, the scaling factor I1.5*FWHM is used to compensate large differences found in
two-color measurements of Chapter 4. No correction is applied in other measurements
where excitation and detection focal sizes are similar. These considerations emphasize
that fluence estimates are subject to a systematic error upon small misalignments. Nevertheless, relative measurements of power series remain unaffected.
Table C.1. Relative fluence scaling factors for different detection pulse focal sizes
dexcitation (diameter) assuming a 2D Gaussian lateral intensity profile as shown in
Figure C.1. The excitation focal size in this example is fixed at dexcitation = 200 µm.
Relative values of the focal size mismatch are given in the second column.
ddetection (µm) ddetection/dexcitation (%) IFWHM I1.5*FWHM I2*FWHM
60
30
1.94
1.86
1.77
100
50
1.84
1.65
1.45
150
75
1.65
1.33
1.02
200
100
1.44
1.02
0.68
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Figure C.1. 2D Gaussian intensity profiles of excitation (black grid) and detection (red grid) pulses with unequal lateral dimension: 200 µm and 100 µm FWHM
diameter respectively. The intensity of both profiles is scaled to 100 % at FWHM,
which is the typical value given in the experiment. The effective excitation pulse
fluence seen by the smaller detection spot is therefore higher than 100 %. Here, a
scaling factor of 164 % describes the relative excitation intensity across an area of
1.5×FWHM diameter of the detection spot.

C.2. TWINS calibration
Proper calibration and a thorough understanding of the applied numerical procedures
is crucial for the evaluation of 2D correlation spectra. This appendix outlines important technical aspects and steps of the data acquisition with the translating-wedge-based
identical pulses encoding system (TWINS) interferometer. A detailed description of the
alignment procedure is given in references [Bri12, Reh14, Len18].
To calibrate the TWINS interferometer with a given broadband source, its two-pulse
output is measured in the spectrometer. Figure C.2(a) shows the spectral interference of
pump pulses as a function of wedge position and optical frequency. By Fourier transform
along the wedge position, the spatial frequency of this modulation can be uniquely related
to the optical frequency as shown in (b). Linear and quadratic approximations show
excellent agreement with R > 0.999. The fit parameters are
νlinear (f )/(1 THz) = 17.8293 mmf + 53.98839,
νquadratic (f )/(1 THz) = −0.09315 mm f + 22.62695 mmf − 7.23322.
2 2

(C.2.1)
(C.2.2)

For simplicity and because the deviation is negligible, the linear relation is used throughout
the analysis in this work.
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(a)

(b)

Figure C.2. (a) Spectrally resolved interference of pump pulses as a function
of the wedge position. The color code shows normalized spectral intensity. (b)
Blue data points show the optical frequency as a function of spatial modulation
(fringe) frequency. Solid (red) and dashed (yellow) lines show linear and quadratic
fits respectively. The linear spectrum at x = 0 µm is shown as a gray curve in
Figure C.4(b).

C.3. Phasing of TWINS interferograms
Figure C.3(a) shows the interferogram as measured in the experiment that corresponds
to the 2D spectrum shown in Figure 3.4(a). The spectral dynamics at the origin of the
interferogram (x = 0 mm, τ = 0 ps) as extracted in (b) exactly correspond to the pumpprobe dynamics at T = 30 fs in Figure 3.2. A vertical cut at ν = 485 THz (c) shows the
modulation of the differential transmission with as a function of wedge position, i.e. of
the pump pulse coherence. This cut of the interferogram emphasizes an offset between
opposite ends of the scanning range, which is due to the fact that the pulse ordering
is changed when the coherence time is negative and its absolute value larger than the
delay time T . The beating observed across the interferogram is an inherent feature of the
sample response.
To improve the visualization of data, padding is used to artificially increase the resolution by adding data points in a scanning region, where no relevant signal can be distinguished from the noise floor. Figure C.4 outlines the numerical padding and phasing
procedure. The interferogram in (a) is the same as in Figure C.3(c), but plotted across
the entire scanning range. A linear extension that matches with both end points of the
measured interferogram is numerically attached to the data. In this example, the padding
doubles the length of the interferogram and artificially increases (smoothes) the spectral
resolution. After padding, the original (blue) interferogram is shifted (red) to match the
matlab FFT algorithm, which requires the signal array to begin at time zero. This correct
implementation of the interferogram origin is crucial for correct data reconstruction in
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(a)

(b)

(c)

Figure C.3. (a) Interferogram showing differential transmission change as a function of detection frequency and wedge position. The data shown corresponds corresponding to the 2D spectrum in Figure 3.4(a) at T = 30 fs. (b) A horizontal
cut at constructive overlap of the pump pulses (x = 0 mm, τ = 0 ps) shows spectral dynamics as found in a pump-probe experiment at corresponding delay. (c)
The interference pattern extracted at ν = 485 THz shows the spatial modulation of
differential transmission as a function of wedge insertion.

