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Abstract

In the last decades different principles to generate terahertz (THz) fields were
developed, providing many different ways to generate THz radiation nowadays.
These use for instance antenna structures in conjunction with a semiconductor [1],
organic semiconductors [2] or air plasma [3]. If the goal is to generate high electric
fields strengths, one possibility is to use the tilted-pulse-front excitation method in
nonlinear crystals as introduced by Hebling et al. [4] and used in this thesis.
With only a single pulse, only linear spectroscopy is possible and time dependent
processes cannot be resolved. In order to overcome this limitation, the approach of
nonlinear pump-probe spectroscopy can be used in which the pump-pulse is driv-
ing the system to be analyzed out of equilibrium and the probe pulse is recording
the response of the system. Thus, it becomes possible to analyze time dependent
processes.

In the course of this thesis an apparatus was designed and built with THz pulses
as one radiation source that can be combined with sources ranging from the visible
to the mid infrared (MIR)[5]. The THz radiation is generated in a lithium niobate
(LN) crystal, while the infrared (IR) light stems from an optical parametric amplifier
(OPA) and wavelengths in the visible (vis) range can be generated by harmonics of
the fundamental wavelength at 800 nm, of an amplified laser system. The setup is
a versatile tool for studying time dependencies, for instance for the observation of
low frequency modes (e.g. rotations) or carrier dynamics in solids. First measure-
ments were performed on graphite oxide (GO). The setup can also be used to study
molecules for instance lactose in a ploycrystaline solid or magnetic materials using
the magnetic optical Kerr effect (MOKE).

As for GO the results are scientifically relevant for investigating the mobility be-
haviour of the carrier recombination processes by pumping such a system in the IR
for the first time. The same membrane was studied in an IR pump-probe setup by
Amul Shinde for gaining the relevant time constants that are used for the analysis
of the THz data. These results are currently under discussion with regard to previ-
ously published literature. The decay model was motivated by the two temperature
model, describing the energy transition from carriers to phonons. In conclusion, the
recombination is measured and one important decay path is found to be arising via
defects originating from the oxygen groups.
The results for the experiments of lactose and MOKE are also discussed and possible
routes for further successful measurements are presented.

One major improvement, which will be implemented in the near future, is the
use of a balanced detector system that will considerably improve the signal to noise
ratio. Also, by cooling the LN crystal, stronger THz fields can be generated. One
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promising application for this setup is to use strong THz pulses as a pump source to
drive processes that are connected to low frequency modes, for instance in complex
structures such as the deoxyribonucleic acid (DNA) double helix or complex pro-
teins. This has barely been explored so far and should give access to information as
to how delocalized THz modes (involving correlated motion of many atoms) cou-
ple to local modes, thereby providing unique new insights into the afore mentioned
systems.
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Zusammenfassung

In den letzten beiden Jahrzehnten sind die Möglichkeiten zur Erzeugung von
THz-Strahlung stark angestiegen. Dazu gehören unter anderem Methoden mit An-
tennenstrukturen, organische Halbleiter oder Plasmen. Um hohe elektrische Feld-
stärken zu erzeugen, kann eine Methode verwendet werden, bei der die Laser-
Pulsfront verkippt ist: In einem nichtlinearen Kristall wird durch nichtlineare Pro-
zesse die THz-Strahlung dann erzeugt. Dieses Verfahren wurde von Hebling et al.
eingeführt.
Lineare Spektroskopie, bei der nur ein Puls zum Einsatz kommt, kann keine zeitab-
hängigen Prozesse beobachtbar machen. Eine Möglichkeit, solche dynamischen Pro-
zesse aufzuzeichnen, ist die Durchführung von nichtlineraren Anregungs-Abfrage-
Experimenten. Dabei bringt der Anregungs-Puls das System aus dem Gleichgewicht
und eine eventuelle Änderung kann durch einen Abfrage-Puls erfasst werden. Mit
dieser Methode sind zeitabhängige Prozesse erfassbar.

Im Laufe der Arbeit wurde ein experimenteller Aufbau entworfen, der es er-
möglicht, THz-Pulse mit anderen Lichtpulsen vom infraroten (IR) bis zum sicht-
baren Bereich zu kombinieren, um Anregungs-Abfrage-Experimente durchzuführen.
Die THz-Strahlung wird in einem Lithiumniobat (LN) Kristall erzeugt, wobei die
Pulse aus dem IR-Bereich in einem optisch parametrischen Verstärker (OPA) erzeugt
werden und die sichtbaren Pulse durch höhere harmonische der elementaren Strah-
lung des verstärkten Lasersystems. Dadurch ist ein vielseitiger Aufbau entstanden.
Dieser kann beispielsweise niederfrequente Moden (z.B. Rotationsmoden) oder auch
Ladungsträgerdynamiken messen. Erste Experimente in diesem Bereich wurden
an Graphitoxid (GO) durchgeführt. Weiterhin können Moleküle wie Laktose oder
magnetische Materialien mit dem Magnetooptische Kerr-Effekt (MOKE) untersucht
werden.

Die Ergebnisse, welche durch die Untersuchung von GO gewonnen wurden,
geben Aufschluss über die Ladungsträgerdynamiken und Rekombinationsmecha-
nismen im System. Dabei wurde das System mit IR-Strahlung angeregt. Amul
Shinde hat mit einem IR Anregungs-Abfrage-Experiment die gleiche Membran un-
tersucht und die Zeitkonstanten ermittelt, die zur Analyse der THz-Daten benutzt
wurden. Das Modell, welches den Mechanismus beschreibt, ist angelehnt an das
Zwei-Temperatur-Modell. Dieses beschreibt unter anderem, wie Ladungsträger ihre
Energie an Phononen abgeben. Die Interpretation der Zeitkonstanten wie auch ihr
Wert werden zur Zeit in der Literatur debattiert. Abschließend ist aber festzuhalten,
dass die Dynamik und Rekombination der Ladungsträger untersucht worden sind,
bei denen unserer Meinung nach ein wichtiger Mechanismus über die Fehlstellen
von Sauerstoffgruppen abläuft.
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Die Untersuchungen von Laktose und magnetischer Materialien werden ebenfalls
besprochen. Dabei wird auch diskutiert, welche Veränderungen am Aufbau vorge-
nommen werden müssen, um publizierbare Ergebnisse beziehungsweise ein Signal
zu erhalten.

Die nächsten wichtigen Verbesserungen am Aufbau sind die Verwendung eines
ausbalanciertem Detektors und die Kühlung des LN-Kristalls. Erstere sollte zu einem
besseren Signal-zu-Rausch-Verhältnis führen und die zweite zu einem stärkerem
THz-Puls mit größerer Bandbreite. Wenn die THz-Pulsstärke stark genug ist, sollte
es möglich sein, niederfrequente Moden anzuregen, die zum Beispiel in der Dop-
pelhelix der Desoxyribonukleinsäure (DNS) oder in Proteinen vorkommen. Auf
diese Weise würden neue Erkenntnisse darüber gewonnen werden können, wie sich
delokalisierte THz-Moden auf lokale Moden auswirken, deren Zusammenspiel bis
jetzt noch kaum untersucht wurden.



xi

Acknowledgements

In the next few lines, I want to acknowledge a couple of people, who were in-
volved in some way in my PhD:

Nils Huse for giving me the possibility to experience a PhD project.

Katrin Adamczyk, die mich bei meinem Projekt angeleitet hat und einfach echt Ah-
nung hat. Am besten nach dem ersten Kaffee anzutreffen.

Amul Shinde for showing me the way of a warrior - fighting the PhD. I think I will
go to India at some point.

Miguel Ochmann, fast immer strahlend.

Matthias Ruppert für unsere Fehde im Labor, damit wir was zum Quatschen, Lachen
und Streiten hatten.

Stephan Niebling, der einfach recht damit hat, einen Hüpfball im Büro zu haben.
Und jetzt haben alle beim MPI auch einen bekommen.

All other members of the Huse group for a lively working atmosphere.

Arwen Pearson, who was there for giving me advices and pointing out the project’s
direction.

Toru Matsuyama, dem ich all meine Elektronik-Fragen stellen konnte.

Meinen Eltern, die immer gesagt haben, dass ich das schon schaffe.

Ma grand-mère Lea, qui m’a montré qu’on n’a pas besoin de beaucoup pour être
heureux.

Meiner Großmutter Erna, die leider im Dezember 2016 verstorben ist und meine Ab-
gabe nicht mehr miterleben kann. Ich werde versuchen, mir einen grünen Daumen
wie ihren anzueignen.

Meiner Freundin Rebecca, die die richtige Einstellung zu Arbeit und Arbeitszeiten
hat.





xiii

Contents

Abstract vii

Acknowledgements xi

1 Introduction 1
1.1 Terahertz electromagnetic radiation . . . . . . . . . . . . . . . . . . . . 1
1.2 Pump-probe spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Laser system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3.1 Mode locking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3.2 Amplification process . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Terahertz setup 5
2.1 THz generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.1 Optical rectification . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.1.2 Phase matching . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.1.3 Lithium niobate . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2 THz detection - EOS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3 THz measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4 Data analysis of a THz pulse . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.5 Water absorption lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.6 Electronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.7 Pump-probe with THz . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.8 THz beam profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.8.1 Divergence of LN crystal . . . . . . . . . . . . . . . . . . . . . . 20
2.8.2 Sample position . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.8.3 Collimated THz beam . . . . . . . . . . . . . . . . . . . . . . . . 22

2.9 THz beam power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.10 Pump-probe extension with an OPA . . . . . . . . . . . . . . . . . . . . 25
2.11 Pump-probe extension with tripler box . . . . . . . . . . . . . . . . . . 26
2.12 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.13 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29



xiv

3 Carbon based materials 31
3.1 Motivation for studying graphite oxide (GO) films . . . . . . . . . . . . 31
3.2 Introduction to graphite and graphene . . . . . . . . . . . . . . . . . . . 32

3.2.1 GO - Graphene/Graphite oxide . . . . . . . . . . . . . . . . . . . 34
3.3 Recapitulation of selected publications . . . . . . . . . . . . . . . . . . . 35
3.4 Checking the feasibility to measure GO . . . . . . . . . . . . . . . . . . 38
3.5 Absorption of GO in the NIR and IR region . . . . . . . . . . . . . . . . 41
3.6 Recorded data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.7 Pump-probe spectroscopy of GO . . . . . . . . . . . . . . . . . . . . . . 42
3.8 Raw data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.9 Stretched exponentials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.10 Nonlinear optics using the density matrix . . . . . . . . . . . . . . . . . 48
3.11 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.11.1 Transition of states . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.12 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4 Lactose 61
4.1 Motivation to study lactose . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.2 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.3 IR spectrum of lactose . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.4 Linear THz spectrum of lactose . . . . . . . . . . . . . . . . . . . . . . . 68

4.4.1 Thick pellets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.4.2 Thin pellets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.4.3 Lactose absorption lines in the THz . . . . . . . . . . . . . . . . 70

4.5 Pump-probe with lactose . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.6 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.7 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5 MOKE - Magneto-optic Kerr effect 77
5.1 Motivation to study the MOKE . . . . . . . . . . . . . . . . . . . . . . . 77
5.2 Introduction of the MOKE . . . . . . . . . . . . . . . . . . . . . . . . . . 77
5.3 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
5.4 Sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.5 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.6 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

6 Conclusion 83
6.1 Overall summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
6.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84



xv

A Fundamental 800 nm laser beam 87
A.1 800 nm laser beam cut . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

B THz beam alignment 89
B.1 Aligning the THz beam . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
B.2 Angles of the grating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
B.3 THz setup with grid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

C List of materials 93

D Carbon based materials 97
D.1 Normalized raw data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
D.2 3 µm pump data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

E Lactose 101
E.1 Lactose pellets with PTFE . . . . . . . . . . . . . . . . . . . . . . . . . . 101
E.2 Growing crystals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
E.3 IR pump path for lactose . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

Bibliography 103





xvii

List of Abbreviations

AgGaS2 Silver Thiogallate
BBO Beta-Barium Borate (β-BaB2O4)
cw continuous wave
DFT Density functional theory
EM Electromagnetic
EOS Electro-optic sampling
FEL Free-electron laser
GaAs Galliumarsenid
GaP Galiumphosphite
GO Graphite oxide
IR Infrared
LiNbO3 Lithium niobate
LN Lithium niobate
MgO Magnesium oxide
MIR Midinfrared
MOKE Magneto optic kerr effect
Nd:YVO4 Neodymium-doped yttrium orthovanadate
OPA Optical parametric amplifier
SHG Second harmonic generation
THG Third harmonic generation
THz Terahertz
THz-TDS Terahertz time domain spectrometer
Ti:Sa Ti:sapphire
TTM Two temperature model
ZnTe Zinc telluride





1

Chapter 1

Introduction

1.1 Terahertz electromagnetic radiation

In the electromagnetic spectrum the THz frequency region lies between the infrared
and radio frequencies as shown in figure 1.1. In the literature it is sometimes referred
to as far-infrared (FIR). Since in photonics different units are used to describe light,
the following describes 1 THz in terms of frequency, wavelength, wavenumber, en-
ergy and temperature:

1THz↔ 1012Hz↔ 300µm↔ 33.3cm−1 ↔ 4.13meV ↔ 48K. (1.1)

A term which was used in the past for that frequency region was "terahertz gap"
since it lies between the fields of electronics and optics. Only in the 90s (of the last
century) that gap was bridged [6, 7] and this new part of the EM-spectrum was avail-
able, thanks to ultrafast laser pulses [8]. Ever since the field expanded quite strongly
and nowadays different sources like crystals (organic and inorganic), antenna struc-
tures [9, 10] or FELs [11, 12] can be used to create EM waves of that frequency range.
The detection of the THz radiation can be done in the same way using crystals or
antennas. These methods have the advantage that not only intensities but electric
fields are measured, and so the amplitude as well as the phase can be extracted. It

108 1012 10141010 1016 1018

THz IR Vis X-rayMicrowavesRadiowaves UV

Frequency Hz

Electronics Optics

Wavelength µm 300 3 0.033x1043x106 3x10-4

FIGURE 1.1: Electromagnetic spectrum
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gives the possibility to calculate various optical characteristics [10].
In terms of usage, the THz scientific field is still expanding. Some examples of ap-
plications where that radiation already has been used are security systems, material
science [13], medicine, biology and communication:
In the research field of security systems, THz radiation is used by body scanners
at airports. Another example is the investigation of drugs and explosives in letters
for instance [14]. Also the field of metamaterials (materials which properties are not
found in nature) was widely studied [15, 16, 17, 18]. Spectra from different molecules
were recorded, showing the low frequency absorptions [19, 20] and further extend
the knowledge of the characteristics. Since THz radiation is sensitive to water, one
idea is to use it to detect skin cancer [21]. In that way also the localisation and con-
centration of water in a leaf can be studied [22, 23]. Nowadays WLAN (Wireless
Local Area Network) systems operate in the GHz region but for higher transmission
rates the next step is to go towards THz or IR regimes which could accelerate the
transfer of data. However this is still far in the future [24].
With the THz frequency available new pump-probe experiments (explained in 1.2)
could be done within this supplementary range in which the dynamics of lower fre-
quency modes or free carriers play a role [25, 26].
The aim of this work was to develop a versatile system in which the THz spectrom-
eter could be connected to an OPA, a higher harmonics generating tripler or another
light source. Additionally, THz should be used as a pump or probe but in this work
the focus was to use it as a probe beam. The combination with an OPA was already
mentioned in the literature by Backus et al. [5]. In fact, experiments using the pump-
probe methods were performed shortly after THz radiation became available [27, 25,
28].
Certainly the combination of different light sources for time dependent measure-
ments will increasingly be used and new insights for all kinds of materials will be
gained this way.

1.2 Pump-probe spectroscopy

One way to study time dependent phenomena of various types is to do pump-probe
spectroscopy with lasers. It gives the possibility to look at ultrafast events (fem-
tosecond regime). In the case of samples described later, two laser pulses are used.
The pump pulse excites the sample and the probe pulse is sampling the behaviour
induced by the pump pulse, see figure 1.2. By varying the time delay between both
pulses a time dependency can be recorded.
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Pump

Probe
Sample Detector

Beam
dump

Time delay

FIGURE 1.2: Pump-probe scheme: the pump beam (red) excites the
sample and the probe beam (blue) is sampling the induced change. If
a time dependence exists, it can be resolved by a delay between both

pulses.

1.3 Laser system

The source for the THz setup (and all other setups like the OPA in the lab) is an
amplified pulsed femtosecond laser system (as shown in figure 1.3, Spitfire Ace,
Spectra-Physics). It consists of a mode locked Ti:Sa oscillator (Mai Tai SP-Series,
Spectra-Physics) system (see 1.3.1) running at ∼84 MHz, with < 50 fs pulse width,
a peak power of > 95 kW and TEM00 outgoing mode (transverse electromagnetic
mode). This high repetition laser light is guided into the amplifier system. There,
oscillator pulses are picked out by Pockels cells to be amplified. The physical process
of enhancement used is called chirped pulse amplification (see 1.3.2). It results in an
outgoing laser pulse having a center wavelength of 800 nm, 3 kHz repetition rate
(can be modified by dividing through integer numbers), a maximum pulse energy
of 1.6 mJ and a minimum pulse width of 95 fs. In appendix A, the measured beam
profile is represented.

