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Zusammenfassung

Im zwanzigsten Jahrhundert wurden ultraschnelle Prozesse, welche in der Natur vorkom-
men zuganglich. Dies ist Dank der Entwicklung des Lasers 1960 und darauffolgende
Verbesserungen der Pulsldnge von Nanosekunden zu Femtosekunden moglich geworden.
Einige Beispiele, die auf diesen kurzen Zeitskalen Dynamiken zeigen sind Wasserstoff-
briicken, Proteinstrukturen, intra- oder intermolekularer Energie-Austausch von Vibra-
tionsmoden und chemische Austauschprozesse in Molekiilen. Solche Prozesse konnen mit
Strahlung im mittleren Infrarot (MIR) untersucht werden, die durch optisch-parametrische
Verstéarkung (optical parametric amplification, OPA) und Differenzfrequenzmischung
(DFG) erzeugt werden. Dieser Wellenlédngenbereich erstreckt sich von ca. 2-20 ym. Zwei
solcher OPAs wurden fiir Zwei-Farben-Spektroskopie und fiir zukiinftige 2D-Infrarotspektr-
oskopie aufgebaut. Als Pumplaser der OPAs wurde ein verstarkter Titan:Saphir Laser
mit einer Zentralwellenlinge von 800 nm und 100 fs Pulsdauer genutzt. Die erzeugte
MIR-Strahlung besitzt eine Pulsenergie von 0.5 bis 2 uJ und eine Pulsldnge von 100 bis
150 fs. In dem Pump-Tast-Spektrometer, mit dem frequenzaufgeloste transiente Differen-
zspektren gemessen werden konnen, wurden grofitenteils reflektive Optiken benutzt. Ein
BaFo-Keil wurde verwendet, um Tast und Referenzpuls zu erhalten. Um das jetzige Spek-
trometer in eine 2D Konfiguration zu tberfithren, muss nur ein Block eingesetzt werden,
auf dem ein Mach-Zehnder-Interferometer aufgebaut ist. Im Pumpstrahlengang einge-
setzt, ergibt dies zwei kollineare Pumpstrahlen. Die Software fiir die Verschiebestufe, den
Monochromator und die Datenakquisition wurden ebenfalls programmiert.

Mit diesem Spektrometer, der im MIR operiert, wurden Ladungstriager und Vibra-
tionsdynamiken von Graphitoxid (GO) untersucht. Dieses geschichtete Material ist hy-
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groskopisch, hydrophil, und Wassermolekiile kénnen sich zwischen den Lagen befinden.
Lineare Infrarot-Absorptionsspektren zeigen, dass sich wahrend des Spiilens der Probekam-
mer mit trockener Luft, die Wasserabsorptionsbande verkleinert, was durch Verlust der
Wassermolekiile aus der Membran erklart werden kann. Dadurch kommt die C=C Streck-
ungsmode (1550-1610 cm_l) zum Vorschein. Dies wurde mit Pump-Tast-Messungen
weiter untersucht. Es wurden verschieden Pump-Tast-Messungen an der ~14 um dicken
Membran mit Pumpwellenlangen vom UV bis ins IR durchgefiihrt. Die Tastwellenldnge
lag im IR Bereich. In den transienten Absorptionsspektren konnten bei Wellenzahlen zwis-
chen 1573 und 1670 cm ™! Signale identifiziert werden, die der C=C Streckschwingung
und der Enol-Karbonyl-Streckschwingung (C=COHCH3) entsprechen. Die erzeugten
Ladungstréger sind nach den jetzigen Messungen in ihrem Relaxationsverhalten weitestge-
hend unabhéngig von der Pumpwellenldnge. Es scheint so, als ob graphenartige Doménen
der Membran fiir die ultraschnelle Antwort des Systems zustandig sind und die funk-
tionellen Gruppen Energietibertrag und Relaxationsprozesse beeinflussen. Ein abgeéan-
dertes Zwei-Temperatur-Modell wurde zur Kurvenanpassung verwendet, bei dem drei
Zeitkonstanten jeweils der Elektron-Elektron und der Elektron-Phonon-Streuung sowie
der Ladungstrager-Rekombination iiber Fehlstellen zugeordnet werden konnen. Die In-
terpretation sollte mit Vorbehalt betrachtet werden, da sie in der Literatur debattiert
wird.