(a) ν = 485 THz
T = 30 fs
(b)

Figure C.4. (a) Interferogram at ν = 485 THz and T = 30 fs as in Figure C.3(c)
with zero padding. A circular shift of the interferogram data is performed before
using the matlab FFT algorithm, such that the origin is on the end points. (b) Real
and imaginary spectrum of the shifted spatial modulation in (a). The pump pulse
spectrum is shown for reference (gray), and the excitation frequency is retrieved
from the calibration.
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the spectral domain. Figure C.4(b) shows the real and imaginary part of the shifted and
padded interferogram. Because the interferogram is mostly symmetric around its origin,
the majority of its spectral intensity is real. If phasing is performed correctly, the spectrally integrated 2D spectrum (real part) along the excitation axis matches the spectral
cut at coherence origin shown in Figure C.3(b). In a subsequent step the retrieved data
must be normalized with respect to the excitation pulse spectrum, which is shown for
reference in the figure (gray).

C.4. Overlap correction in two-color pump-probe
measurements
The MIR detection pulses employed in two-color experiments have a significantly longer
temporal profile than the ultrafast visible pulses. However, because the MIR field is
sampled in amplitude and phase with a 14 fs NIR supercontinuum, the temporal resolution
of the experiment can be numerically corrected in post processing. Figure C.5(a) shows
the dynamic change of transmitted electric field upon visible excitation through a thinfilm graphite sample as a function of sampling time and pump-probe delay time. Near the
overlap the field cycles experience the excitation at different delay times as indicated by
the diagonal dashed line. This tilted overlap can numerically be corrected by shifting the
pump-probe overlap at different sampling times such that all field cycles have the same
overlap with the excitation pulse (b). The effective time resolution is then defined by the
excitation and sampling pulses on the order of 20 fs [Spi19].
(a)
T

(b)

=

-t

T=0

Figure C.5. The dynamic change of transmitted electric field ∆E through a thinfilm graphite sample in a two-color pump-probe measurement is color coded as a
function of EOS time and pump-probe delay time near the overlap of pulses. The
field profile in (a) is tilted because different field cycles see the ultrafast excitation at
different real time following a diagonal profile (dashed line). In panel (b) this delay
is numerically corrected to increase the time resolution of two-color pump-probe
experiments.
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C.5. Conceptual method of data evaluation
Figure C.6(a) shows the conceptual sequence used for the evaluation of two-color pump
probe measurements with field-resolved detection. Pump-induced changes of electric field
transmission ∆E and reference field E are treated independently in the time domain.
After Fourier transform along the sampling time axis, their quotient yields differential
changes of the dielectric function represented as complex refractive index ∆N or optical
conductivity σ. This complete procedure is independently performed at fixed pump pulse
coherence time τ to obtain 2D correlation spectra (part b) [Spi19].
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Figure C.6. Conceptual method of data evaluation in (a) two-color pump-probe
and (b) two-color 2D measurements.

C.6. Methods of 2D line shape analysis
Two methods of evaluation are used to discuss and analyze the shape and shifts of 2D
spectra in the MIR spectral region. A general approach presented in Figure C.7 calculates
a 2D difference spectrum from the original and its transposition emphasizing shifts with
respect to the diagonal axis. The simulation in Appendix C.7 highlights the advantages
of this illustration. With a second method introduced in Figure C.8 the line profiles along
selected axes are extracted with normalized Gaussian gates. For all spatial directions
except the diagonal profile itself, this second method requires the definition of a reference
frequency ν0 . A suitable FWHM bandwidth of gates for this type of analysis is 1 THz.
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(b) difference
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Figure C.7. Computational method applied in 2D line shape analysis without
defining a reference frequency. The original spectrum (a) is transposed, i.e. reflected along its diagonal, with the result shown in (b). By subtracting (b) from
a (a), one obtains a difference spectrum (c), which emphasizes shifts of the spectral amplitude with respect to the diagonal. By definition this difference spectrum
is symmetric with opposite sign above and below the diagonal, and remains independent of a reference frequency ν0 . Units of the difference spectrum are relative.
The example shows the 2D MIR amplitude spectrum obtained with bulk InSb at
T = 0 ps (Figure 5.8).