Pump laser
Nd:YLF

527 nm
3 kHz

AmplificationStretcher Compressor

Oscillator

800 nm
84 MHz 800 nm

3 kHz
1.6 mJ pulse energy
90 fs pulse width

Amplifier system

FIGURE 1.3: Sketch of the amplified laser system. The oscillator de-
livers pulses into the amplifier system that consists of a stretcher, an
amplification oscillator and a compressor. They are amplified by a

pump laser and kicked out for use in experimental setups.
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1.3.1 Mode locking

The mode locking process is used in the oscillator system. Here a Nd:YVO4 is the
continuous wave pump laser (532 nm by frequency doubling SHG with LBO) for the
Ti:Sa crystal (absorbs between 400 and 600 nm, emits between 670 and 1000 nm). The
excited states of the crystal are spontaneously emitting light after being pumped in
a resonant cavity. These photons are able to induce stimulated emission which starts
the lasing process. By choosing special boundary conditions, e.g. the cavity length L,
the eigenfrequencies of the resonator are fixed as are the longitudinal modes in the
system. Mode locking is caused by all the modes being synchronized and having
a fixed phase relative to each other. This gives rise to constructive interference that
creates short pulses (in the fs regime) of high power. A single soliton wave packet
is created this way which circulates the resonator. The leakage through one end
mirror, the so-called output coupler, is used for experiments or is transmitted to the
amplifier system with a time period (∼12 ns) of one round trip in the cavity [29, 30,
31].

1.3.2 Amplification process

A short explanation of the amplification process is that the seed laser from the oscil-
lator system is amplified by the energy of a pump laser.
To be more precise, the amplification system using the chirped pulse amplification
process is divided into stretcher, amplifier and compresser (see blue dotted box of
figure 1.3). First the width (in the frequency domain) of the seed pulse coming from
the oscillator is stretched (by a factor of 104) by a grating. This broadened pulse is
then sent into the amplification area via a Pockels cell which opens only every 0,3
ms. Consequently, the repetition rate is reduced this way from 84 MHz to 3 kHz. In
the amplification district a Ti:Sa crystal is positioned in a cavity in which the seed
pulse makes round trips (here around 12 times, depending on the saturation in the
process). This crystal is pumped with a Nd:YLF laser (527 nm, after SHG) and by
every pass of the seed pulse, it is picking up energy (increase of a factor of three or
four, not linear). After gaining the desired (maximum) energy, the pulse is kicked
out of the cavity by passing a Pockels cell and sent to a compressor, which inverts
the process of the stretcher. It shortens the pulse almost back to its original width.
This whole process enables a pulse energy increase from nJ to mJ [30].
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Chapter 2

Terahertz setup

This chapter describes the design of the THz spectrometer (see figure 2.1) that has
been constructed as part of this work. It includes the setup itself with the generation
and detection of the THz radiation, the related electronic parts as well as the data
analysis. At the end, different combinations of the setup are introduced. Already
in figure 2.1 the beam path of the IR is depicted, since it is one major asset of the
setup. Overall it should be a versatile pump-probe spectrometer with a wide range
of pump and probe radiations, from THz to the visible. In the following the beam
path is explained:
A fraction (v50%) of the 800 nm fundamental of the pulsed fs-laser source (see sec-
tion 1.3) is sent into the setup (top left corner in figure 2.1) and split into two beams
by a 10:90 (T:R) beamsplitter. One beam is guided to a mechanical delay stage, in or-
der to control the relative time delay with respect to the second beam that is guided
for instance to a tripler box, described later in section 2.11. From the beam passing
over the delay stage, a leakage through a mirror is used for electro optic sampling
(EOS, red dotted line) and the other for generating a THz pulse in a lithium niobate
(LiNbO3, LN) crystal via optical rectification (see 2.1.1). Before striking the LN crys-
tal, the beam is conditioned with two telescopes, before and after a grating (2000
lines/mm). The first telescope with cylindrical lenses scales down the horizontal
part of the beam by a factor of 2 (1 inch lenses), the second scales the whole beam
down (2:1) (2 inch lenses). Off axis parabolic mirrors guide and focus the THz pulse
to the sample position and afterwards onto a birefringent crystal (e.g. GaP or ZnTe)
for scanning the pulse (see 2.2). If refered to the parabolic mirrors in this thesis, the
counting starts with the first after the LN crystal until the fifth in front of the EOS
crystal, as done in figure 2.1.
The IR beam (blue line in fig. 2.1) is generated in an OPA, not shown here (see sec-
tion 2.10), and focused onto the sample, with appropriate optical components. On
the long run, the idea is to guide this IR beam afterwards into an imaging spec-
trograph and detect it by a multichannel detector (not shown in the sketch). This
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FIGURE 2.1: Two colour pump-probe setup. The incoming 800 nm
beam (red line) is split in one part for generating THz radiation
(green) in the LN crystal. There the pulse is guided via parabolic
mirrors onto the sample position. The IR beam (blue) is coming from
an OPA (not shown) and also guided to that position. Afterwards the
path towards a spectrometer is also sketched. The 800 nm leakage
part (dotted line) is used for the electro optical detection of the THz.

In appendix B.3 the sketch is shown on the breadboard grid.
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configuration allows it to use the THz light as a pump or probe beam in combina-
tion with IR light, also usable as pump or probe.
How the THz beam can be aligned is depicted in appendix B and a list of the used
non common optomechanics and optical components is given in appendix C.

2.1 THz generation

2.1.1 Optical rectification

When an external electrical field E is applied to a material, a polarization P arises
and is expressed as

~P = ε0χ~E (2.1)

where ε0 denotes the vacuum permittivity and χ the electrical susceptibility.
Equation 2.1 is sufficient for weak fields and is linear. Whereas, if the electrical
field originates from a pulsed laser, like the one described in section 1.3, high field
strengths can be achieved. Higher order terms do arise then. Hence, the linear rela-
tion of equation 2.1 must be extended and the polarization can be described with a
power series:

P(ω) ∝ ∑
n

χnEn = χ1E1 + χ2E2 + χ3E3 + ... (2.2)

with χn the electric susceptibility, En the electric field and n the order.
At this point the term of nonlinear (NL) optics is used. After the linear part of
equation 2.2, the second order term arises. Its effects can only be seen in non-
centrosymmetric crystals, as all other even numbered orders because of P(-E)=-P(E).
The second order susceptibility is in the order of χ2 ∼ 10−12 m/V. Consequently,
to create effects described by this relation, the incoming electric field should at least
be in the order of 106 V/m. Typically, field strengths of 108 V/m are being used for
getting a nonlinear response in a system. The third order susceptibility is already in
the order of χ3 ∼ 10−24 m2/V2 and neglected here [32].
As described above, the external field induces a polarization into the system. The
time evolution of that polarization can be deduced from the Maxwell equations and
is expressed as

1
ε0c2

∂2PNL

∂t2 = ∇2Ee −
n2

c2
∂2Ee

∂t2 (2.3)

with n the refractive index of the material and c the speed of light. It results in an
emitted electric field Ee, induced by the polarization.
In case that the irradiated electric field is strong enough to induce a nonlinear po-
larization, the second order term generates light at different frequencies. Assum-
ing that the electric field can be expressed with two terms E01 = E1cos(ω1t) and



8 Chapter 2. Terahertz setup

E02 = E2cos(ω2t) as E = E01 + E02, the polarization can be calculated as follows: First
rewriting the cosine function as

E01 =
E1

2
(eiω1t + e−iω1t) (2.4)

E02 =
E2

2
(eiω2t + e−iω2t) (2.5)

and taking the square of the electric field since the second order process is of interest

E2 = (E01 + E02)
2. (2.6)

Inserting the single electric fields results for the second order polarization in

P2

χ2
∼E2

1
2
(1 + cos(2ω1t)) +

E2
2

2
(1 + cos(2ω2t))+ (2.7)

E1E2cos((ω1 + ω2)t)+ (2.8)

E1E2cos((ω1 −ω2)t). (2.9)

Equation 2.8 represents the process of sum frequency generation (SFG) and equa-
tion 2.9 the process of difference frequency generation (DFG), depicted in figure
2.3. In addition two other processes are taking place. They are responsible for
second harmonic generation (SHG) and optical rectification (OR). In the equations
above a continuous wave was used for deriving the processes taking place in a non-
centrosymmetric material. It can lead to the DFG process generating THz radiation.
To get a strong THz wave out of the crystal all the single waves generated by the
process must add up. This is accomplished by an effect called phase matching de-
scribed in more detail below 2.1.2 [9]. In fact, phase matching controls which process
of the four introduced above dominates. But here a laser pulse is used for generating
the THz pulse. For a high photon conversion efficiency in the crystal, the OR process
should be favored for generating THz radiation. Therefore, two processes are taking
place in the crystal, SHG and OR. The latter one is responsible for the THz pulse
[33]. In figure 2.2 the process is shown with a pulse.

E(t) P(t)

FIGURE 2.2: E(t) depicts the 800 nm pulse that generates a polariza-
tion P(t) in the non-centrosymmetric material.
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The 800 nm pulse E(t) induces a polarization P(t) ∼ |E(t)|2 in the crystal, which
is the origin of the THz field. By calculating the second time derivative of the polar-
ization, as in the equation 2.3, the THz pulse is obtained. It is irradiated by a dipole
created by the nonlinear polarization in the crystal.
Besides, one should note that the created THz wave in the crystal is a phonon polari-
ton (see underneath), generated by the 800 nm pulse. One can imagine this mech-
anism in the following way: the optical pulse is like a flashlight (shining into the
crystal) and the THz is a light wave created by that, which couples out at the crys-
tal’s edge and that is the THz pulse used for experimentations.

DFG spectrum 

800 nm spectrum

Frequency

FIGURE 2.3: The green wave packet is created by DFG from the red
(800 nm) wave packet by interacting with a non-linear medium.

Phonon Phonons are quantized vibrations of the grid of a periodic system as e.g. a
solid state material. They can be seen as waves wandering through the mate-
rial but also as a quasi particle. One can find 3N different modes in a material
that has N atoms in its base. 3 of them are acoustic modes and 3N-3 optical.
Acoustic modes are for instance responsible for the propagation of the spoken
word in air. The neighbouring atoms are doing a movement in phase. For
optical phonons it is the opposite. Therefore, the movement of neighbouring
atoms is inverse and the crystal base must have at least two atoms. They are
also optical active, so can be excited by a photon.
A phonon polariton is the coupling between the phonon-photon fields (only
the transversal optical phonon). It occurs when strong electric fields are ap-
plied, like here with the incoming 800 nm pump beam. The generated electro-
magnetic THz wave is therefore escorted by a phonon wave [34].

2.1.2 Phase matching

The generated waves in a non-linear crystal must add up constructively to gain in-
tensity, so the phase relation between them must be fixed [29]. This is realized if the
following equation is fulfilled:

vgr
Opt = vph

THz. (2.10)
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Tilted pump pulse

LN

THz

γ

FIGURE 2.4: Tilted pulse front for phase matching in a LN crystal.

The group velocity of the incoming optical wave packet vgr
Opt, should be equal to the

phase velocity of the THz wave packet vph
THz, so that it is not overrun and constructive

interference occurs. Equivalent to the expression of 2.10, the refractive indexes must
match: ngr

Opt = nph
THz. In ZnTe this condition is naturally fulfilled since the refractive

indexes of vgr
Opt and vph

THz are nearly the same. But in LiNbO3 which was used here,
as the energy conversion efficiency is two times higher than for ZnTe, equation (2.10)
is not satisfied due to non matching refractive indexes [4]. Therefore, a tilting must
be induced in the incoming optical beam so that the phase matching condition is
fulfilled

vgr
Optcosγ = vph

THz (2.11)

where γ is the tilting angle (∼ 63◦ for LN [35],[36]), as shown in figure 2.4. It is done
with the grating placed in the THz pump beam path (see figure 2.1).

2.1.3 Lithium niobate

For generating THz radiation, a LN crystal was used. It must be doped with MgO,
so that the optical damage threshold is high enough for pumping the crystal con-
vienently. MgO serves as protection. The issue with higher doping, is that the
absorption coefficient in the THz regime increases. Consequently, by doping, the
refractive indexes are changed, but the one for the extraordinary part stays nearly
stable, independently from the doping level, which is a benefit for processing [37].
That is also the reason why there is a halfwaveplate in front of the LN crystal which
rotates the 800 nm pump beam, therefore enabling higher outcome and fine-tuning.
Here a stoichiometric LN crystal with 0.6 mol% MgO was purchased [38].
By slightly changing the angle of the tilted pulse front, the emitted THz radiation
maxima can be tuned, when the crystal is cooled. The chilling changes the absorp-
tion and higher frequencies can be decoupled. Since the present setup does not yet
contain a cooling system, the higher frequencies (above 1.5 THz) are not reachable
[39]. In figure 2.5 the grating angles are drawn, in case that it must be dismounted
for cleaning.
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Grating

Normal

45.2°

17.7°

27.1°

18.2°

FIGURE 2.5: Grating before the LN crystal for inducing a tilt to the
800 nm pulse.

The LN crystal itself is mounted on a xyz stage enabling the pump beam to hit
its edge. This way the THz radiation travels the shortest path within the crystal and
is minimally absorbed. If the crystal gets damaged by the 800 nm pump beam, it
can be moved vertically (for some millimetres) in order to expose an undamaged
position to the beam.



12 Chapter 2. Terahertz setup

2.2 THz detection - EOS

Brewster
windows

s-pol

Wollaston
prism

Detectors

THz

800 nm probe beam

Detection
crystal λ/4

s-pol

p-pol

No THz

With THz

FIGURE 2.6: Sketch of the EOS unit (in figure 2.1 the 800 nm makes
a 90◦ deflection). The THz (green) is inducing a polarization change
in the birefringent detection crystal which changes the polarization of
the transmitted 800 nm probe beam (red). For better contrast it passes
a pair of brewster windows and a λ/4 plate. The latter one is setting
the equilibrium state for no applied THz field. The Wollaston prism
is separating both s- and p-polarization parts of the beam. Each one
hits one detector. Below the sketch, the polarization change of the 800

nm is shown, with and without applied THz field.

The scheme used to detect the THz transient field is electro optical sampling (EOS),
shown in figure 2.1 and in more detail in figure 2.6. The THz pulse is focused onto
an electro-optical material, which changes its refractive index when an external elec-
tric field is applied (Pockels effect). These non-centrosymmetrical objects (mostly
crystals) are for example GaAs, ZnTe or GaP. The two latter ones are used here [40].
Because of the electric field of the incoming THz field and the birefringence of the
crystal, the 800 nm sampling (probe) beam sees a different polarization depending
on changes of the THz field. Furthermore, the presence of a sample induces a change
in the THz field which is detected by the polarization change in the EOS crystal (or
nothing changes if there is no sample).
By detecting the THz pulse this way, one can use the 800 nm probe beam (100 fs
FWHM) to scan the THz pulse, which has a much longer pulse length (> 1 ps), as
depicted in figure 2.7. With a mechanical stage, the 800 nm are delayed and therefore
can raster stepwise the THz pulse. Point by point the THz pulse is recorded. Thus,
the phase and the amplitude can be extracted from the measured fields, and used to
calculate all the optical coefficients such as refractive index, absorption coefficient,
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permittivity and conductivity[41].
For the next explanations, see also the lower part of figure 2.6. Before irradiating the
EOS crystal, the 800 nm beam is vertically polarized. Afterwards is has a slight hor-
izontal polarization component, depending on the influence of the crystal induced
by the THz. To minimize that polarization ratio, a pair of Brewster windows is in-
serted, which deviates a part of the s-polarized beam. This enables an enhancement
of the THz-field detection [42]. The quarter wave plate is used to determine if there
is a THz field applied on the detection crystal or not. It defines the equilibrium state.
There is no signal, when the THz field does not reach the EOS crystal1. In that case,
the 800 nm would get circularly polarized. Thereafter the 800 nm beam is split in its
s- and p-polarization parts by a Wollaston prism and detected by a detector system,
which measures the difference between both polarizations. If a THz field irradiated
the EOS crystal, the 800 nm probe beam is elliptically polarized after passing the
quarter wave plate and the s- and p-polarization parts are not equal. The recorded
difference is the THz pulse.
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FIGURE 2.7: The THz pulse (blue) is being rastered by the 800 nm
EOS pulse (red). Via a delay stage it can be delayed and sample the
THz field, e.g. 2 ps later (red dashed). The time delay is kept, like it

is displayed by the delay stage.

1It is set by letting pass the 800 nm probe beam and equalize the signals on both detectors, so that
they give zero if subtracted from each other.
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2.3 THz measurement

Figure 2.8(A) shows the THz time trace of the pulse, while figure 2.8(B) shows the
amplitude spectra calculated via fourier transformation. The detailed data analysis
can be read in 2.4. Both measurements have been taken with a 1 mm thick ZnTe
(110) EOS-crystal. By comparing the purged and not purged lines, water vapour
absorption lines can be seen at around 0.5, 0.7 and between 1 and 1.2 THz [43]. As
comparison, the THz pulse measured with a 300 µm thick GaP (110) EOS-crystal is
shown in figure 2.9(A), alongside with a calculated THz-spectrum in figure 2.9(B).
By comparing both spectra measuerd with the two different EOS crystals, GaP is
showing the absorption lines less distinctively. This is as expected according to [44].
The sensitivity of the GaP crystal is lower, which leads to the conclusion that a ZnTe
crystal is better suited in this frequency range for the EOS (thicker crystals lead to
higher sensitivity). Furthermore, a phonon absorption line from ZnTe arises only at
5 THz. It does not interfere with the emitted band width which goes up to 1.5 THz
here. If detecting higher frequencies becomes necessary, GaP can be used up to
∼10 THz, since no phonon absorption line lies in the range from 0.2 to 10 THz for
that crystal.
Since the EOS crystals are not of equal thickness, the time delay of the measurement
can not be the same because otherwise the reflected pulse in the crystal of the THz
would superimpose on the data. It leads to a better resolution for the thicker ZnTe
crystal and the back pulses can be seen (reflected pulse within the crystal) in figure
2.9(A) at a time delay of 14 ps.
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FIGURE 2.8: The red and blue curves show the recorded THz pulses
(A) with and without purging the spectrometer respectively, mea-
sured with a 1 mm thick ZnTe crystal for EOS. In (B) the amplitude

spectra is shown.
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FIGURE 2.9: The red and blue curves show in (A) the THz transient
field with and without purging the spectrometer. A 300 µm thick GaP
crystal was used. 7 ps after the main pulse the back pulse can be seen.