Bei einem anderen Experiment wurde die Relaxationsdynamik eines Halbleiters, um
genauer zu sein, eines sittigharen Absorber-Spiegels (saturable absorber mirror, SESAM),
angeschaut, der von unseren Projektpartnern als Endspiegel in einem passiv-modengekopp-
elten Oszillator benutzt werden sollte. Die ausgekoppelte Wellenlange sollte knapp unter
2 ym liegen und mittels eines Ho:YLF-Kirstalls als Gain-Material genutzt werden. Die
Untersuchung zeigte, dass die Relaxationszeiten des SESAM (bei 130 fs liegend) nicht zur
Pulslénge im Resonator (500 fs betragend) passt, die aufgrund der geringen Bandbreite
des Gain-Materials begrenzt ist. Daher ist der hier verwendete SESAM nicht fir die

Verwendung als Auskoppelspiegel in einem Ho:YLF Resonator geeignet.



Abstract

In the 20! century ultrafast processes became accessible for scientific studies. This was
due to the laser development in 1960 and subsequent development in its pulse duration
from nanoseconds to femtoseconds. The hydrogen bond dynamics, the protein struc-
tural dynamics, the intramolecular and/or intermolecular coupling of vibrational modes
and chemical exchange processes in molecules are some examples to uncover reactions
pathways happening at ultrafast time scales. To study such processes, mid-infrared light
sources of capability of tuning the wavelength from 2-20 ym spectral range have been de-
veloped using the combination of optical parametric amplification (OPA) and difference
frequency mixing (DFG) techniques. Two of such OPAs with DFG stages have been built
for two-color pump-probe and future two-dimensional infrared experiments. The output
of a Ti:sapphire amplifier at 800 nm, 100 fs pulse duration was used for the generation
of signal and idler pulses in OPAs using a nonlinear BBO crystal. These signal and idler
pulses were then further used for mid-infrared light generation using the DFG stage in a
nonlinear AgGaS9 crystal. The mid-infrared light pulses generated in the frequency range
of 2-20 ym, having energies in the range of 0.5-2 uJ and pulse durations of 100-150 fs. The
pump-probe spectrometer to measure frequency resolved transient absorption changes in
samples have been developed using reflective optics, except for a BaFo wedge, which is
used to generate probe and reference pulses. This spectrometer is designed in a way so
that it could be transformed into a two dimensional infrared spectrometer in the future
by adding one compact block in the pump beam path, which hosts a Mach-Zehnder in-
terferometer to generate two collinear pump beams. The software to control the delay

stage, monochromator and data acquisition has also been developed.
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We have made an attempt to study the carrier and phonon dynamics of graphite ox-
ide (GO) using the home-built mid-infrared light sources and pump-probe spectrometer.
Graphite oxide is a layered material, is hygroscopic and hydrophilic in nature. The wa-
ter molecules are intercalated between the graphene oxide sheets. The linear differential
infrared absorption measurements have shown, that the water absorption bands dimin-
ish while purging the sample with dry air, which is an indication of some loss of water
molecules and eventually resulting into the appearance of the prominent C=C stretching
band hidden under a broad water bending peak (1550-1610 cm ). However, when the
linear infrared spectrum measured in the pump-probe spectrometer which was heavily
purged with dry air, the C=C stretching mode (1570 cm 1) becomes more pronounced
and the water bending peak almost vanished. Time resolved single and two color pump-
probe measurements have been performed to provide insights into the interplay of in plane
stretching vibrations of C=C and enone bond motifs, the carrier and phonon relaxation
mechanism, and intercalated water dynamics of graphite oxide. Four different pump-probe
measurements were performed by exciting the 14 um thick graphite oxide membrane with
femtosecond pulses from the UV to the mid-infrared and probed the sample response in
the mid-infrared spectral range.