Figure C.8. Normalized Gaussian gate pulses (red curves) with 1 THz FWHM
bandwidth are used to extract a diagonal line shape profile from a 2D amplitude
spectrum. This method is applied
after a 45◦ rotation of the spectrum and rescaling
√
of the frequency axis by 1/ 2. The integrated spectral amplitude across the gate
bandwidth is then projected to the vertical frequency axis. This example shows a
2D MIR amplitude spectrum obtained with bulk InSb at T = 1 ps.
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C.7. Conceptual simulation of 2D line shape
To better understand the origin of cloverleaf patterns in relative difference spectra, Figure C.9 shows a conceptual simulation with a hypothetical 2D line shape that is elongated
along a 67.5◦ axis from the diagonal and shifted in different directions. While the rotated
asymmetric profiles leads to a cloverleaf (a-c), the shift produces a derivative shape feature (d). In the limit of small shifts (smaller than bandwidth of signal) the combination
of elongation and shift results in an asymmetric cloverleaf pattern with different relative
amplitude on same color leafs.

(a)

(b)

(c)

(d)

67.5°

Figure C.9. Conceptual simulation of an elongated 2D line shape with rotation
and shift. (a-c) The FWHM profile has a 3:2 relation of long and short axis. Its
long axis is rotated by 67.5◦ in clockwise direction with respect to the diagonal.
Panel (d) shows a symmetric line shape for reference. Spectral shifts are indicated
by red dashed lines and arrows. Corresponding difference spectra in relative units
are shown in lower panels respectively.

122

C.8. Higher-order Gaussian filter profile

C.8. Higher-order Gaussian filter profile
Spectral filters are applied to discriminate a signal from its background (positive filter).
For this purpose, a higher-order (super-) Gaussian profile


x − x0
√
G(x) = exp −
σ/ 2 ln 2

!2n 


(C.8.1)

is multiplied to the data. Hereby, σ is the FWHM bandwidth, x0 the peak position
(G(x0 ) = 1), and 2n is the even power exponent. n = 1 reproduces a standard Gaussian
function while higher orders transform the filter shape towards a flat-top with increasing
steepness of flanks. For 2D spectra, this function is symmetrically expanded for the second
dimension and shifted in 2D space. Notch filters (negative) are based on 1 − G(x) filter
shapes. If not stated otherwise filter functions used throughout this work use n = 5.
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[Sch76] M. Schlüter, J. Camassel, S. Kohn, J. P. Voitchovsky, Y. R. Shen and M. L. Cohen,
Optical properties of GaSe and Ga-Sx-Se(1-x) mixed crystals, Physical Review B 13,
3534–3547 (1976).
[Sch13] C. Schmidt, B. Mayer, F. Junginger, M. Rebholz, a. Grupp, D. Brida, R. Huber, a. Leitenstorfer and a. Pashkin, Ultrafast low-energy dynamics of graphite studied by nonlinear
multi-THz spectroscopy, EPJ Web of Conferences 41, 04023 (2013).
[Sch14] O. Schubert, M. Hohenleutner, F. Langer, B. Urbanek, C. Lange, U. Huttner, D. Golde,
T. Meier, M. Kira, S. W. Koch and R. Huber, Sub-cycle control of terahertz highharmonic generation by dynamical Bloch oscillations, Nature Photonics 8, 119–123
(2014).
[Sch16] C. Schmidt, Transiente Hochfeldeffekte im Volumenhalbleiter Galliumarsenid: Von der
Franz-Keldysh-Absorption zur Wannier-Stark-Lokalisierung, Ph.D. thesis, University of
Konstanz, 2016.
[Sch18] C. Schmidt, J. Bühler, A.-C. Heinrich, J. Allerbeck, R. Podzimski, D. Berghoff, T. Meier,
W. G. Schmidt, C. Reichl, W. Wegscheider, D. Brida and A. Leitenstorfer, Signatures of
transient Wannier-Stark localization in bulk gallium arsenide, Nature Communications
9, 2890 (2018).
[Sch20] L. Schwarz, B. Fauseweh, N. Tsuji, N. Cheng, N. Bittner, H. Krull, M. Berciu, G. S.
Uhrig, A. P. Schnyder, S. Kaiser and D. Manske, Classification and characterization of
nonequilibrium Higgs modes in unconventional superconductors, Nature communications
11, 287 (2020).

138

Bibliography
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