In (B) the spectra are shown.

2.4 Data analysis of a THz pulse

The recorded data is the electric field E(t) of the THz pulse over the time delay. This
pulse is set to zero baseline so that a possible offset is rectified by subtracting the
mean of the first data points before the pulse arrives. Additionally, one can also
integrate the upper and lower part of the pulse curve (around the horizontal axis)
which must, after subtracting one part from the other make zero. An overlaid su-
pergaussian2 is afterwards multiplied with the pulse, so that the starting and end-
ing values of the pulse are smoothly converging to zero, as seen in figure 2.10 for a
pulse recorded with GaP (pulse from figure 2.9). At the end of the pulse, zeros (zero
padding) are added which artificially gives a higher resolution to the spectra. By
doing this, it is assumed that all the radiating processes in direction of beam prop-
agation have decayed. 1

T , with T the length of the time trace gives the frequency
step in the spectrum fstep. This adding of zeros makes only sense until fstep is small
enough to resolve the natural linewidth of the processes in that frequency region. It
could also be said that this zero padding is doing an interpolation of the data (with
the sine and cosine functions).
The THz pulse is recorded by rasterizing the pulse, in discrete time steps tstep (see

figure 2.7) which gives the maximum frequency value fmax =
1

2tstep
that can be

2A supergaussian is a gaussian function with its exponent being of power n. With higher n the
curve edge becomes steeper.
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measured after the Nyquist–Shannon sampling theorem [45]. Here, the pulses were
recorded in 100 fs time steps equalling an upper frequency limit of 5 THz. That is
sufficient since the bandwidth of the THz pulse does not exceed 1.5 THz.
Finally the time trace of the pulse (cyan curve in figure 2.10(A) plus the zero padding
not shown here) without the back pulse (which would result in a ringing or oscil-
lation on top of the data) is fourier transformed (fast fourier transformation for nu-
merical data) to the frequency domain via

E(t)⇒ E(ω) (2.12)

yielding E(ω). Afterwards the absolute value of E(ω) is taken.
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FIGURE 2.10: In blue the whole time trace is depicted (A) and in cyan
the delimited part for processing. Red shows the supergaussian, that
is multiplied with the pulse. Dashed green is the smoothed pulsed,

zoomed in (B).

Fourier transformation The fourier transformation (FT) is widely used in many
fields as for instance signal processing, acoustics and others. In the following
equation the general fourier transformation is written

F f (y) =
1

2π

∫ ∞

−∞
f (x)e−iyxdx (2.13)

with a normalisation factor of 1/(2π) that differs depending on literature ref-
erence or scientific field (the importance is to stick to one formalism). f(x) is
the function of x that is transformed to Ff(y) with the variable y.
Here, x is the time and y the frequency, or the transformation of the THz pulse
to its spectrum. The THz pulse is transformed from the time domain to the
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frequency domain. The new function is complex valued. For gaining the trans-
mission t through an object the following relation can be used

t =
Esam(ω)

Ere f (ω)
= Aei∆φ (2.14)

with Esam being the electric field passing through the sample, Ere f the elec-
tric field of the reference beam, A the amplitude and ∆φ the phase retardation
between the two pulses. As an example, one wave is travelling through air
(reference) and the other through a sample, the phase retardation of the sec-
ond pulse can be calculated via a fourier transformation. The occurance of a
phase shift can already be seen by the delayed pulse going through the object
arriving at a later time at the detector.

2.5 Water absorption lines

THz radiation is absorbed by water vapor in the ambient air, which makes purging
the setup with dry air or nitrogen necessary for certain measurements. If the absorp-
tion frequency of the sample coincided for example with water absorption lines it
would be problematic if it was to be analysed. For instance, the lactose absorption
line at around 0.53 THz overlaps with the water line at around 0.56 THz and super-
impose (see chapter 4 or figure 2.11).
In figure 2.12 the spectra of a purged and non-purged setup are shown. Clear ab-
sorption lines can be seen and can be associated with the ones reported by van Exter
et al. [46] who measured them in a TDS system. The ringing arises from the FT
of a measurement, for which the purge system did not sufficiently dry the air. An
assignment of absorption lines to transitions can be done according to the work of
Hall et al. [47, 48]. They also measured the aborption of water vapor and e.g. for the
line at ∼0.56 THz a transition from 101 → 110 was calculated. This transition is read
as Jcd, with J denoting the asymmetric rotor energy level (the water molecule is a
asymmetric rotor), c the prolate symmetric rotor quantum number and d the oblate
symmetric rotor quantum number. Furthermore absorption lines are listed in Table
II of the publication [47].
From the measured absorption lines and because THz is strongly absorbed by LN at
frequencies above 1 THz, the bandwidth of the spectrometer is identified from 0.2 to
∼1.5 THz.
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FIGURE 2.11: The red line shows the water absorption line at 0.57
THz and the lactose absorption at 0.53 THz is in green. The lactose
sample was in a pellet form with a mixture of 230 mg lactose and 220

mg of PTFE.
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FIGURE 2.12: THz spectra with a purged setup (blue) and without
purging (red) it.
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2.6 Electronics

The signal detection is done by measuring the change in polarization of the 800 nm
probe beam, induced by the THz field in the detection crystal (birefringent) as de-
scribed in 2.2, in which the EOS system is described. Several possibilities can be
used for measuring and two are briefly discussed in the following.
In the THz community, a lock-in amplifier is mostly used. The detection signal could
come from a balanced detector. In order to obtain a reference signal, a chopper is po-
sitioned in one of the beams that either generates THz or is used for detection. But
with the laser-system’s low repetition rate of 3 kHz, one could conclude that the sig-
nal to noise ratio would be better if single pulse detection was used. (Also a lock-in
amplifier plus GPIB card are quite expensive.)
The detection system used here is realized by two separate photodiodes, which emit
a current that is sent into an integrating amplifier like the IVC1023 (which can read
out positive and negative currents). One of the diodes is hit by the s-polarized light
beam and the other is hit by the p-polarized part of the EOS beam that is separated
by the Wollaston prism. The integrator4 is triggered by two logic inputs to gate the
integration for recording the signal and for resetting the capacitors (which are phys-
ically the integrators). The latter ones are set to zero this way. In figure 2.13 a sketch
of the detection unit is shown. The integrated signal is readout by an analogue dig-
ital (a/d) converter (which transcribes the information into a digital signal so that
a computer can grab the data). All logical signals must be sent at specific times to
avoid an overlap which would result in faulty data. Therefore the 3 kHz signal sent
out by the laser system is used as master internal clock. It is delayed by a delay
generator but that could also be done with the IC 74HCT123. The disadvantage of
that configuration is that the subtraction of both s- and p-polarization signals only
happens at the end, i.e. in the software of the computer. This gives rise to an inferior
signal to noise ratio compared to the alternative described in the following.

The method described next, is what will be implemented as future improvement
of the detection part of the setup. A balanced detector designed by the Electronic
Service Unit of the Max Planck Institute (MPSD) will be used. The system uses two
photodiodes encased in a single box. Their outgoing current is directly subtracted
before going into the integrator. This should strongly decrease the signal to noise
ratio.

(In any case, if the photodiodes are operated with batteries, one should regularly
check their single response. When the end of the lifetime of the batteries is close, it
is better to replace them in advance.)

3Burr-Brown Corporation
4Build by the Electronic Service Unit of Max Planck (MPSD)



20 Chapter 2. Terahertz setup

PD IVC102
integrator/
amplifier

Measured
signal

Integration Reset

Logic signals

A/D converter

Computer

Readout
IVC

PD

FIGURE 2.13: Sketch of the electronic detection unit.

2.7 Pump-probe with THz

The introduced THz setup allows the use of a THz pulse as either pump or probe
pulse, while the second beam e.g. in the IR is the probe or pump. A possible geom-
etry to achieve that which was used in the described setup, is shown in figure 2.14.
The collimated THz beam’s diameter exceeds the one of the second beam by a fac-
tor of 10. This is why 2 inches off-axis parabolic mirrors with holes are used which
let the second beam pass and which enables overlapping at the sample position. In
general the pump beam should be at least

√
2 times bigger than the probe beam, so

that the probe beam hits a homogeneously irradiated sample.

Sample

Pump beam

THz probe

FIGURE 2.14: Off axis parabolic mirrors focus the THz beam onto the
sample and holes enable a second beam overlap onto the sample.

2.8 THz beam profile

2.8.1 Divergence of LN crystal

To correctly position the first off-axis parabolic mirror, the divergence of the THz ra-
diation emitted from the LN crystal was measured by cutting the THz beam in front
of a pyrodetector. As seen in figure 2.15, after approximately 14 mm from the LN
outcoupling surface, the vertical and horizontal divergence are equal and the first
off axis parabolic mirror was positioned there. The full opening angle in horizontal
direction is 5.5◦ and 3.7◦ in vertical direction. For comparison see reference [49, 50].
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FIGURE 2.15: Divergence of THz radiation after LN crystal.

2.8.2 Sample position

In the two diagrams of figure 2.16, 10-90 cuts of the THz beam around the sample
position in horizontal and vertical direction are shown. It was measured by record-
ing the THz peak and decreasing its value by the knife edge method. The spot size
has a FWHM of around 0.6 mm in both axes. Horizontally, the beam is expanding
uniformly but non-uniformly in vertical direction. This means that the beam is go-
ing diagonal through the sample position at the vertical axes.
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FIGURE 2.16: 10-90 cut through the THz beam at the sample position.
In (A) the horizontal part is shown and in (B) the vertical part. The y

axis depicts in both figures the beam propagation direction.

2.8.3 Collimated THz beam

Results of knife edge measurements shown in figures 2.17 confirm that the colli-
mated THz beam hits the third and fifth off-axis parabolic mirrors in the center. No
error function fit was necessary.
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FIGURE 2.17: Profile of the collimated THz beam. Hor stands for
horizontal and Ver for the vertical cut.
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2.9 THz beam power

Depending on the orientation of the half waveplate in front of the LN crystal, the
THz generated is more or less efficient (in vertical orientation maximal). For check-
ing its behaviour, measurements were performed and in figure 2.18(A) the change
of the THz peak with respect to the rotation angle of the λ/2 plate is shown. The
blue curve shows the peak at a fixed EOS stage position and the red one tracks the
maximum of the THz peak with the EOS delay stage. The difference in peak inten-
sity arises due to an output power decrease of the laser system over time (between
both measurement sets). It should be noticed that the THz field does not go down
to zero and that depending of the angle, the maximum THz peak is shifted in time
(not shown in the figure). This is because the λ/2 plate delays the beam depending
on the angle and rotates the polarization axes5.
In figure 2.18(B) the power measured by a digital powermeter is shown with respect
to the λ/2 angles. The output power follows the one of the THz peak and has a
maximum of 185 µW (62 nJ). In the LN pump beam path a power of 2.2 W (0.73 mJ)
was measured, yielding a conversion efficiency of 1*10−4 on that day (20% power
loss at the grating taking into account).

0 100 200 300

Angle [°]

-0.2

0

0.2

0.4

0.6

0.8

1

T
H

z 
pe

ak
 f

ie
ld

 [
ar

b.
 u

.]

At one EOS stage position
Peak THz pulse, tracked

(A)

0 100 200 300

Angle [°]

50

100

150

200

Po
w

er
 [

W
]

(B)

FIGURE 2.18: In (A), the change in the THz peak is plotted vs the
angle of the λ/2 plate. The blue curve shows the peak when the EOS
stage is at the position where one is at the THz peak. If the THz peak
is tracked, the rotation of the plate results in the red curve. (B) shows
the measured THz power with a powermeter at the sample position.

5The λ/2 wave plate can retard one component of the transmitted light polarization for half a wave-
length. Therefore, it can rotate the polarization axes from linear polarized light. A λ/4 plate is retard-
ing one projected polarization part of a transmitted beam for a quarter of the wavelength. This way,
linear polarized light can become circular polarized and the other way round [51].
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To check if the power measured by the powermeter shows reasonable values,
another detector was used and the results are compared in figure 2.19 and 2.20, at
the sample and the EOS crystal position, respectively.
The horizontal axis shows the orientation of the λ/2 plate, which turns the polariza-
tion of the 800 nm pump before the LN crystal. The efficiency of the THz generation
decreases with increasing deviation of the polarization plane from vertical. This
is indicated by the decrease of measured power (see figure 2.18). Note that figure
2.20 compares the measured pulse energy of the powermeter and the pyrodetector
(Microtech Instruments Inc.). Both were positioned after the last off-axis parabolic
mirror. The pyrodetector is specified for the THz frequency region emitted by the
LN, but the range of the powermeter is limited up to the mid infrared region. For
maximum reliability the use of a pyrodetector is recommended, but due to its size
(10 cm long) it cannot be installed at the sample position. However, the powermeter
detects on the same order the THz pulse energy at the EOS position and therefore
the powermeter used in this work for measuring the THz power is a good compro-
mise.
For the measurements in figure 2.19 and 2.20 the 800 nm beam had a power of 2.25
W (0.75 mJ) for THz generation in the LN crystal.
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FIGURE 2.19: THz power at the sample position (after the third
parabolic mirror) measured with a powermeter in respect to the λ/2

angle.
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FIGURE 2.20: THz power at the EOS detection position (after the fifth
parabolic mirror), measured with a powermeter and a pyrodetector

from Microtech.

2.10 Pump-probe extension with an OPA

With an optical parametric amplifier (OPA) it is possible, in a first step, to generate
light in the near infrared range with the 800 nm fundamental wavelength provided
by the laser system. The following description is illustrated in figure 2.21. White
light is generated in a sapphire plate and focused onto a nonlinear (birefringent)
crystal (here BBO) and overlayed with the first 800 nm pump. A part of the white
light has near infrared components that are used as seed for the signal beam. The
second order DFG process in the crystal yields a weakened pump, a signal and an
idler pulse (λsignal < λidler). By changing the angle between the ingoing beam and
the crystal surface, the phase matching condition can be changed, making the out-
going signal and idler wavelengths tunable.
In a second step, the gained signal beam passes the BBO crystal again, thereby being
enhanced by a second 800 nm pump beam. The generated idler beam was blocked
before. At the end of both steps a signal beam and idler beam are generated. If
necessary, both can generate mid infrared light via DFG for example in a Ag2GaS
crystal.
For energy and momentum conservation the following equations must be fullfilled
(for the DFG process):

ωpump = ωsignal + ωidler ⇔
1

λpump
=

1
λsignal

+
1

λidler
(2.15)
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FIGURE 2.21: Sketch of the OPA. White light generated in a sapphire
plate and a 800 nm pump beam are generating the signal and idler
beams. The signal is passing a second time through the BBO crystal
and gets boosted by a second 800 nm pump beam. Both signal and
idler can generate radiation in the MIR by DFG. For a better overview
the BBO is drawn two times although it is the same getting passed

from reciprocal directions.

~kpump =~ksignal +~kidler. (2.16)

Equation 2.16 describes the phase matching in the nonlinear crystal.
Figure 2.22 shows a sketch of the used OPA, which was built by Amul Shinde and

Katrin Admczyk (for the experiments with IR light as a pump beam). It is located
on the opposite side of the optical table and the outgoing radiation can be guided
towards the THz setup. When the two mirrors, which are hit separately by the signal
and idler are properly adjusted, they should not be touched anymore (provided the
OPA is running correctly). The DFG crystal is positioned on the THz board in a
telescope, so that the spot size of the signal and the idler are ideal for MIR generation.
If a small spot size at the sample focus of the IR is desired or needed, a f=100 mm
lens can be positioned before the third parabolic mirror (e.g. FWHM focus size of
around 0.7 mm). For bigger spot sizes like 1.4 mm FWHM the last mirror before the
hole of the third parabolic mirror can be exchanged to a concave gold mirror (e.g.
f=500 mm).

2.11 Pump-probe extension with tripler box

In order to obtain pulses at wavelengths of 400 or 266 nm, the THz setup can be
expanded by a second or third harmonic generator, which position is shown in figure
2.23. This leads to pump wavelengths of 800 nm when the box is empty, and 400
and 266 nm when a BBO or BBO plus retardation plate, half waveplate and a second
BBO, respectively, are installed. Accordingly to the beams, the detection parts have
to be modulated if they are used as a probe. They need to pass the hole in the fourth
parabolic mirror with a detection unit afterwards.
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FIGURE 2.22: Sketch of the OPA, which radiation is guided over to
the THz Setup. Red represents the 800 nm beam and blue IR radiation

(NIR+MIR). The dimension of the OPA part is not to scale.
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FIGURE 2.23: Sketch of the THz setup with the tripler box. In red
the beam path of the possible 800 nm, 400 nm and 266 nm beam is
depicted. All can be used as a pump and if changes are done in the

detection part, also as probe.
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2.12 Summary

A versatile pump-probe setup was built as described in the previous sections. It has
a LN crystal as the THz radiation source, pumped by a 800 nm beam, with a tilted
pulse front. The second pulse can be the fundamental wavelength coming from the
laser system or higher harmonics from it, e.g. 400 nm or 266 nm. Additionally, IR
light from an OPA can be used, which is tunable from 1.6 to 10 µm.
The generated THz has a bandwidth ranging from 0.2 to v1.5 THz, with a central
frequency of 350 GHz. Since the LN crystal is not cooled, the emission above 1 THz
decreases strongly. At the sample position energies of 0.2 µJ can be obtained (fluence
10−5J/cm2). An efficiency of 3*10−4 can be achieved. In comparison, the conversion
efficiency for THz generation is typically less then 10−4. The THz beam path was
checked at various positions to ensure a centric beam guidance.
At the end the THz pulse is recorded by EOS, that enables the collection of the elec-
tric field. As a result, the amplitude and phase can be gained for further analysis or
calculation.