In the transient absorption spectrum, we observed peculiar signatures at 1573 cm ™t
and at 1670 cm ! which are respectively indication of the C=C stretching and enone's
carbonyl (C=COHCHS3) stretching band vibrations of the graphite oxide. We have ob-
served that the carrier dynamics are largely independent of pump frequency. It appears
that the graphene-like domains majorly influences the ultrafast optical response while the
functional groups may contribute to energy transfer or loss mechanisms in the carrier re-
laxation processes. After line shape analysis of the transient absorption curves, we found
stiffening in C=C stretching vibration which is responsible factor for reducing carrier-
phonon coupling. It leads to the renormalization of the C=C stretching vibration energy.
We used a modified two-temperature model to fit the time traces, the shortest two time
constants assigned to carrier-phonon and phonon-phonon scattering, respectively, and a
third time constant of tens of picoseconds for population of mid-gap states. It should be

noted that these assignments are still a subject of ongoing debates.



In another ultrafast pump-probe experiment, we studied the carrier relaxation dynam-
ics of a specific semiconductor saturable absorber mirror (SESAM) which was used by our
collaborator as one of the cavity end mirrors to generate passively mode locked output at
2 um wavelength from a Ho:YLF laser cavity. The carrier relaxation dynamics helped us
to decipher the problems behind the unstable performance of the Ho:YLF laser cavity to
generate the mode-locked output. We found that the carriers relaxation happens at fast
time scales of 130 fs which is much faster than the intra-cavity pulse duration supported
by the narrow gain bandwidth of Ho:YLF laser medium which typically supports pulses
of 500 fs. Thus, it makes this SESAM type unsuitable to deliver stabilized mode locked

pulses from the Ho:YLF laser cavity.
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Chapter 1

Introduction

Till date, there have many spectroscopies been developed to explore atomic-scale phe-
nomena. Techniques such as electron diffraction, X-ray diffraction, UV-visible, and in-
frared absorption spectroscopies are examples of some of them. With an electron diffrac-
tion technique, atomic-scale structural dynamics in condensed matter can be investigated
with the easily available 100 fs time resolution electron pulses [1]. X-ray spectroscopy
has many variants such as X-ray absorption spectroscopy (XAS), X-ray emission spec-
troscopy (XES), Auger emission spectroscopy (AES), X-ray fluorescence spectroscopy
(XFS), electron spectroscopy for chemical analysis (ESCA) and X-ray diffraction spec-
troscopy (XDS). Some of these X-ray spectroscopic techniques are very feasible to inter-
rogate biological samples to explore the dynamic structures of proteins during processes
such as unfolding or refolding [2, 3], fast proton or electron transfer [4], light induced con-
formational changes [5], and enzyme activities [6]. The X-ray spectroscopy is also used
in the detection of local electronic structure [7] and temporal evolution of the system un-
der investigation [8]. UV-visible absorption is commonly used to probe the excited state
intramolecular proton transfer, photodissociation and relaxation processes [9,10]. Ultra-
fast infrared spectroscopy is widely used to study vibrational population dynamics [11],
coherent wavepacket generation in anharmonically coupled low-frequency modes [12], hy-
drogen bond dynamics [13], vibrational energy relaxation [14] and many other infrared

active phenomena in molecules [15]. Very often, a combination of different frequencies of



light pulses are used to detect ultrafast phenomena [16].

To unravel the ultrafast processes exemplified above at the fundamental time-scales
requires light sources which are able to generate extremely short 10-100 fs light pulses.
The invention of the mode-locked laser has resolved this barrier in the development of ul-
trafast spectroscopy. The first laser was invented by Theodore Maiman in 1960 [17], since
then there is an extensive improvement in the time resolution, from nanosecond to few
femtosecond of the laser pulses directly obtained from the laser oscillator in the visible and
near-infrared spectral region [18]. In 2001, Hentschel et al. reported the first attosecond
light source of 250 attosecond time resolution in the ultraviolet spectral region. They had
generated attosecond light pulses by focusing few optical cycle visible light laser pulses
onto a neon gas jet [19]. The light pulses of femtosecond temporal resolution are useful in
the investigation of structural dynamics. However, the attosecond pulses directly access
electronic motions in an atom. The temporal pulse duration and center frequency of the
pulse determines their application in telecommunication and ultrafast spectroscopy.