2.13 Outlook

In order to improve the THz setup, two major changes will be realized in the future.
One is incorporating the LN crystal in a cryostat which should increase the THz
pulse power by a factor of at least 10 and expand the bandwidth above 2 THz with a
central frequency around 1 THz. The other would be to use a balanced photodetec-
tor (designed by the Ultrafast Electronics Scientific Support Unit of the MPI-MPSD)
which would give a better signal to noise ratio. Another part would be the installtion
of a cryostat at the sample position, for cooling samples.
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Chapter 3

Carbon based materials

3.1 Motivation for studying graphite oxide (GO) films

A vast field of research today deals with carbon based materials. This leads to var-
ious new insights and products in many sectors, like electronic devices [52], filters
[53] or in medical applications [54].
One open question until now is, which route is suitable for a mass production of
graphene (a carbon monolayer, described in more detail in 3.2), which is a poten-
tial future key product. One of the several manufacturing options, is via chemical
processes in solutions. The first step is the oxidation of graphite to graphite oxide
(GO1). The next step is to mechanically separate the GO-creating sheets. This solu-
tion can be dried on a substrate and the oxidized graphene flakes are superposing
each other, building a layered system. Graphene is formed from the solution by re-
duction methods. In figure 3.1 the steps are depicted, except for the reduction step.
In this work, a GO membrane system was studied. The original motivation for
pump-probe experiments was to study the water content and vibrational behaviour
between the sheets via IR-two-color-spectroscopy. But the overall strong electronic
response superimposing with for instance the C=C vibrational mode at 1575 cm−1,
made it clear that an analysis of the carrier behaviour is necessary to complement
those experiments.
THz radiation is sensitive to these free carriers and can complete previous inves-
tigations to better describe the membrane. Hence, experiments on the vibrational
states of GO were performed by Amul Shinde, by means of IR spectroscopy and the
continuative pump-THZ-probe spectroscopy which is described in this chapter. It
is possible to investigate the electronic behaviour by means of the IR pump-probe
setup. However, spatial inhomogeneity of the GO bandgap due to the layered char-
acter of the sample makes THz probing useful since its low energy photons. A THz
photon should not be able to excite a trapped carrier again into the conduction band.

1In this work the abbreviation GO is going to be used for materials which consists of a mixture of
graphene oxide and graphite oxide sheets and flakes.
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After the introduction to graphene and graphite the recorded data and results are
shown and discussed.

(A)
Graphite

(B)
Graphite
oxide

(C)
Graphene
oxide

FIGURE 3.1: Graphite (A) becomes graphite oxide (B) after oxidation
and exfoliation leads to graphene oxide (C). Oxygen groups like phe-

nol or carboxyl are depicted in red. Adapted from [55].

3.2 Introduction to graphite and graphene

a
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FIGURE 3.2: In (A) the honeycomb structure of graphene with the
respective unit cell is shown. a and b are the basis vectors and the
nearest neighbours have a distance of 0.14 nm. The first Brillouin-
zone is shown in (B) with the Dirac points K and K’ and the reciprocal

basis vectors a* and b*.

Graphene consists of carbon atoms which are arranged in a planar honeycomb pat-
tern (see figure 3.2). It was first isolated in 2004 [56]. Between the next neighbour
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atoms σ bonds are holding the structure together and the electron in the pz orbital is
building π bands with its neighbours. This creates an electron gas delocalized over
the planar surface. For displaying the band structure, a transition to the reciprocal
structure needs to be made. In this case, it is also a honeycomb structure, as can
be seen for the first Brillouin-Zone (BZ), shown in figure 3.2(B). Only two corners
are named because there are only two sub-lattices. The edges are typically named K
and K’. At these special points the valence band (VB) and the conduction band (CB)
are overlapping. The peculiar thing is, that the band structure is straight around
these points (see figure 3.3(A)), which allows descritption of charge carriers with the
Dirac equations. They have a vanishing effective mass and spin 1/2. That is why
the points K and K’ are sometimes called Dirac points [57].
In the case that there are one or two carbon layers, the structure can be described as
having no bandgap between the VB and CB. By piling up more layers the band struc-
ture is changed. For 10 or more layers the object behaves like thin graphite films [58].
The band structure of graphite is shown in figure 3.4 [59]. In contrast to graphene
the band structure of the π bands are quadratic around the K point. Independent of
the number of layers, defects lead to a band gap and so one has a semiconductor or
semimetal like behaviour.
Several methods can be used for producing graphene, like chemical vapour deposi-
tion (CVD) [60] or exfoliation techniques. A pre-stage on the way to graphene was
studied here, described as the "filtration of a monolayer graphene oxide dispersion"2

(and purchased from GRAPHENEA S.A., with the following characteristics: oxygen
level: 41-50%, thickness: 12-15 µm and non-conductive).

2https://www.graphenea.com/collections/graphene-oxide/products/graphene-oxide-filter
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FIGURE 3.3: The band structure with no band gap of perfect graphene
around the K (Dirac) point is shown in (A). The energy band structure
of a semiconductor with many defects is illustrated in (B). The light

blue colour marks the filled valence band before any interaction.
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FIGURE 3.4: The band structure of graphite around the K point is not
linear like in graphene but quadratic.

3.2.1 GO - Graphene/Graphite oxide

Befor being able to use graphene in a wide variety of fields with its desired proper-
ties, it must first be produced on a large scale. The Scotch tape method or CVD [61]
is presently not the method of choice. There is a more promising approach via GO
solution, since it can be produced in big quantities at once. It should be noticed that
e.g. the CVD method gives much better results in terms of structure homogeneity
and therefore, conductance (if that is the desired characteristic).
The basic steps of GO production are described in the following: it starts with the
oxidation of graphite. Between the sheets, for instance oxygen (epoxide), hydroxyl
and carboxyl groups are formed [62, 63, 64]. This is due to the usage of e.g the
oxidant KMnO4 (potassium permanganate) [65] during the process. The oxidation
process leads to wider spacing of the layers, with respect to graphite (the spacing
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changes from 3-4 Å[66] to 7-14 Å[67, 68]). This condensed matter is hydrophilic and
water from the solvent or air humidity can intercalate. By a fast increase of tempera-
ture, the layers can be separated and single or multilayer flakes of GO are obtained.
Another splitting method is to press the oxidized solution through a nozzle, which
separates layers through shear forces [69] or to use a sonicator. This material can
now be dried on e.g. a filter, like the samples that are studied here. Such a layered
material is very heterogeneous and each slide should have a different band struc-
ture. It would range from graphene to a semiconductor with many defects, having
intermediate states in the band gap, as depicted in 3.3(B).
For the conversion to pure graphene, an additional step is necessary, for reduction
of the sheets (for example alanine, a reducing agent [70]). At the end of the process
reduced graphene oxide (rGO) is obtained but has by far not the quality of graphene
produced with the CVD method mentioned above. Increasing the temperature to
seperate sheets can also lead to rGO (or rather thermally reduced graphene oxide
[69]). One of the most used methods at the moment for gaining GO is the so-called
Hummers method [71].

3.3 Recapitulation of selected publications

Before showing the GO measurements in the next sections, a short selection of pub-
lications should be listed, that studied carbon materials.
One reason why there is such an interest in graphene at this moment in time is its
high conductivity value. To measure this, one possibility is to use the four-point
probe method [72]. In the work of Tölle et al. [69], that technique was used to
measure thermally reduced graphite oxide (TRGO) on plastic substrates. The con-
ductivity for their samples ranged from 0.5 to 16 S/cm. Unfortunately, the probe
tips of the four-point probe device have to be in contact with the conductive layer. It
can lead to fractures in the film, especially when it is very thin or got a special sur-
face which should not be touched. One method to overcome this is to use THz-TDS
(time domain spectroscopy). The THz radiation can non-invasively probe the con-
ductivity. Two geometry possibilities can be used for that. Either the measurements
are done in transmission or in reflection mode [73]. If the experiment is performed
in reflection mode, all kinds of substrates can be used for graphene. However, it is
more challenging to use that geometry. Investigating these THz-TDS methods are
of great importance, since it is desired to produce graphene on a large scale and
to continuously check its characteristics, like the conductivity. This was studied by
Mackenzie et al. [74] (March 2018). As mentioned above, both transmission and re-
flection methods can be used and result in the same values for the conductivity of
graphene. For single-layer graphene the conductivity was measured to be around
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1.7 mS in transmission mode and 2 mS in the reflection geometry. The difference
arises from measurement uncertainties. What should be noted, is that the conduc-
tivity changes up to 20% when the relative humidity is changed from 0% up to 60%.
Therefore the humidity should be kept stable during all the measurements, which
was done also here by purging the setup with dry air.
Below, pump-probe experiments of some publications should be shortly discussed.
The interpretation of the data will not be disputed, since there is an ongoing debate
in the literature and is discussed in section 3.11.
In 2008, one of the earliest publication studying epitaxial grown graphene via pump-
THz-probe spectroscopy was published. George et al. [75] did study 12 to 20 layer
thick graphene samples (one should rather talk about thin graphite). They recorded
that the decay after optical excitation is a three step process. The model to explain the
data is deviated from the formulation describing transmission through a conductive
material as introduced by Tinkham [76]. Additionally, the intraband conductivity
was derived. The pump pulse energy was varied between 1-15 nJ (pump spot size
of 350 µm) and it shows a dependency of the recombination process with the carrier
density. The process for the recombination could be via plasmon emission, phonon
emission and Auger scattering. Besides, the 20 layer sample has a recombination
rate that is two times faster than the thinner sample with 12 layers of graphene.
One year earlier, in the same group, optical pump-probe spectroscopy was also done
on epitaxial grown graphene by Dawlaty et al. [77]. The data recorded there can be
described by two time scales. For the first time constant, carrier-phonon scattering
could be one interpretation of the process. That supports the interpretation of the
data shown in sections below. The second time constant depends on the disorder of
the sample, which was checked by Raman scattering measurements. Modelling of
the data was also done via the formulation introduced by Tinkham [76].
One publication in 2011 from Kaniyankandy et al. [78] reported optical pump-probe
spectroscopy experiments on graphene oxide (pump wavelength 400 nm). They
studied graphene oxide in solution (water) since substrates like SiC can alter the
bandgap of the carbon layers on top of it. The decay curves can be described by a
multiexponential model with three time constants. In the case of reduced graphene
oxide a fourth constant is introduced. The longest time scale is on the order of >400
ps (as in the measurements shown in the sections below) and is attributed to deep
trap states (the trapped carriers need a lot of time to recombine). By comparison
of the decays of graphene oxide and reduced graphene oxide, the time constant do
strongly change. It leads to the conclusion that the oxygen groups are playing a
major role for the carrier-phonon scattering and recombination process. Therefore,
the reduction process changes the trap states number. In addition, the absorption in-
creases in the blue frequency region. Moreover, different pump intensities were used
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and showed that in graphene oxide, the carrier dynamics are independent from the
carrier density.
The publication of Kar et al. [79] (2014) shows measurements on multilayer reduced
graphene oxide. They first show the conductivity of their samples measured in a
THz-TDS. The values they got ranges from 500 to 600 S/m, depending on the sam-
ple. For the modelling they used the Drude-Smith model, since the Drude model did
not work for the data. Also, optical-pump-THz-probe spectroscopy was performed
by Kar et al. and the decay curve was analysed with a model incorporating three
time constants. Again the relaxation is mediated by carrier-phonon scattering. In
addition, at different delay times after excitation the THz time trace was recorded to
gain the change in conductivity due to excitation. Unfortunately the Drude-Smith
model does not reflect the data before 3 ps, maybe due to the fast rate of relaxation
processes happening after excitation.
The work of Mihnev et al. [80] (2016) reports 800 nm pump-THz-probe spectroscopy
on different samples, as multilayer epitaxial graphene and CVD graphene. If the
samples are highly doped, the recorded decay trace can be described by a mono-
exponential model. For theses samples there is no time dependence on the substrate
temperature and a weak one on the pump fluence. In contrast, a multilayer layer (63
layers) sample with low doping and at cryogenic temperatures has a bi-exponential
behaviour. The approach to explain the data is microscopic and not originating from
e.g. the Drude model. Moreover, they state that carrier-acoustic-phonon scattering
does not play a role on time scales of tens of ps. Also, disorder does not need to be
taken account, which indicates that they have very homogeneous samples.
The different pump-probe experiments show that even if the publications are study-
ing graphene or graphene oxide, the results and used models can strongly differ. An-
other point is the usage of a model to describe the processes. In that direction, Ishida
et al. [81] (2011) did perform time resolved photoemission spectroscopy on graphite.
One purpose was to check the usability of the two temperature model (TTM). Right
after the excitation from a pump, coupled-optical-phonons can be tracked. The dis-
sipation of the energy is likely to happen through electron-coupled-optical phonon
scattering in the first hundreds of fs. Also, the electron-electron scattering cannot be
held responsible for the energy loss of the excited electrons. However, it cannot be
ruled out, that during the excitation process, both, excited electrons and coupled-
optical-phonons are generated. Therefore, for short times (under 200 fs) the TTM
might break down. But in this range lies the time resolution of the experiments per-
formed in this thesis. Consequently, no statement can be made about its correctness
or not. To already mention some results from our group, the scheme that optical
phonons are being generated at early times (around 150 fs) is in agreement with the
experiments done by Amul Shinde (see below) and verified here.
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3.4 Checking the feasibility to measure GO

The method that is used for studying carrier dynamics, is to constantly probe with
the EOS 800 nm beam the maximum of the THz field. It records how it changes over
time, in respect to the delay between the pump and probe beam [82].
Before applying this technique, it must be checked if there is a phase shift between
the THz pulses passing the pumped and unpumped sample. In the figures 3.5 and
3.6 the THz traces of the chopped and unchopped signals are shown. These are going
through the GO sample when it was excited at different fixed delays in relation to
the maximum of the overlap. No phase shift at the different times can be seen which
means that the effect to be investigated is frequency independent. This allows the
measuring of the decay of the THz maximum in relation to the delay between pump
and probe pulse.
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FIGURE 3.5: In the figures (A) and (B), the THz pulses from the un-
pumped and pumped signals are shown at times -13.5 ps and 0 ps, in

relation to the overlap maximum.
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FIGURE 3.6: In the diagrams (A) and (B), the THz pulses from the
unpumped and pumped signals are shown at times +0.2 ps and +4.5

ps, in relation to the overlap maximum. Legend as in 3.5(A).

By subtracting the pumped and unpumped THz pulses, a statement about the
noise level can be made. The differences can be seen in the figures 3.7 and 3.8. The
noise level is on the order of 3*10−3. Around the peak fields, the differences of the
pumped and unpumped THz pulses are at their maximum. To be more precise, that
extremum for the difference curve is arising around the inflexion points of the THz
pulses. It should be noted, that one main noise contribution comes from the THz
pulse itself. This is why, the improvements on the used electronic devices might be
at some point unnecessary, if the THz pulse noise is too high.
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FIGURE 3.7: In the figures (A) and (B), the differences (blue) of the
unpumped and pumped THz pulses are shown at times -13.5 ps and
0 ps. Scaled by a factor of 10−2.5, the unpumped THz pulse is shown

in red.
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FIGURE 3.8: In the figures (A) and (B), the differences (blue) of the
unpumped and pumped THz pulses are shown at times +0.2 ps and
+4.5 ps. Scaled by a factor of 10−2.5, the unpumped THz pulse is

shown in red. Legend as in 3.7(A).
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3.5 Absorption of GO in the NIR and IR region

The GO membrane was measured with an UV-Vis3 and an FTIR4 spectrometer to
record the absorbance and the absorption length, shown in figure 3.9(A) and (B) re-
spectively (partially measured by and with Amul Shinde). Both data sets acquired
from the two different commercial setups, did not have the same baseline. Therefore,
there was an offset between both data points sets. To align both curves, a constant
value was added to the data of the UV-Vis part, since the Bruker device is more reli-
able in the IR frequency range.
For the pump-probe measurements, three pump wavelengths were used (0.8, 2 and
3 µm). As seen in figure 3.9(A), at 800 nm the absorbance makes a kink, before in-
creasing drastically for smaller wavelengths. At 2 µm the absorbance is at 0.9 OD
and it is the lowest value of the three pump wavelengths. A peak of the absorbance
is at 3 µm, which arises from the absorption of the water and oxygen groups in the
GO membrane.
The absorption length of the ∼13 µm thick membrane at 0.8 and 3 µm are quite sim-
ilar, with a value of around 3.8 and 3.2 µm respectively. For 2 µm the absorption
length is at 6.2 µm. Therefore, the pump beam can penetrate deeper at a wavelength
of 2 µm and excite more carbon layers out of equilibrium.
To foreclose already some adjustments, the idea was to adjust the pump fluences so
that it matches the different penetration possibilities. For 800 nm pump wavelength
it was set to 12 µJ/cm2, for 2 µm to 40 µJ/cm2 and for 3 µm to 45 µJ/cm2. The
fluence of the 800 nm pump wavelength could have been easily increased, but at
higher pump fluences thin GO membranes did get black marks, so were destroyed
by that. This limited the pump fluence for 800 nm. Less fluence did result in very
noisy data. At 2 µm the idler beam of the OPA was used. By decreasing the power of
that pump radiation with IR absorptive filters to 1/4 of the initial power, no signal
was detected anymore. At 3 µm pump wavelength the pump spot size was strongly
reduced in comparison to the two other pump spots (from 1.4 mm to 0.7 mm), to be
able to record a signal, because the output by the DFG process was very low.
This is why the different pump fluences were not tuned and there was no recording
of a measurement set with different pump fluences at one wavelength, to check if
there is a dependency between the decay process and the carrier density. At least
from the publication of Kaniyankandy et al. [78], no dependence of pump fluence
and carrier density for graphene oxide was observed. It indicates that it might not
happen for the samples used in this work, but needs to be checked in a future exper-
iment.

3Ultraviolet and visual spectrometer, Shimadzu 3600
4Fourier transform infrared spectrometer from Bruker, Vertex 70
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FIGURE 3.9: The absorbance of the GO membrane is shown in (A) and
the absorption length in (B). Red depicts the measurement done in the
UV-Vis spectrometer and green the measurement in the IR spectrom-
eter. The black lines depict the wavelength of 0.8, 2 and 3 µm, which

were used as pump wavelengths in the pump-probe experiments.

3.6 Recorded data

The software of the data aquisition unit from the THz setup is recording different
values. These are the vertical and horizontal polarisation of the electric field in the
unpumped Eunpumped and pumped Epumped mode and the difference between them.
In the literature two ways are used for presenting pump-probe data. One is by plot-
ting the change of the electric field ∆E=Epumped-Eunpumped used here (THz peak am-
plitude [83]), the other by showing the change in transmission [77]. The follow-
ing equation 3.1 shows how to calculate the transmission change ∆T/T from the
recorded electric fields:

∆T
T

=
Ipumped

Iunpumped
− 1 =

|Epumped|2

|Eunpumped|2
− 1 (3.1)

3.7 Pump-probe spectroscopy of GO

In the following literature references [77, 75, 79, 84, 80], similar experiments on
graphene or GO were performed, but not further discussed since the interpretation
is under current debate as mentioned in section 3.11. In our case, different pump
wavelengths are used to study the electronic dynamics of GO. The first is 800 nm,
that could be considered a reference measurement, since a lot of laser system are
emitting at that wavelength, so that it can be easily used as a pump. The second is 2
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µm which is generated in an OPA as is the third pump beam with a wavelength of 3
µm.

Different possibilities exist to analyse the recorded data. One way is to evaluate
the EOS scans at different delay times after the overlap of the two pulses and look
at their spectra or the calculated conductivity (or the refractive index). With the
Drude model or variations of it, it could be possible to obtain information about
its change over time. But as stated in chapter 2 the bandwidth of the THz pulse
goes only up to 1.5 THz. Hence, no features could be seen or reasonable fits made.
More importantly, the Drude model would only be a classical approach to describe
a heterogeneous system that is excited out of equilibrium by the pump pulse.
So in the following section first the raw data will be discussed. Later on it is shown
how the data can be analyzed.

3.8 Raw data

The raw data plots show ∆E over the time delay between the pump and probe pulse.
The fact that ∆E is negative, means that the sample is absorbing the THz radiation
after excitation of the pump. In appendix D.1 the normalized curves can be seen, as
a reference for later measurements.
At the pump wavelength of 400 nm, the GO sample was also pumped but no signal
was seen. Since with a ZnSe waver a signal (step function like) could be recorded,
a delay stage position error can be excluded. Also, a thin sample turned dark after
exposition to the pump beam, which means that the pump energy was high enough
to induce a change (at least electronically) to a GO membrane. It is possible that the
beam did not enter the sample deep enough (see figure 3.9(B)) to enable the THz to
detect a change.

• In the figures 3.10 the GO sample was pumped at 800 nm and probed by THz
radiation. Since this wavelength is widely used in laser systems, it can also
be seen as the reference measurement. As it is the fundamental wavelength, it
would be possible to pump the film quite strongly, but at around 28 µJ/cm2,
a thin slightly transparent sample turned dark. So a change in the structure
is induced. Here, 12 µJ/cm2 (1 µJ pulse energy) was applied to exclude any
damage on the sample. Besides, no damage on thin samples could be seen
after exposure. By inspecting the decay curve, it monotonically decreases on
several time scales.
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FIGURE 3.10: Figure (A) shows the decay curve for GO pumped at
800 nm and probed with THz. In (B) a zoom around the maximum is

done.

• The smooth curve at 2 µm pump wavelength can be seen in figure 3.11. At time
delays of -700 fs and +700 fs bumps on top of the curve can be clearly seen. The
pump pulse fluence was 40 µJ/cm2 (its energy 4 µJ). The smooth decay curve
can be explained by the absorption length (see figure 3.9(B)), which is more
than half of the sample’s thickness. Therefore, most of the layers of the GO
membrane are excited and consequently can be probed by the THz radiation.

-40 -20 0 20 40
Delay time [ps]

0

1

2

3

-
E

 x
 1

00
0

(A)

-2 -1 0 1 2 3
Delay time [ps]

0

1

2

3

-
E

 x
 1

00
0

(B)

FIGURE 3.11: (A) shows the decay curve for GO pumped at 2 µm and
probed with THz. In (B) a zoom around the maximum is done and at

-700 fs and +700 fs, embossments can be seen.

• The curve for the overlap, at 3 µm pump wavelength is shown in figures 3.12.
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It is the mean of 3 measurement days since the data is noisy. Also the beam spot
size was reduced from 1.4 mm (for the other measurements) to ∼0.72 mm, for
getting a higher fluence that was around 45 µJ/cm2 on average. In appendix
D.2, each curve can be seen. It is suspected that the strong noise arises from
the pump spot size being approximately the same size as the probe spot size.
Similar to the previous 2 µm pump data, at a negative delay of -900 fs a bump
can be discerned. In comparison to the two other pump wavelengths (see fig-
ure 3.13), it decays faster. Since the pump wavelength is 3 µm, one difference
to the other pump wavelengths is the possible excitation of the OH-stretching
vibration mode. This could alter the decay mechanism.
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FIGURE 3.12: (A) shows the decay curve for GO pumped at 3 µm and
probed with THz. In (B) a zoom around the maximum is done and at

-900 fs a bump can be seen.

By comparing the three data sets above, minor peaks before and after the main
maximum seem more pronounced if pumped in the IR.
In figure 3.13 a semilog plot of all decay curves is shown. There the data is normed
on its maximum value and it could be assumed, that the decaying data, after 1.5 ps,
can be described by two exponential functions, which will be done exemplary in the
next section.
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FIGURE 3.13: Overlayed data of the peak electric field change for the
three pump wavelengths.

3.9 Stretched exponentials

In this section a simple way to analyse the data with a stretched exponential is in-
troduced. In the literature it was first used to describe the relaxation of carriers in
glassy systems [85, 86]. Its general form is the following

f (t) = a · exp(−( t
τ
)β) (3.2)

with a being the amplitude, t the variable, τ a lifetime and β the stretching value.
This way, it can be taken into account, that there is not one single fixed lifetime as
for an excited state in an atom but there is a distribution of lifetimes (or decay rates)
[87].
In the last decades, that approach was used in different scientific fields, but here
it should be looked at how it can be used for heterogeneous systems [88] like GO.
A mathematical description of the stretching distribution and its moments can be
found in the work of Johnston [89] or [90].
As an example, the fitted data with a pump wavelength of 800 nm are shown in
figures 3.14. The blue dots depict the data which are used for the fit, starting 1.5
ps after the maximum of the decay curve, which is set as time zero. In green, the
excluded data points are shown. The red fit curve is also drawn at times before 1.5
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ps. For both plots the following equation was used:

f (t) = a1 · exp(−( t
τ1

)) + a2 · exp(−( t
τ2

)β) + c (3.3)

with a different β.
The trapping can be associated to the material’s dimension d with the following
equation

β =
d

d + 2
(3.4)

that was introduced by Philips [88]. Here β was set to 0.5, displayed in the fit of
figure 3.14(A). This corresponds to a decay on a surface in which the carriers can
move. These are the single GO sheets, so a 2 dimensional material.
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FIGURE 3.14: Both plots show the decay curve when the sample is
pumped at 800 nm. In (A) the data is fitted with β=0.5 and in (B) with

β=1.

In (B), β is set to 1, expressing a biexponential decay. The values of the fit vari-
ables can be seen in table 3.1. τ1 is clearly between 1 and 2 ps for both fits and τ2
higher than 10 ps. The error in τ2 is also quite big, higher than the value itself, aris-
ing from the long decay tail. The first decay time could be associated with electron-
phonon scattering and is in the range of the one of metallic systems (discussion with
Michael Sentef, MPI-MPSD). Slow trapping process is shown by the second time
constant. This process takes tens or hundreds of ps. One could understand the re-
sults as having a noncoductive material which by pumping is transferred to a metal
and after some ps is going back to its original characteristics.
Both R-square values of the fits are very good (almost 1) which means that the fit is
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Func a1 a2 c
Stretched 0.37±0.08 0.13±0.09 0.4 ∗ 10−3 ± 55 ∗ 10−3

Bi-Exp 0.39±0.06 0.07±0.02 8.8 ∗ 10−3 ± 25 ∗ 10−3

β(fixed) τ1 [ps] τ2 [ps] R-square
Stretched 0.5 1.64±0.63 11.16±39.10 0.9969

Bi-Exp 1 1.73±0.43 21.5±26.4 0.9971

TABLE 3.1: Values of the fitvariables from the fits in figure 3.14.

good. At least from this point of view. The data points, on which the fits were per-
formed are from a time delay after 1.5 ps. Before that, the pump and probe pulses are
interacting and a deconvolution of the data should be performed. This is not done,
since for the inverse convolution the noise of the measurement must be known for
instance, which is not the case here [91].
But if one remembers the decay curves shown in section 3.8, when the sample is
pumped in the IR, there are smaller peaks before and after the main maximum.
These can not be modelled with exponentials only. So the model is missing terms
or should be expressed otherwise. In the next section 3.10, a new model will be
introduced, which is suited for the measurements.

3.10 Nonlinear optics using the density matrix

To interpret pump-probe data, as simply as the absorption spectra of an excited sys-
tem, is only valid when the pulses are short compared to the dynamics of interest.
Since the THz pulses generated by optical rectification have a FWHM of roughly 1.4
ps (see figures 3.5), which is already on the same order of magnitude as the decay
dynamics studied here, a more sophisticated model should be used for proper inter-
pretation of the pump-probe traces. In the following a model is described, which is
more appropriate to interpret the experimental observations.
Calculations, based on third order time-dependent perturbation theory, as described
in [92] were performed by Matthias Ruppert. The system can be well described as
a statistical ensemble, which can be expressed using the density matrix ρ. Via the
trace of the dipole operator V and ρ, the polarisation P can be calculated which is the
relevant observable for the system

P(n)(t) =< Vρ(n)(t) >, (3.5)

where power of n denotes the n-th perturbed order.
First the Liouville formalism is introduced, which is more convenient for handling
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the temporal evolution of the density matrix ρ. It is also referred to as the Liouville
equation:

d
dt

ρ = − i
h̄
[H, ρ] (3.6)

For convenience the Liouville (super-) operator is introduced as follows:

− i
h̄
[H, ρ] ≡ − i

h̄
Lρ (3.7)

LO := [H, O] (3.8)

with the Liouville operator L, H the Hamiltonian of the whole system and O an
arbitrary operator from the Hilbert space. In equation 3.6 the temporal evolution of
the density matrix is stated. The Hamiltonian can be expressed as H(t)=H0+H’(t),
with H0 as the unperturbed part and H’(t) when a time dependent perturbation
occurs. Latter one is expressed as −E(t) ∗V, with the electric field E and the dipole
operator V (from the Hilbert space). By making use of the interaction picture, the
evolution of the density matrix becomes

d
dt

ρI(t) = −
i
h̄
[H

′
I(t), ρI(t)]. (3.9)

With relation 3.7 and integration, the density matrix can be expressed as

ρI(t) = ρI(t0)−
i
h̄

∫ t

t0

dτ1LI(τ1)ρI(τ1). (3.10)

From there the iteration process is used by using the expression above to plug it into
itself resulting in

ρI(t) = ρI(t0) +
N

∑
n=1

ρ
(n)
I (t) (3.11)

with ρ
(n)
I (t) = (− i

h̄
)n

∫ t

t0

dτ1...
∫ τn−1

t0

dτnLI(τ1)...LI(τn)ρI(t0). (3.12)

Afterwards the substitution of the single interaction times τ to the time intervals
ti (see figure 3.15) between the field-interactions is made. From equation 3.5 the
general expression for the polarization is obtained by calculating the trace with the
density matrix, which leads to:

~P(~r0, t) =< Vρ(t0) > +
∞

∑
n=1

~P(n)(~r0, t) (3.13)
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with ~P(n)(~r0, t) = (
−i
h̄
)n

∫ ∞

0
dtn...

∫ ∞

0
dt1E(t− tn)...E(t− tn − ...− t1)·

· θ(t1)θ(t2)...θ(tn) < VG(tn)ϑG(tn−1)ϑ...G(t1)ϑρ(−∞) > (3.14)

with ϑ the dipole operator from the Liouville space (ϑ := [H, V]) and G(t) = e
−iL

h̄ t−Γ(t).
Γ(t) is an artificially introduced decay term, that accounts for the decay of populated
states over time. However, it does not conserve population.
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FIGURE 3.15: Interaction of the pulses (not to scale) with the sample.
The first red pulse is depicting the pump pulse with its two interac-
tions. After the time t2 the THz pulse is probing the sample. At the

end the EOS pulse is probing the maximum of the THz field.

Herein discussed experiments have the main contribution coming from the third
order P(3). The interaction pulse scheme can be seen in figure 3.15. Also the rotating
wave approximation (RWA)5 will not be assumed, since the THz pulse is a few cycle
pulse (around 1.5 field cycles) and the integral over it cannot be assumed to yield to
zero. It is presumed, that the 800 nm pulses are δ-like

Epump(t) = δ(t + τ)e−iωput (3.15)

where τ denotes the pump-probe delay. The pump pulses precede the probe pulse.
Also, it is assumed that the system is in a population state after the interactions with
the pump pulse. Given these assumption, the following expression for the third
order polarization is derived:

5RWA: The RWA is an approximation made to a Hamiltonian operator H. This operator can be
separated into two terms when a disturbance is occuring: one part for the unperturbed system H0
and the other HInt for a weak interaction by e.g. an external electric field. The frequency ωe of that
field should be close to a transition frequency ωt of the system H0. By expressing the Hamiltonian
H=H0+HInt with the introduced frequencies and in the interaction picture, exponentials with ωt+ωs
and ωt-ωs are arising. At that point the approximation is made by neglecting the fast oscillating parts
ωt+ωs, which tend to zero. It is valid on time scales that are shorter than the lifetime of the excited
state [93].
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P(3)(t) =
−i
h̄3

∫ ∞

−∞
dt3

∫ ∞

−∞
dt2

∫ ∞

−∞
dt1θ(t1)θ(t2)θ(t3)·

· E(t− t3)E(t− t3−2)E(t− t3 − t2 − t1) · R(t1, t2, t3) (3.16)

In figure 3.16(A) a very simplified energy level scheme for a semiconductor is
shown. Employing this level scheme, only the Feynman diagrams shown in 3.16(B)
and their hermitian conjugate have to be considered for the 3rd order polarisation,
once pump and probe don’t overlap anymore. The expectation value part of 3.16
can then be calculated as

|0>

|1>
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ωpump

ωTHz
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1  1
2  1
1  1
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1  1
2  1
1  1
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FIGURE 3.16: In (A), a 3 level system is presented as a starting point
for the first primitive description of the system. (B) shows possible

Feynman diagrams for that system.

R(t1, t2, t3) = |µ10|2|µ21|2 · e−iω10t1−Γ10t1 · e−Γ11t2 · e−iω21t3−Γ21t3 − h.c. (3.17)

Also assuming being on resonance: ω10 = ωpu and ω21 = ωTHz = ωpr. Γ11, Γ21

and Γ10 are the decay rates of the corresponding states. Additionally, the excitation
pulses are assumed δ-like.
Evaluating the integrals along t1 and t2 leads to

P(3)(t) =
−i
h̄3

∫
dt3θ(t3)θ(t + τ − t3)ETHz(t− t3)·

· |µ10|2|µ21|2(e−Γ22(t+τ−t3)e−iω21t3−Γ21t3 − h.c.) (3.18)

Each part of the THz pulse is inducing a polarization in the sample, which decays. It
can lead to an influence of the THz transient peak which is probed by the EOS beam.
In the EOS detection scheme a temporally short 800 nm pulse is used to directly
measure the THz field transient. For the data presented here, only the maximum of
the THz transient was recorded for the time trace. In this model, it is treated as a
δ-like gating pulse at t=0.
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Due to the proportionality of the electric field with the polarization E(3)(t) ∼ iP(3)(t)
and that the detection is done on the THz pulse maximum, equation 3.18 leads to

Signal Smax ∼
∫ ∞

−∞
dtδ(t)E3(t) (3.19)

∼
∫ ∞

−∞
dtδ(t)

1
h̄3

∫ ∞

−∞
dt3θ(t3)θ(t + τ − t3)ETHz(t− t3)·

· e−Γ22(t+τ−t3)cos(ω21t3)e−Γ21t3

∼
∫ ∞

−∞
dt3θ3θ(τ − t3)ETHz(−t3)e−Γ22(τ−t3)cos(ω21t3)e−Γ21t3 (3.20)

With the last equation 3.20 an expression is found that can describe the recorded
data for positive time delays. It consists of the probing frequency ωpr = ω21, Γ22 the
dephasing term of the excited population state and the Heaviside θ-functions. The
integral can be seen as a convolution of the THz pulse and the response function.
By e−Γ21t3 , the dephasing of the system is accounted for. The model for the carrier
decay process is described above in 3.20 by e−Γ22(τ−t3−t0).
For the system here, it results to:

∆E ∼
∫ ∞

−∞
dt3E(−t3)cos(ωprt3)e−Γ21t3 θ(t3)θ(τ − t3 − t0)(

4

∑
n=1

Ane−
τ−t3−t0

τn + A5)

(3.21)
An adapted model, partially motivated from the two temperature model [81] with
a sum of exponentials was put into the integration above. The single exponentials
have an amplitude An and a time constant τn, describing the lifetime of a single
decay process. A5 reflects very long time constants, resulting in an offset for the
recorded data for long delay times.
The model was minimized to fit the measured data. In the figures 3.17 to 3.22 the
decay curves and optimal minimized model curves are shown. Not all the variables
could be minimized since the calculation time went quickly over 10 hours. A com-
promise needed to be made. The time constants gained from the IR pump-probe
experiments (conducted by Amul Shinde) are taken as fixed values and the ampli-
tudes, the dephasing rate and time zero t0 are varied. In table 3.2 the gained values
for the parameters are listed. As a first description of the data, the model involves
only the most probable interactions in the system. It describes well the shape of the
curve. The missing part are the small peaks, recorded at pump wavelengths in the
IR. For these peaks, additional mechanism needs to be taken into account and will
be calculated as a next step in the future.
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FIGURE 3.17: Decay curve when pumped at 2 µm.
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FIGURE 3.18: Decay curve when pumped at 2 µm, zoom around the
maximum.
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FIGURE 3.19: Decay curve when pumped at 800 nm.
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FIGURE 3.20: Decay curve when pumped at 800 nm, zoom around
the maximum.
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FIGURE 3.21: Decay curve when pumped at 3 µm.
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FIGURE 3.22: Decay curve when pumped at 3 µm, zoom around the
maximum.
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TABLE 3.2: Minimazation values for the three different pump wave-
lengths.