The 1999 Nobel prize in chemistry was awarded to Prof. Ahmed H. Zewail for his
research on the "transition states of chemical reactions using femtosecond spectroscopy”.
Conventional linear optical spectroscopies probe atomic or molecular level transitions
which are termed as static linear interactions. The core idea of femtosecond spectroscopy is
to study dynamics instead of static states [20]. Dynamics often include nuclear wavepack-
ets which are defined as a coherent superposition of a set of stationary wavefunctions of an
atomic or molecular systems. The minimum temporal width of a wavepacket is inversely
proportional to its spectral bandwidth At - Aw > 1.

During the initial period of this thesis, the very first idea was to explore the pho-
toreduction dynamics of graphene oxide suspended in water using a UV pump and MIR
probe technique inspired by the photoreduction mechanism of graphene oxide proposed
by Gengler et al. [21]. We probed the epoxy functional group at 1090 em ! to monitor
its evolution with change in a pump-probe delay. But, we could not detect any change in
the pump-probe signal. However, it sparked an idea to study dynamics of charge carriers
and the role of water molecules intercalated in graphene oxide layers. Due to its oxygen

functionalities, graphene oxide is a hydrophilic and hygroscopic in nature, which incorpo-



rates water molecules in its lamellar structure. The fluctuating hydrogen bond network of
water molecules in bulk water is different compared to intercalated water molecules, due
to its nanoconfinement and interactions with graphene oxide functional groups [22,23].
The interlayer distance between the two-dimensional lamellar structures depends on the
hydration level [23]. The interfacial water dynamics has a significant role in chemical and
biological systems compared to bulk water [24]. In general, the water molecules can form
four hydrogen bonds with its nearest neighbors in a bulk water environment. However,
the interfacial water molecule has restricted orientational degrees of freedom. Baker et
al. had reported pump-probe results on dynamics of confined water molecules in acetone
environment. It had been claimed that the hydrogen-bond and orientational dynamics
were much slower in an acetone environment compared to bulk liquid water [25]. In an-
other study of a water nanodroplet, Baker had shown the —OH stretch vibration lifetime
of 0.85 £ 0.1 ps, which is three times slower than in bulk liquid water [26].

To study ultrafast dynamics of matter, time-resolved third-order nonlinear infrared
spectroscopy is widely used in the research community. Two-color pump-probe and four-
wave mixing spectroscopy are the examples of third-order nonlinear techniques. Both
are fundamentally the same techniques with different geometries (figure 1.1) to measure
ultrafast molecular dynamics, carrier dynamics and many other ultrafast phenomena on
femtosecond time scale. Using pump-probe experiments, population dynamics of excited
states and coherent wavepacket dynamics of anharmonically coupled low-frequency modes
can be studied. In photon echo experiments coherence loss and spectral diffusion due to
vibrational transitions are generally studied [27,28]. The relation between the lifetime

and coherence times is given below in equation 1.1.

1 1 1
Ty = 2T, + sz (1.1)

The T is the population relaxation time of the excited state, T9 is homogeneous
dephasing time of transition states and T; is the pure dephasing which is caused by
fluctuations of the environment. We used the two-color pump-probe technique to study

molecular and carrier dynamics in graphene oxide and the semiconductor saturable ab-

sorber mirror (SESAM).



a) b)
Multichannel k |<+!<+I Multichannel
Detector 3 Detector
Delay g
Mt_’! sample k, g
l Esignal Kotk ;".,'
. N +ky-k, s
Eprobe ki w.
L
ELO

Figure 1.1: Schematic representation of third-order nonlinear infrared spectroscopy tech-
niques to measure ultrafast dynamics in matter. a) Two-color pump-probe set up. 't is the
delay between pump and probe pulses. b) Heterodyne detected three pulse photon-echo

set up. 't’ is the coherence time and "T” is the population time.