Pump/µm A1 ∗ 10−3 A2 ∗ 10−3 A3 ∗ 10−3 A4 ∗ 10−3 A5 ∗ 10−3

0.8 21.0 5.0 4.0 0.6 0

2 150.0 14.5 8.0 2.0 0.1

3 63.5 22.5 7.5 0.8 0

Pump/µm Dephasing Γ21 /ps t0/ps R-square Fluence/µJ/cm2

0.8 0.25 -0.24 0.70 12

2 0.27 -0.23 0.88 40

3 0.25 -0.23 0.88 ∼50

3.11 Discussion

As can be seen in the plots 3.17 to 3.22 above, the model does follow the measured
curves. Dephasing of the THz induced polarization happens on the order of 0.25 to
0.27 ps. The model is only valid for positive times. Therefore, only points after the
pump induced population should be taken into account. Unfortunately, time zero
is not known, and the choice was made to use the data after the first arising small
peak, when pumped at one of the pump wavelengths. For the data with a pump
wavelength of 800 nm, the data cut was made 0.5 ps before the main peak. As for
the 2 and 3 µm data, the cut was made after the first small peak. The rising edge was
taken into account this way.

Underneath an interpretation of the carrier decay process in the GO membrane
is given:
During the fitting process, the 4 time constants for the population decay were held
fixed. The values were taken from the experiments conducted by Amul Shinde with
the IR pump-probe setup [94]. The IR radiation is, as the THz radiation, sensitive
to carriers but can also probe vibrational modes (e.g. optical phonons). As a result
from the evaluation of the data, the time constants were obtained. Since with these
the minimization is working well, it is safe to say that the processes are happening
on these time scales and are double checked this way. Additionally, the amplitude
ratio for the 2 µm data are on the same order. For the other pump wavelengths a
comparison of the amplitude ratios could not be done.

The first time constant τ1 was measured and resulted in 150 fs. It represents the
process of carrier-phonon scattering, more precisely carrier-SCOP scattering (strongly
coupled optical phonon). The GO system here can be related to the layered compo-
sition of graphite. There, the excited carriers are transfering their energy whithin a
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couple of hundreds of fs to optical phonons [95]. The energy of the initially excited
carriers is transferred amongst others, to the C=C ring stretching vibration (G-mode
phonon). In a publication of Kampfrath et al. [96], it was observed that the excita-
tion energy was transferred to optical phonons within 500 fs. This encloses the time
value τ1 here.

The second time constant, τ2, was set to 600 fs. On that time scale optical phonon
- acoustic phonon scattering is occuring. In the literature a time constant of 2.2 ps
is stated for graphite for this process [95]. Yan et al. argue that this time constant
depends on the number of decay routes. That this occurs faster here, than in the
experiment of Yan et al. could be because of a higher variety of decay paths than in
graphite, since the GO sample investigated here is strongly heterogenous. The time
constant is obtained by the measurement of the time elapsed of the frequency shift
of the C=C vibration in the IR pump-probe setup.

The third time constant τ3 could also be related to processes embedding acoustic
and optical phonons. It was set to 4 ps. This time constant might be strongly de-
pend on the trapping states arising from oxygen groups (for instance from carboxyl
or epoxide groups). Their importance for the decay mechanism were investigated
by Kaniyankandy et al. [78]. They looked at the decay times while using reduced
graphene oxide samples with different reduction levels, which leads to a decrease
of the time constant from ∼9 ps to 2.5 ps (incorporating the time constant τ3). The
interpretation from Kaniyankandy et al. is leaned on the publication of Kampfrath
et al. [96] (via phonon scattering). One hypothesis from us is that this third time
constant is related to recombination processes via oxygen groups. A possible test
might be to use 2,3 and 4 µm as a pump wavelength and compare the data.

The last time constant τ4 is set to 100 ps. It reflects the long decay tail seen e.g. in
the figure 3.17. On that scale, most of the traps are already filled by carriers, so that
the remaining ones need more time to find a potential minimum (so traps). Also the
GO sample is a sheet system, where each layer is a bit different to the others, which
results in a variation for the decay time. Some subsystems can certainly be seen as
semiconductors for which the recombination time can be in the nanosecond regime
[83]. These long time sensitive processes of recombination could be studied similar
to the first passage problems [97, 98], which investigate after how much time e.g. a
particle passes a certain position on e.g. a one dimensional chain.

It is suspected, that the elevation at negative times (-700 fs, in figure 3.18) is due
to perturbed free induction decay [99]. That effect would explain the slow rising
curve in the measured data. This is not included in our model so far but under cur-
rent investigation.

At this moment in time, there is a debate in the literature for similar systems about
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how to interprete the time constants gained by fitting the measured curve. One of-
ten finds in the pump-THz-probe community that the first time constant is due to
carrier-carrier scattering [77], being faster than 100 fs. Since most of the used ampli-
fied laser systems are working with 100 fs pulses it cannot be resolved, but is still
interpreted that way. Nowadays laser pulses of a few fs are available but there is no
publication indicating that carrier-carrier scattering was measured (to our knowl-
edge). Also Kaniyankandy et al. [78] did power dependent measurements and did
not find any decay dependency with the carrier-carrier interactions within their 100
fs time resolution. In the work involving a raman spectrometer [95], no dependency
on the carrier-carrier scattering processes was found. Moreover, Yang et al. [100]
argue that the carrier-carrier scattering does take place but does not dissipate en-
ergy. One argument that the pump-THz-probe experiments were not correctly inter-
preted, is that the Frank-Condon approximation (shortly described below in 3.11.1)
should not be used for graphene or similar systems.

3.11.1 Transition of states
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FIGURE 3.23: The sketch in (A) shows the direct transition from the
electronic state E0 to the state E1, after photon absorption. Due to the
overlap of the wavefunctions, the vibrational state is changed from 1
to 3’. In (B) the band structure of graphene is shown. The vertical red
arrow depicts a direct excitation by e.g. a photon and the dashed red
arrows phonon assisted transitions. Phonons are indicated as green

arrows.
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In this section, a short description of electronic transitions should be given. As first
approximation for such processes, the Born-Oppenheimer-Approximation is vastly
used [101]. Due to the mass difference of the nuclei and electrons and therefore their
difference in inertia, the wavefunction describing a state is separated into two parts.
One is for the nuclei and the other is for the electrons. If an electronic transition is
studied in a molecule, often the Franck-Condon principle (FCP) is applied. The ex-
citation can be induced by collisions or absorption of a photon. The approximation
made in the FCP, is that the dependence of the nuclei coordinates are fixed for the
wavefunction describing the electrons at the moment of the excitation.
By absorption of a photon from a molecule, the electron is excited in a higher elec-
tronic and vibrational state. Since the process happens on a fast time scale, the nuclei
is not changing its position during the e.g. electronic transition, as shown in figure
3.23(A).
The change in the vibrational state is due to the overlap of the wavefunctions of the
two different states. It is also referred to as direct (vertical) transition [102]. In addi-
tion to the transition with highest overlap, other less probable transitions can occur
to other vibrational states, resulting in a distribution of crossings.
In a similar way as for molecules, the FCP can be used for solid state materials like
the GO membrane. The direct transitions do occur in that system but the phonons
must also be taken into account, shown in figure 3.23(B). It leads to a vast distribu-
tion of possible phonon and non-phonon assisted transitions. That these two differ-
ent crossing types are happening for carbon materials is under current debate for the
interpretation of recorded data in the literature [100].

3.12 Conclusion

As can be seen from section 3.9, one can use slightly different models for having
a nice fit. Also the interpretations are justifiable and can explain the data. But as
stated above, it will never be possible to explain the small peaks with this approach.
So a new nonlinear optics approach is made and the third order polarization is cal-
culated. By using the time constants obtained from IR pump-probe measurements, a
certain certitude for the minimization process is ensured and checked with a differ-
ent method. Besides, the curves can be well described. Further investigation needs
to be made to describe the small peaks next to the maximum. They could be imple-
mented into the model if more Feynmann diagrams are being taken into account.
It is for now difficult to talk about a single model that describes graphene, graphene
oxide or graphite oxide used here, since all the materials have such a variety of
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characteristics, starting with the number of layers, which influences the band struc-
ture. Certainly to wrap all these up will be an important task for bringing a certain
overview in that field of decay processes in carbon materials.

With these results a starting point is set for using carbon based materials as a
substrate for e.g. molecules in pump-probe experiments. It would be more appro-
priate than using anorganic materials, since it is closer to their natural environment
(which is organic). Such experiments could be more fertile for life science.
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Chapter 4

Lactose

4.1 Motivation to study lactose

One central motivation for building the pump-probe setup introduced in chapter 2,
is the possibility to investigate hydrogen bonds. These bonds play a role in all kinds
of molecular structures and water environments. Maybe one of the most known ex-
ample for its importance is ice [103], the form of which emerges due to hydrogen
bonds. Another example is the DNA helix, in which central parts [104], the nucle-
obase are connected by hydrogen bonds, see figure 4.1.
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FIGURE 4.1: The dashed lines show the hydrogen bonds between cy-
tosine and guanine which are core parts of the DNA helix (nucleotide

base pairings).

Hydrogen bond (HB) : Valence electrons are responsible for building up a chemical
bond. If hydrogen atoms are involved, a HB can occur. It can be displayed as
X-H...A (the dotted line is the HB) and the bond can be separated in two parts.
One group with X as X-H is the the proton donor and the other is A the pro-
ton acceptor. The following three interaction mechanism describe the nature
of the HB: electrostatic, dispersion and induction. At the position of the hydro-
gen atom, a positive partial charge δ+ is induced, because of the difference of
electronegativity between the donor and the acceptor parts. Therefore, the ac-
ceptor has a negative partial charge δ-. The involved acceptor atom can be for
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instance oxygen, fluorine or nitrogen. The energy of that bond lies in the range
of 0.1 eV, depending on the surroundings and is weaker than e.g. covalent
bonds [105, 106]. In figure 4.2 an example is shown for two water molecules
(dimer) that are linked to each other via hydrogen bond. Typically the bond
length is smaller than 3.5 Å, has a smaller angle opening of the O-H...O con-
nection than ±30◦ [107] and a bond strength of 3.09 kcal/mol [108]. However,
this is only the tip of iceberg because water can build many different cluster
formations, up to decamers [108]. Also, possibilities to calculate material char-
acteristics like heat capacity over a big range of different environments is still
an issue. That leads to the experimental investigation of such bonds under
different conditions and surroundings.

H

O H O

H

H

δ+

δ-
δ+

δ+

δ+

δ-

FIGURE 4.2: Hydrogen bond between two water molecules depicted
by a dashed line. The positive or negative electronegativity is as-

signed by δ+ and δ- respectively.

Nevertheless in the following, the focus lies on lactose, which was chosen be-
cause of its low lying absorption band, below 1 THz, which makes it interesting
and accessible for our THz pulse bandwidth. In the same way, one could also have
looked at glucose, fructose [109] or biotin [110] but they have absorptions at higher
frequencies or are expensive in comparison to lactose.
Lactose has already been studied from different points of view, e.g. in relation to
dairy products, in chemistry [111] or in physics by spectroscopic methods [112]. Its
structure can be seen in figure 4.3 and consists of a combination of galactose and
glucose. For lactose monohydrate there is one water molecule in the vicinity of the
lactose molecule and several hydrogen bonds can be found if looking at several lac-
tose molecules which interact with each other, see figure 4.11 or in the publication of
Beevers et al. [113].
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FIGURE 4.3: Structure of lactose.
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To better understand this interplay and its dynamics, pump-probe measurements
were performed. These have so far not been done in a lactose pellet (to our knowl-
edge). What was done is to look at the change in absorption of a solution of lactose
in water, studied by Heugen et al. [114]. They looked at the solvation shell around
the lactose molecule and found out that 123 water molecules play a role in that layer.
It is important to mention here that a lot of studies have been done on water, for in-
stance in [107, 106, 115, 116] but for life science the interplay of water and a molecule
via hydrogen bond plays a huge role.
It is instructive to look into typical time scales for hydrogen bond dynamics. A
tremendous body of work exists on water dynamics. Therefore, a short summary
on the hydrogen bond dynamics in water will be presented, as studied with time-
resolved vibrational spectroscopy. Photon echo spectroscopy has been applied to
study the spectral diffusion of the local OH stretching mode. It has been found
that ultrafast structural rearrangements of the surrounding hydrogen bond network
lead to the loss of frequency correlation within 50 fs [115]. On the order of picosec-
onds a heating effect can be deduced. This is a result for instance of the vibrational
relaxation in the water molecule. Generally, it is not simple to disentangle intra-
and intermolecular vibrational relaxation. The modes (intra- and intermolecular)
are strongly coupled in water. Nevertheless, in that timeframe the structure of the
hydrogen bond network also relaxes [116]. Interestingly the lifetime of the hydrogen
bond is also in the range of 1 ps [108]. However, these time specifications are in liq-
uid water and here the molecule is investigated in the solid state as a monohydrate.
Therefore, any comparison should be treated with care.
The pump-probe measurements were carried out with a pump wavelength of 3 µm
coming from an OPA described in 2.10. THz radiation generated by the LN crystal
was used for the probe pulse. Two aspects recommend THz measurements: The
first is when collective rather than local vibrational dynamics are of interest. It can
probe the dipolar relaxation of water and track its change after a pump pulse, for
instance. This was also done by Backus et al. [5] for aqueous solutions (for instance
pure water and HCl in water). It shows the dynamic of the hydrogen network,
which correlates with the temperature. Thus, the warmer the water, the more THz
is absorbed because of a blueshift of the absorption peak (for water molecules at
20 GHz representing their reorientation). The second is that in the THz frequency
region, rotational modes of lactose lie (as well as other molecules, like nucleobases
[117]). Recording induced changes to these modes would afford information on tim-
ings for processes happening between the OH stretching vibration of water and the
rotational mode of a molecule.

To disclose the results: the time dependence could not be identified, since the
signal to noise ratio of the experiment was not sufficient. There are results from
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measurements which indicate a dynamic. However, in order to obtain clear results,
a new attempt must be made with a better detector and/-or higher IR pump power.

4.2 Sample preparation

To study lactose at THz frequencies, at least two approaches may be used. One is to
grow lactose crystals but that didn’t yield the desired results, because their size did
not exceed 1 mm and the THz beam size at the focus spot is on the same order. In
appendix E the steps taken for growing crystals are described.
The other method is to press pellets from lactose powder and PTFE or PE. The mix-
ture is done carefully because lactose absorbs strongly in the IR (as shown in 4.6)
and the pellets should therefore be thin but still stable. By only using lactose for
the pellet it does not hold and crumbles. So PTFE was used for mixing due to its
small absorption in the THz (see figure 4.4) and its small particle size (mean particle
size: 6-9 µm), in comparison to PE that could only be purchased with a particle size
of 40-48 µm. Even after grinding for 20 min with a pestle and mortar, a stable and
sufficiently thin (0.2 mm) pellet could not be produced with PE.
α-Lactose monohydrate (BioXtra grade)1 and and Polytetrafluoroethylene (-Powder)2

were obtained from Sigma-Aldrich Chemie GmbH and Goodfellow GmbH, respec-
tively and used as received.
The press is a MP250 from Maassen GmbH. Each pellet has a diameter of 13 mm and
a weight of 9 tons was applied to press them.

1Article number: L8783-1KG
2Article number: 531-672-48, 200g



4.3. IR spectrum of lactose 65

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Frequency [THz]

0

0.5

1

1.5

2

T
ra

ns
m

is
si

on
PTFE: 100 mg pellet

FIGURE 4.4: Transmission spectrum of a PTFE pellet. The oscillatory
feature is an artefact from the FT because the EOS stage could not be
moved long enough to fully capture the free induction decay of the
water vapor vibrations. A better purge mechanism could prevent this

oscillatory signal.

4.3 IR spectrum of lactose

In preparation for pump-probe measurements with the THz spectrometer and a
pump beam coming from the OPA, spectra of lactose pellets were recorded with
an FTIR Vertex 70 spectrometer from Bruker. In figure 4.5 the absorbance of PTFE
pellets with different masses can be seen, which were taken for characterizing PTFE.
As expected, with higher masses (thus higher thickness length), the absorbance in-
creases. From 2700 cm−1 (3.7 µm) towards higher wavenumbers the absorbance has
no specific features except for a small peak at 3560 cm−1 (2.8 µm) from the PTFE
[118].
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FIGURE 4.5: IR spectrum of PTFE pellets with different masses, mea-
sured with an FTIR spectrometer.

Having shown that PTFE has no special features around the water absorption
lines (around 3µm, 3333 cm−1) and does not absorb strongly in that frequency range,
it is therefore well suited as a filler material for making pellets (PTFE is also highly
transmissive in the THz range). Thus, in figure 4.6 the absorbance spectra of dif-
ferent mixtures of lactose and PTFE are shown. In blue the absorbance of a 35 mg
PTFE pellet is drawn. This should serve as a refernce since it is difficult to produce
precisely the same composition (i.e. the same mass of PTFE) for every pellet. The
black curve shows a measurement of a pellet for which the reference 35 mg PTFE
pellet was directly subtracted by the FTIR software. Note that measurements with
absorbance values higher than 1.5 (transmission of 3.2%), or worse when greater
than 2 (transmission of 1%), are not reliable due to the fact that only a very small
part of the IR radiation can reach the detector.
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FIGURE 4.6: IR spectrum of lactose pellets with PTFE with different
masses, measured with an FTIR spectrometer. The blue curve shows
the spectrum of PTFE alone. In black is the spectrum for which the
measurement was performed with the 35 mg PTFE pellet as a ref-
erence and so its absorbance is automatically subtracted. The other
curves show the absorbance of the mixture without direct subtraction

(except for ambient air).

In the following measurements two pellets were used: they are the one with 9 mg
lactose and 33 mg PTFE (0.187 mm), since its absorbance lies in the range of 1 to 1.5
OD, and the one with 21 mg of lactose plus 58 mg of PTFE. As a reference, a lactose
measurement provided via NIST (National Institute of Standards and Technology)3

is shown in figure 4.7. It can be seen that the features of the lactose plus PTFE pellet
do arise from lactose and PTFE. At wavenumbers around 3333 cm−1 the absorbance
comes mostly from the lactose.

3IUPAC Standard InChIKey: WSVLPVUVIUVCRA-SIQISOGJSA-N
CAS Registry Number: 64044-51-5
Data taken from: http://webbook.nist.gov/cgi/cbook.cgi?ID=C64044515&Mask=80
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FIGURE 4.7: IR spectrum of a lactose pellet with PTFE (9 and 33 mg
respectively) in green and as reference a curve of lactose provided by

NIST [119] in blue. In red a PTFE pellet is shown.

4.4 Linear THz spectrum of lactose

In this section, the THz spectra of lactose pellets with PTFE are shown. They were
recorded with the THz setup described in chapter 2 and the radiation source is the
LN crystal.

4.4.1 Thick pellets

In figure 4.8, the spectra of a thick lactose plus PTFE pellet is shown, as the spectrum
of a PTFE pellet as reference and the spectra without any sample. It can be seen that
by purging the setup the water absorption lines are greatly diminished (comparison
of blue and cyan curve) but unfortunately do not vanish completely, which means
that the purge generator does not completely eliminate the water vapour. The red
curve shows a pellet of 100 mg PTFE and no absorption lines can be seen, which
makes PTFE a good filler material for pellets that are irradiated with THz radiation.
A thick pellet of 110 mg lactose and 110 mg of PTFE is depicted in green. Two clear
absorption lines are in the spectrum within the bandwidth and discussed at the end
of the section.
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FIGURE 4.8: THz spectra of air and pellets. In blue is shown the wa-
ter vapour in the setup and in cyan the spectrum when the setup is
purged. The red curve is a PTFE pellet of 100 mg and in green a pellet

with 110 mg of lactose mixed with 110 mg of PTFE.

4.4.2 Thin pellets

As can be seen from the IR spectra in section 4.3 the pellets must be very thin for
transmitting IR light and enabling the irradiation of the whole pellet volume. There-
fore, the THz spectra of thin pellets used for the IR measurements are shown in
figure 4.9. The red curve is a spectrum from 9 mg lactose with 33 mg of PTFE pel-
let (thickness: 0.187 mm) and in green a pellet of 21 mg lactose with 58 mg PTFE
(thickness: 0.318 mm).
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FIGURE 4.9: In blue the non purged setup spectra is shown and in
cyan when it is purged. Red and green are pellets with 9 and 31 mg

lactose respectively.
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FIGURE 4.10: In (A) the absorption line at 0.53 THz and in (B) the one
of 1.38 THz of a lactose+PTFE (21 mg + 58 mg) pellet can be seen.

4.4.3 Lactose absorption lines in the THz

Lactose has already been widely studied in the leterature and the absorption lines at
0.53 and 1.38 THz seen in figure 4.10(A) and (B) respectively (and 4.8, 4.9) can be as-
signed to it [112, 120, 20]. It is also clear that the more lactose the pellet has, the more
it absorbs. Both lines represent molecular rotational modes as mentioned by Saito et
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al. [121]. Maybe a better description is to call it hindered rotational mode as done by
Allis et al. [122]. Both mentioned authors used the DFT method for calculating the
modes measured in the THz frequency region.
As mentioned above (section 2.5), the close absorption lines between water and lac-
tose show clearly that the setup must be purged with dry air or nitrogen, so that
there is no overlap.

4.5 Pump-probe with lactose

Pump-probe measurements were performed with a pump wavelength of 3 µm gen-
erated by an OPA (see appendix E.3, detailing how the pump beam was focused
onto the sample) and THz probe generated in an LN crystal. The pump excites the
OH stretch vibration resonantly thereby introducing excess energy into the α-lactose
crystals. Backus et al. showed that IR-pump-THz-probe spectroscopy is sensitive
to temperature changes in the far IR region on ultrafast timescales in less than 200fs
[5]. This offers possibilities to observe thermalization dynamics directly in the far
IR region which is sensitive to delocalized, intermolecular and rotational modes of
(bio)molecular systems. In case of α-lactose the aim is to observe the energy flow
from the high-energy OH stretch vibration into its low energy hindered rotational
mode [113]. It is expected that the hydrogen bonds between the water and lactose
molecules become weaker with increasing temperature which should affect the fre-
quency or the movement of the hindered rotational mode. In figure 4.11 two α-
lactose monohydrate molecules are shown with and without the hydrogen bond
network (data taken from [113] and plotted with Mercury). Additionally, DFT cal-
culations show that this network is important for the structure and the absorption in
the THz region [122].
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(A)

(B)

FIGURE 4.11: Two α-lactose monohydrate molecules are shown with
carbon atoms at grey vertices and oxygen atoms at red vertices. In
(A) no hydrogen bonding is shown for clarity. Red single dots depict
the oxygen atom of the water molecules. (B) shows the intermolecu-
lar hydrogen bonds as red dotted lines. The cyan dotted line shows
intramolecular hydrogen bonding. Data taken from Cambridge Crys-
tallographic Data Centre, Deposition number: 1202386, Compound
Name: α-Lactose monohydrate, publication [113], plotted with: Mer-

cury 3.10.

Before discussing the results in detail, it must be noted that the signal to noise
ratio is too low to declare that a dynamical signal can be seen. In figure 4.12 the
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absorbance change4 of the lactose pellet is shown when the pump beam is blocked.
All other parameters are set like for an experiment with open pump path. 49 scans
were averaged here. The best case would be to see a flat line at zero but here clearly a
shape is seen. The noise in absorbance is on the order of 0.02. Also at the absorption
frequencies of lactose (see figure 4.10) extrema can be seen.
In the following pages of this section, the measured pump-probe experiments are
shown to discuss what was observed, but without any analysis, because the signal
to noise ratio is on the order of the measured signals.
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FIGURE 4.12: Reference measurement of the absorbance change in
lactose, when the pump beam is blocked.

In figure 4.13 the pump-probe experiment with a lactose+PTFE pellet (21 mg
of lactose) is shown. The absorbance change is on the same order as the reference
measurement in figure 4.12. As stated above, delay times corresponding to dynamic
changes in liquid water were chosen for scanning the THz probe beam: between
200 fs and 1 ps [115, 116]. At 1.38 THz, the absorbance increases from 200 fs to 500 fs.

4Calculated by ∆A = −log |EPumped(ω)|2
|ENotPumped(ω)|2 .
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FIGURE 4.13: Pump-probe TDS THz scan of a lactose (21 mg) pellet
with different delay times (see legend).

Figure 4.14 shows a pump-probe experiment with a lactose+PTFE pellet (9 mg
of lactose)5. Also here the signal is on the same order as shown in the reference
measurement. The absorption line at 1.38 THz changes with increasing time, but not
as clear as in figure 4.136.

In the pump-probe experiment performed by Backus et al. [5] they had a pump
energy of minimum 20 µJ with a spot size of 300 µm. In comparison, the pump
energy here is ∼1.2 µJ on a spot size of 700 µm.

5Pump fluence on that day: 40 µJ/cm2

6Pump fluence on that day: 32 µJ/cm2



4.6. Results and discussion 75

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Frequency [THz]

-10

-5

0

5

10

15

20

A
-

A
(r

ef
) 

x1
00

0
+200 fs
+ 500 fs
1 ps

FIGURE 4.14: Pump-probe TDS THz scan of a lactose (9 mg) pellet
with different delay times (see legend).

4.6 Results and discussion

Lactose pellets with PTFE were mixed in a ratio suitable for IR-pump-THz-probe
measurements. This was checked with FTIR and linear THz measurements. Note
that the pellets must be very thin, around 0.2 µm.
As mentioned previously, the signal to noise ratio is insufficient to come to the con-
clusion that the 3 µm pump is absorbed by the OH vibration, so that the hydrogen
network is stimulated and a change is detected in the hindered rotation mode of lac-
tose by the THz probe pulse. In the spectra it might seem that at longer time delays
at the absorption frequency of 1.38 THz the peak is increasing, but no conclusion can
be made.
In the experiment reported by Backus et al. [5], the pump fluence was more than
200 times higher than used in this thesis, and their detected signal on the order of
the signal to noise here. A better signal to noise ratio may already be sufficient for
a successful measurement. Since it is a third order process, the third order polar-
ization increases quadratically with the pump fluence. Therefore, increased pump
fluence has a dramatic effect on the sample response. Normally, pump-probe exper-
iments are designed so that the pump spot size is larger than the probe size, for a
homogeneous excitation in the probed region of the sample. However, Backus et al.
used a pump spot diameter (diameter: 0.3 mm) that is three times smaller than for
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probe (THz spot diameter: 1 mm). It can be suspected that no signal was detected
otherwise.

4.7 Outlook

The next steps would be as mentioned in the outlook of the chapter on the THz
setup (section 2.13). A detector with a better signal to noise ratio should be used, as
is planned with the balanced detector. Also, higher pump power in the IR from an
OPA would increase the energy redistribution via the hydrogen network and would
perhaps affect the rotation mode of lactose more strongly.
Repeating the experiment after some changes would possibly lead to a measurable
change in the THz probe beam and so to new insights about the dynamics of hin-
dered rotational modes.
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Chapter 5

MOKE - Magneto-optic Kerr effect

5.1 Motivation to study the MOKE

In this chapter, magnetized sheets are studied with a modified pump-probe setup as
introduced in chapter 2. The idea is to shine THz light on a ring like structure, which
creates a magnetic field, that changes the spin orientation of the sample. This should
modify the polarization, amplitude or both of a probe beam, which is directed to the
sample and reflected by it [123]. Thus, a time dependent Magneto-optic Kerr effect
(MOKE) is expected to occur. The samples are produced and analysed beforehand
by the scientific group of Prof. Oepen, who provided them (described in 5.4).
A similar experiment was performed by Vicario et al. [124]. They studied also Co
(cobalt) films, which magnetization orientation is being influenced by a THz pulse.
The MOKE was probed by an 800 nm pulse, as in this case. They recorded a MOKE
signal, following the pump THz field.
This project was carried out in corporation with Norbert Weinkauf from the group
of Prof. Oepen.

5.2 Introduction of the MOKE

The MOKE describes how a reflected beam is being influenced by the magnetiza-
tion of the studied surface. It can change the type of polarization (linear or circular),
rotate the main polarization axis and change the intensity. These effects can occur
separately or together, depending on the individual MOKE.
Magnetization is described by the magnetic moment ~µ per volume part dV. ~µ is pro-
portional to the spin~s (for electrons: ~µ = geµB

~s
h̄ , with ge the Lande factor and µB the

Bohr magneton), if described in an atomic and quantum-mechanical picture [125,
126]. Which one of the possible MOKE types below will occur are determined by
the magnetization orientation of the samples [127, 128].
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For the change in the reflected beam, a more comfortable description of the magne-
tization is as follows

~M = χm~H, (5.1)

with χm the magnetic susceptibility and H the magnetic field strength. From the χm

matrix elements, the induced change can be derived [129]. It describes how the ma-
terial behaves in a magnetic field.
Considering that the incoming probe beam is linearly polarized [130], and depend-
ing on the sample surface’s magnetization, the outgoing light can be altered as fol-
lows:

1. If the magnetization points outside the surface, one speaks of polar MOKE
(PMOKE, see figure 5.1(A)). By shining linear polarized light on the sheet, the
reflected beam gets altered. In general, linear polarized light can be split into
left and right hand rotating waves. They are affected differently by the verti-
cal magnetization, since both parts encounter a different refractive index and
absorption coefficient. As a result, the outgoing beam is elliptically polarized
and the optical axis is rotated by the Kerr rotation angle θ. This effect is often
measured with a setup in which the incident probe beam is nearly at normal
incidence (vertical to the sample plane).

2. For a magnetization that is vertical to the optical principal plane and the in-
going beam polarization, the outgoing beam exhibits a change in intensity, as
shown in figure 5.1(B). This is referred to as transversal MOKE (TMOKE).

3. When the magnetization is in plane with the principal plane and the magne-
tized surface, the effect is called longitudinal MOKE (LMOKE). Here the out-
going beam gets elliptically polarized and the polarization axis can be altered
as in PMOKE (see figure 5.1(C)).

Other phenomena or geometries can also occur, but are not discussed here.
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(A)
PMOKE

(B)
TMOKE

(C)
LMOKE

FIGURE 5.1: In the figures above, three different MOKE types are
sketched. The sample surface is slightly green and the ingoing p-
polarized light is shown in red, as is the outgoing beam with the pos-

sible induced change in intensity, ellipticity and polarization axis.

5.3 Experiment

For performing a MOKE experiment, the setup shown in figure 2.1 must be slightly
modified. The pump path for the THz generation remains unchanged. Since the
THz pulse is used as a pump, it only strikes the first three parabolic mirrors and is
focused onto the sample.
The 800 nm probe beam is obtained from the transmission of a 90:10 (R:T) beam-
splitter on the breadboard (first mirror on the upper left corner) and is collimated
afterwards by a 1:4 telescope, see figure 5.2. This collimated beam hits the outer part
of the third parabolic mirror which is focusing the beam onto the sample, where the
THz pulse did excite the structure. The 800 nm reflection of the magnetized surface
is collimated by the opposite outer part of the third parabolic mirror and guided
towards the EOS beam path, described previously (section 2.2). In order to balance
out a non changed probe beam by the sample, a half wave plate is used instead of a
quarter wave plate. The electronic detection scheme used in this experiment, is the
same as described before in section 2.6.
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800 nm

Polarizer

Delay

BS 90:10

FIGURE 5.2: Essentially the THz MOKE setup is the same installation
as shown in figure 2.1. Here, the THz is the pump pulse and the 800
nm probe beam is following the depicted red line. The parabolic mir-
ror is focusing it onto the sample and gets collimated on the opposite
mirror edge after reflection on the sample. Afterwards, it is guided
into the EOS beam path. In blue a possible position of a polarizer is
shown, which would be installed as a next step for a new attempt of

the MOKE experiment.
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5.4 Sample

The sample provided is a rectangular Co or Pt-Co-Pt (Pt: platinum) pad [131] within
a split ring resonator in the shape of an Ω. The latter one is of gold and the overall
substrate is GaAs. The THz pump pulse is inducing a current in the split ring that
results in an oscillating magnetic field within the structure [15, 132]. This causes a
transient change in the magnetization of the pad. Calculations were performed by
Kumar et al. [133], stating that with a SRR, the magnetic field of a THz pulse could
be enhanced up to a factor of 200. Therefore, it is important that the probe beam hits
the inner part of such a structure, at the point where the magnetization is maximum
in order to produce the maximum possible change in polarization (or amplitude).

Split ring resonator - SRR As the name implies, an SRR is a ring structure with a
gap. The ring can be found in various geometries and materials, depending
on the desired characteristics. The metamaterial can have for instance a nega-
tive refractive index [134] or other specifications that cannot be found in nature
[135].
In this experiment, an incoming electric field, such as the THz pulse, is induc-
ing an electric current in the ring. It excites oscillations in the wire and builds
up a magnetic field within the structure that is oscillating. The gap of the ring
can be described as a capacitor, where strong magnetic fields can build up.
If the rings are arranged as a grid, they can be used as a filter for microwave
radiation, that absorbs waves of one specific frequency or at higher harmonics.
In equation 5.2, a rough frequency ν estimation can be calculated

ν =
c ·m

2 · n · l (5.2)

where m denotes the m-th order, l the length of the extended ring and n the
refractive index. The m-th mode is excited if l=m λ

2 is fulfilled (λ : wavelength).
By using Babinet’s principle the array can be used as a filter that allows only a
single frequency or higher modes of it to pass [136].