The organization of the thesis is as follows:

In the second chapter, the theoretical background of light propagation in nonlinear me-
dia, and the third order nonlinear spectroscopy are presented. In the third chapter, the
experimental techniques are discussed. In this chapter, the frequency tripler, mid-infrared
light generation using optical parametric amplification (OPA) and the difference frequency
generation processes, the design of two color pump-probe set up and laser pulse character-
ization techniques are presented in detail. In the fourth chapter, we studied ultrafast dy-
namics in graphite oxide using single-color and two-color pump-probe spectroscopy. The
effect of pump frequency and pump fluence on the carrier-phonon scattering in graphite
oxide are discussed. Also, the results on intercalated water dynamics in graphite oxide
are presented. The fifth chapter demonstrates results on the carrier relaxation dynam-
ics of the SESAM. In this chapter, the pump-probe set-up is rearranged to measure the
differential reflective changes in the SESAM. The last chapter summarizes the experi-
mental techniques and ultrafast measurements on graphite oxide and SESAM with future

perspectives.



Chapter 2

Theoretical background:
Nonlinear Spectroscopy

2.1 Introduction

Optical spectroscopy is a powerful technique to study light-matter interactions. Linear
spectroscopy provides static information on the system under studies such as resonance
frequencies, spectral amplitudes, and lineshapes. All these phenomena are detected by
averaging the system's response over all time scales. However, the advancement in laser
technology made it possible to generate high intensity light pulses, which led to the birth of
nonlinear spectroscopy. Multiple interactions of laser pulses with matter allow to discern
the nonlinear optical response of the system to understand molecular dynamics, coupling
mechanisms and transition structures on ultrafast time scales.

This chapter is based on Shaul Mukamel's book on nonlinear optical spectroscopy [29],

Robert W. Boyd's book on nonlinear optics [30] and the PhD thesis of Prof. Nils Huse [31].

2.2 Maxwell's equations

The basic equations of classical electrodynamics developed by Carl Friedrich Gauss,
André-Marie Ampere, Michael Faraday, Charles-Augustin de Colomb, Hans Christian
arsted, Jean-Baptiste Biot and Félix Savart had been integrated by James Clerk Maxwell

into a set of four partial differential equations known as Maxwell's equations. These
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equations, along with Lorentz force law, established the foundation of classical electro-
magnetism, classical optics, and electronic circuits. The following equations 2.1-2.2 are
the inhomogeneous electric and magnetic field! equations, which can be used to describe
the wave behavior of light in space due to sources and the equations 2.3-2.4 are the

homogeneous equations describe field circulation around its sources.

v - E = 4mp .-+ (Gauss's law of electricity) (2.1)
v-B=0 .-+ (Gauss's law of magnetism) (2.2)
v xE= (1386}? -+ - (Faraday's law of induction) (2.3)
v x B =y (4713—1— sgaa]f) .-+ (Ampere's law) (2.4)

where, E, 1§, o, Mo, €0 and J denote the electric field, magnetic field, charge density,
permittivity, permeability and current density respectively. The detailed description of
above Maxwell's equations can be found in any books on classical electrodynamics [32].

The wave equation in nonlinear optical media is derived using above Maxwell's equations?:

2 92 2
2 n (9 — 1 3 =
_ | E= "= P 2.5
<V c2 8t2> goc? 0t2 (2:5)

where V is the gradient operator which describes divergence of the field from a source
point and c is the speed of light3 which is equal to 1/,/Up€p in free space. n is the linear
refractive index. The Py, is a time-varying polarization, which acts as a source to generate

nonlinear optical waves in third-order nonlinear spectroscopy. The electric and magnetic

IThe electric and magnetic field vectors are denoted by E and B respectively throughout this thesis.
2The vector calculus identity: the curl (7 x) of curl (v x (v x A) = v (v - A) - w2 A) of the equations