5.5 Results and discussion

The expected result of the experiment would have been to record an oscillation in
the s- and p-polarizations difference of the 800 nm beam. It should arise from the
generated precession of the spin that is being kicked out of equilibrium by the THz
pump pulse [137].
Unfortunately, no such signal could be detected. By beam walking of the 800 nm
over the golden structures, it can be ensured that the probe beam is being reflected
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in the middle of the split ring. This can be seen by a different amplitude at the
oscilloscope, since the reflection of gold is higher than the one of the substrate or
pad. Also, the THz focus spot size, which is larger than the probe beam should hit
the structure. Thus, it is not expected that the missing signal change was due to an
alignment problem.
It is suspected that it is necessary to put an extra polarizer into the probe beam path,
to purify the polarization of the 800 nm probe beam. Spectra Physics does not spec-
ify the polarization ratio of the amplified laser system, but due to the seed pulse
from the oscillator and the gratings in the compressor plus stretcher it should be rel-
atively high (at least more than 10−2).
For the experiment performed by Vicario et al. [124], the sample was set in an exter-
nal magnetic field (0.01 T) to align the magnetization and therefore, improving the
signal to noise ratio. Additionally, their THz pump fluence towards the sample was
0.8 mJ/cm2 compared to the 0.01 mJ/cm2 applied here.

5.6 Outlook

Three things can be changed to enhance the chance of a succesful experiment. As
mentioned above one option would be the installation of a polarizer that treats the
probe beam, resulting in a higher polarization ratio1. The second is the cooling of the
LN crystal with a cryostat. The result would be a stronger THz pump pulse leading
to a bigger displacement of the magnetic spin. Finally, the installation of a balanced
detector would enhance the detection sensitivity.

1Like one from Bernhard Halle Nachfl. GmbH, with an extinction ratio of 10−6.
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Chapter 6

Conclusion

6.1 Overall summary

The first part of this thesis incorporated the design and set-up of a versatile pump-
probe spectrometer. The system can presently be operated with several pump wave-
lengths, ranging from the UV/vis to the IR. The probing is performed by a THz
pulse. This probe pulse has a bandwidth of 0.2 to 1.5 THz. Its pulse energy is in
the range of hundred nJ. The detection of the THz pulses is performed via EOS, that
enables the user to record the electric field transient directly. After finishing the con-
struction and testing the usability, several experiments were performed which are
summarized below.

One experiment was to measure the decay behaviour of excited free charge car-
riers by a laser pump pulse and to probe it with THz radiation, since it is sensitive to
the carriers. The decay measurements were performed on a free standing graphite
oxide film. It was specified by the manufacturer to have an oxygen level of 41 to
50% and consisted of several thousands of layers stacked on top of each other. Three
different pump wavelengths were used: 800 nm, 2 µm and 3 µm in order to check
whether there is a dependency. It must be pointed out that this was the first IR-
pump-THz-probe measurement on such a system.
By comparing the decay curves, smaller peaks next to the main maximum can be
seen when pumping at 2 µm. To model these, an approach of nonlinear optics intro-
duced by Mukamel must be chosen. This way, the slope of the measured curves can
be correctly described. As a decay model for the carriers a sum of exponentials was
used. The time constants for this were obtained by IR-pump-probe measurements
(by Amul Shinde) on the same sample membrane. Since the minimization process
worked well with these values, they appear to have been correctly determined.
It is important to use two independent approaches to check the time constants, be-
cause there is an ongoing debate in the literature about the decay values and how to
interpret them. It appears that the electron-electron scattering process in the first 30
fs, which is very often mentioned, has only a marginal influence. Also such a time
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constant is not required for describing the data. Perhaps future studies will lead to
a better insight. It is also important to carefully check if the approximation of the
Franck-Condon principle can be used.
The four time constants can be separated into two groups: the first three time con-
stants describe the relaxation process via phonons. For the third time constant, it
might be strongly dependent on the oxygen groups’ related defects. But further
studies need to be done in that direction. Afterwards the recombination process of
the carriers takes place. Probably first via the induced defects from oxygen groups
and then by structural defects as found in semiconductors. This gives a complete
image about the decay mechanism in the GO membrane.

Two more experiments were carried out.
One was a pump-probe experiment on lactose monohydrate pellets. The pump
wavelength was 3 µm which should excite the OH stretching mode of the water
surrounding the molecules. Via the hydrogen bound network in the system, the in-
duced energy should reach the lactose molecule. The idea was that this would affect
the low lying rotational mode of it and that a possible change would be observed.

The purpose of the other experiment was to study magnetized surfaces via the
MOKE. The magnetic Co-sample was surrounded by a split ring resonator. By in-
ducing a current into the ring by a THz pump pulse, an oscillatory magnetic field
would build up with a maximum magnetic field strength at the position of the sam-
ple. This way the spin orientation would be forced out of equilibrium. Polariza-
tion or amplitude of a 800 nm probe pulse, that is reflected by the magnetic surface
should be altered, after a change in the MOKE by the magnetic field from the ring
was induced.

A variety of different experiments on quite diverse samples were performed.
Not of all of them delivered the desired results. However, the potential of the setup
was demonstrated and approaches to successfully perform the experiments were
highlighted.

6.2 Outlook

As mentioned in the outlooks of the chapters before, a couple of improvements of
the setup would certainly increase its usability. These are:
A balanced detector that subtracts the signals of the s- and p-polarization of the EOS
beam directly after the detectors. This would result in a better signal to noise ratio.
Its construction has already been initiated. After delivery it only has to be installed
at the position of the single detectors.
To build a cryostat around the LN crystal would increase the emitted THz power (at
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least by a factor of 10) and the bandwidth (going above 2 THz). Chances are that
with an enhanced THz pulse the setup could also be operated in the pump mode
and a larger frequency range could be probed.
By setting up a cryostat that is able to cool the samples, other effects can be observed
e.g. phase transitions, conductivity change or low frequency modes (e.g. rotational)
of molecules that are covered by other modes at room temperature. In this compila-
tion the combination with the IR detection unit could offer new possibilities.

Free standing GO membranes were extensively studied by the group of Nils
Huse. A possible step forward would be to use these films as a substrate. For
molecules that have been studied only on anorganic substrates so far, the carbon
material resembles a more realistic environment.

With the changes to the setup described above, new efforts for experiments with
lactose and the MOKE become feasible. As for investigations of lactose the use of a
balanced detector would be the first choice. Keeping the sample in a cryostat would
increase the probability to see a change in the hindered rotational mode induced by
the excitation of an OH stretching mode by the 3 µm pump pulse.
The use of the balanced detector would be an improvement for experiments with
the MOKE too. However, in order to significantly increase the change in the MOKE
a stronger THz pulse would be required.

Considering the steps above, a clear action plan can be followed. A cryostat for
holding the samples already got delivered at this point in time. Its stable fixation
at very limited space would be the next step. To design a cryostat around the LN
crystal is the most challenging part in the improvement plan. No significant losses
can be tolerated in the in- and out-coupling process of the pulses. However, the
cryostat would increase the chance to successfully perform an experiment with the
THz pulse as a pump.
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Appendix A

Fundamental 800 nm laser beam

A.1 800 nm laser beam cut

To characterize the main 800 nm beam coming from the amplifier, a leakage from the
beam was cut with a knife edge and the power recorded. In figures A.1 and A.2 the
profiles in horizontal and vertical direction can be seen, respectively. The FWHM is
approximately 6.4 mm.
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FIGURE A.1: Cut through the horizontal part of the 800 nm beam. The
blue line shows the power profile. Horizontal lines show the power

drop at distinct values.
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FIGURE A.2: Cut through the vertical part of the 800 nm beam. The
blue line shows the power profile. Horizontal lines show the power

drop at distinct values.
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Appendix B

THz beam alignment

B.1 Aligning the THz beam

If the 800 nm beam is adapted with telescopes and a grating, the first step is to
position the LN crystal in a correct way for maximum THz generation. For that,
the 800 nm beam should hit the crystal in one of the its outer edges. As a result,
the THz radiation has to travel as little as possible through the LN crystal, since the
generated higher frequencies (above 1 THz) in the THz region are getting reabsorbed
(cooling reduces this effect). Afterwards, two irises and a pyrodetector can be used
for adjusting the crystal position in a way, that the outgoing THz is being radiated
perpendicular to the output surface, as shown in figure B.1.

Detector

800 nmLN

Irirs

Irirs

FIGURE B.1: Positioning LN crystal with two irises and a detector.

Having done this, a small 1/2 inch off-axis parabolic mirror can be placed at a
distance at which the horizontal and vertical divergence of the THz beam are equal.
After this, the mirror must be adjusted in a way that the THz radiation deviation is
90◦. Again, two irises and a pyrodetector can be used for that (see figure B.2).
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800 nmLN

Detector

Irirses

Parabolic 
mirror

FIGURE B.2: Positioning first parabolic mirror with two irises and a
detector.

These two irises stay in place, so that an alignment laser, for instance a HeNe
laser, can be adjusted onto them. The beam can be inserted into the THz beam path
with a folding mirror, positioned between the first parabolic mirror and the first iris.
The alignment beam must have been widened beforehand to a diameter of more
than 25 mm (better is to have 30 or 40 mm for larger illuminance of the 2" mirrors).
With a lens (f=+50 mm) placed in the beam path of the HeNe, the divergence of
THz beam can be emphasised. This alignment beam placed upon the THz beam can
be used for prealigning the four off-axis parabolic mirrors and one can check if the
following two foci points are well situated (sample and EOS crystal position). Addi-
tionally, the collimation can be verified.
Afterwards the THz beam is lead onto the off-axis parabolic mirrors. At the focus
position, where the sample position is, a pyrocam1 can be placed for seeing if astig-
matism is occurring and if the beam is approximately centered. The same can be
done at the last focus position (EOS crystal position).

B.2 Angles of the grating

In figure 2.5 the angles for positioning the grating are specified.
For repositioning the grating (after cleaning it for example), send back the beam as if
the grating would be a mirror, onto the incoming beam and align it onto each other.
Rotate the grating afterwards.

B.3 THz setup with grid

Figure B.3 shows the THz setup with the breadboard grid.

1Here the Pyrocam III from Ophir Photonics was used.
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FIGURE B.3: THz setup sketch with the breadboard grid.
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Appendix C

List of materials

In the tables underneath, relevant purchased articles for the THz setup are listed.

TABLE C.1: Crystals used in the THz setup

Description Company Order no.
GaP, Wafer, undoped(110), 5x5x0.3mm University Wafer Inc.
GaP (110) crystal for Thz application Altechna Co. Ltd.
5x5x0.3 mm, mounted in 1.,7 mm
ZnTe (110). 5x5x1 mm, (001) axis is randomly
oriented in polished planes, Surface
S1:AR@800nm, S2:uncoated

TABLE C.2: Detection electronics

Description Company Order no.
Si Switchable Gain Detector Thorlabs PDA36A-EC
A/D converter PLUG-IN Electronic GmbH USB-1608FS-PLUS
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TABLE C.3: Optomechanics

Description Company Order no.
Wollaston Prism, 20◦ Beam Separation Thorlabs WP10-B
High-Precision Rotation Mount Thorlabs PRM1/M
Strahlteiler Quarzglas plan/plan Layertec GmbH 108209

Telescope 2:1 before grid
N-BK7 Plano-Convex Lens, 2", f = 150.0 mm Thorlabs LA1417-B
N-BK7 Plano-Convex Lens, 2", f = 75.0 mm Thorlabs LA1145-B

Telescope after grid.
Only mounted can be purchased now
f = 300 mm, 1", N-BK7 Thorlabs LJ1558RM-B
Mounted Plano-Convex Round Cyl Lens
f=-150 mm, 1", N-BK7 Thorlbs LK1419RM-B
Mounted Plano-Concave Round Cyl Lens

Compact Dovetail Linear Stage, Newport M-DS25-XYZ
6.3 mm XY, 3.0 mm Z, 25 x 25 x 49 mm, Spectra-Physics GmbH
Metric, for positioning the LN crystal

Compact Dovetail XY Linear Stage, 6,3mm Newport M-DS25-XY
Spectra-Physics GmbH

Piezo Motor Linear Stage, Newport MFA-PPD
Direct Encoder, Integrated Controller Spectra-Physics GmbH
High Performance ILS Linear Stage Newport ILS150CC
150 mm Travel, DC Motor Spectra-Physics GmbH

Grid+Mount
Diffraction Grating Mount Newport DGM-1

Spectra-Physics GmbH
Grating, 2000 lines/mm Spectrogon
PC 2000 25x25x6 mm NIR

Parabolic mirrors
1/2" 90◦ Off-Axis Parabolic Mirror, Thorlabs MPD127075
Prot.Gold, RFL = 15 mm -90-M01
50.8 x 95.3 mm 90◦ Parabolspiegel Gold Edmund Optics GmbH #84-633
50.8 x 25.4 mm 90◦ Parabolspiegel Gold Edmund Optics GmbH #84-628
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TABLE C.4: Purchased chemicals

Description Company Order no.
Polytetrafluoroethylene – Powder PTFE, Goodfellow GmbH 531-672-48
Mean Particle size:6-9micron 200g
a-Lactose monohydrate BioXtra, >-99% Sigma-Aldrich Chemie GmbH L8783-1KG
Polyethylene Sigma-Aldrich Chemie GmbH 434272-100G

TABLE C.5: Additional parts

Description Company Order no.
Spülgasgenerator CO2-PG28 Rainer Lammertz CO2-PG28
CO2 Absorber und Trockner
für max. 32 Nl/min. bei 8,6 bar Eingangsdruck.
Inkl. Eingangs- u. Ausgangsfilter

Scientific Grade Optical Breadboard Newport M-SG-24-2
600x1200x59mm, M6 holes Spectra-Physics GmbH

Laser Safety Curtain SHELTERNG Laservision GmbH BC1.F1P01.1999
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Appendix D

Carbon based materials

D.1 Normalized raw data

Below, the normed data of the decay traces at the three different pump wavelengths
can be seen. In the figures D.1, the data at 800 nm pump wavelength is shown. The
normed decay at 2 µm pump wavelength is shown in the figures D.2 and the data
for 3 µm pump wavelength is shown in the next section.
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FIGURE D.1: Figure (A) shows the decay curve for GO pumped at
800 nm and probed with THz. In (B) a zoom around the maximum is

done. (Normed data)
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FIGURE D.2: (A) shows the decay curve for GO pumped at 2 µm and
probed with THz. In (B) a zoom around the maximum is done and at

-700 fs and +700 fs, embossments can be seen. (Normed data)

D.2 3 µm pump data

In the figures of D.3 the measurements of 3 different days and their average (in black)
can be seen. The single measurements show strong noise on the whole time range.
Also, at long positive time delays the data scatters around the zero value. On the
different days the ∆E peak does not have the same height, because of the different
energies given out by the OPA for the pump pulses, depending on the laser output
which varied on each day. The peak height is clearly depending on the pump energy.
For the single days, the fluence was:
25. ->47 µJ/cm2,
27. ->52 µJ/cm2,
28. ->53 µJ/cm2.
It is comparable to the fluence at the pump wavelength of 2 µm because here, the
spot size was reduced to ∼0.7 mm (10-90 cut diameter).
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FIGURE D.3: In (A) the whole time trace of 3 measurement days are
shown. The pump was 3 µm and the probe THz radiation. The black
curve shows the average. (B) shows a zoom around the maximum.
The legend shows the day of measurement and the energy of the

pump pulse.
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Appendix E

Lactose

E.1 Lactose pellets with PTFE

Lactore plus PTFE pellets were produced with different mass values and their ab-
sorbance is shown in figure E.1. In blue is a reference PTFE pellet and the red and
green curves show the background measurements of the device. For the lactose
curves, the PTFE background was not subtracted.
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FIGURE E.1: IR spectrum of lactose plus PTFE pellets for different
masses. The blue, red and green lines show reference and background
measurements. The measurements were made with an FTIR spec-

trometer.
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E.2 Growing crystals

Lactose can be grown as a single crystal which would be better to study since no
complementary PTFE is needed. In order to grow the crystals, the instructions de-
scribed by Jelen et al. [138] were followed.
The first step was to heat e.g. 44 g of lactose per 100 g of water to achieve dissolu-
tion. The necessary heat in our case was around 55◦C, slightly above the mentioned
one of 50◦C. Once the lactose dissolved, the mixture turned from a milky colour to
transparent. This solution was allowed to cool to room temperature. After a few
days small crystals began to form at the bottom of the flask.
Since these are quite small (less than 1 mm), they need to grow further. One pos-
sibility is to put the single crystals in a supersaturated solution. But until now, the
enlargement could not be achieved yet. So further testing is needed if a single crystal
should be used for the pump-probe experiment.

E.3 IR pump path for lactose

Shortly before the third parabolic mirror, the IR pump beam path is shown in figure
E.2. To filter out the idler and signal after the DFG crystal a longpass is used. It
transmits only light above 2.5 µm. Afterwards a f=100 mm uncoated CaF2 lens on
a movable stage focuses the beam towards the sample. In this way a spot size of
around 0.7 or 0.8 µm was achieved (measured by 10-90 cut). If the spot size should be
larger (e.g. 1.4 mm), the last mirror (depicted with (1) in figure E.2) can be exchanged
to a concave gold mirror (e.g. f=500 mm). The lens must removed then.

DFG

LongpassLens on
stage

(1)

FIGURE E.2: IR pump beam path with DFG crystal, longpass and a
lens for focussing.
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