2.3 and 2.4 is used to derive wave equation in nonlinear optical media.
3speed of light in free space: ¢ = 1/,/kog0 = 299 792 458 m/s
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field of a plane wave propagates in phase in space and their directions are perpendicular
to each other in isotropic media.
The electric field of a plane electromagnetic wave traveling in space is specified by its

respective wave-vector k as follows:

E(t) _ Eo(t) (eithrikr + e+i(otikr) (26)

where Eq is the amplitude and w is the frequency of the propagating wave.
The equation of the magnetic field of an electromagnetic wave is analogous to equation
2.6. In an electromagnetic wave, the magnetic field amplitude component is usually

negligible compared to fhe electric field amplitude as the speed of light in free space is

also described as ¢ =

= |-

2.3 Light-matter interaction

Electric fields that interact with matter can induce transient polarizations. Depend-
ing upon the electric field strength of light either linear or nonlinear processes are induced
in the material. Generally, to induce nonlinear processes, high electric field strengths
above 108 V/m are required. In linear spectroscopy, weak intensity light sources are used,
which do not exceed an electric field strength above 10° V /m. The modern technology of
laser light sources made it possible to exceed this limit to interrogate nonlinear processes
in matter. In the following sections, linear and nonlinear interactions of light with matter

are discussed.

2.3.1 Linear interaction

In linear media, weak intensity light pulses induce polarization in the material which is

explained using the following equation 2.7:

Pi (0) = colj) (0) Ej (0) (2.7)

(1)

where, P; is the induced polarization, €, is the vacuum permittivity, Xij is the electric
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susceptibility tensor of order 1. The indices i and j denote the Cartesian components of
the polarization and the incoming incident field respectively. E; is applied electric field.
Equation 2.7 shows the induced polarization which is linearly proportional to the
incident electric field. This interaction can be viewed from the perspective of linear
absorption of a vibrationally active molecule where the molecule is excited from ground

state to the excited state associated with a change in the dipole moment of a molecule.

2.3.2 Non-linear interaction

In nonlinear media, the high-intensity laser field interacts with matter that induces the
dielectric polarization P which is nonlinearly proportional to the electric field E. Such
induced polarization acts as a source of propagation of electromagnetic fields. The mea-
surement of these electromagnetic fields is the determination of the induced polarization
which is directly linked to quantum mechanical properties of the object. The equation

2.7 is then expanded using Taylor’s series of the dielectric polarization density P(w) in

powers of the electric field E(w) as follows:

P; (0)) :EOXi(jl) ((*)) E_] ((*)) + EOXi(ij) ((0, w1, 0)2) EJ ((01) Ek ((;)2)
+ SOXi(j?Iq)] (0, 01,02, 03) Ej (01) Ex (02) Ej (03) + ... (2.8)

=PV (1) + P (09) + PP (g) + - -

1

where P; and E; are the polarization and electric field components, respectively.
X(n) is the electric susceptibility tensor of order n.

€0 is the vacuum permittivity.

Nowadays, the nonlinearity can be easily induced due to the development of pulsed
laser sources. The laser pulses can be easily focused down to generate intensity of the
electric field on the order of 107 V/m which is comparable to the electrical fields exist

between electrons and nuclei in atoms which constitute the matter.
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In general, the nt® order nonlinearity leads to (n+1) wave mixing. Let's, look at
the second-order nonlinear phenomena induced by electromagnetic field oscillating at
two frequencies w1 and w9. The second order polarization P2 in equation 2.8 has the

following form:

B (w3) = oyl By(e1) - Bi(wn) (2.9)

The induced second-order polarization oscillates not at wy and w9, but at new frequen-

cies w3 = 201, 209, W] + 02, |w] — wy| which correspond to the second harmonic generation

(SHG), sum frequency generation (SFG), difference frequency mixing (DFM), and optical
rectification(OR, w3 = 0).

The intensity I;, of the emitted field E(w3) by the induced polarization Pi(2) (w3) at a

frequency ws has the following form [30]:

Ak L
2 .
[;(w3) o |Xj(jk)|21jIkL281nC2 (‘2’) (2.10)

where, sinc(x) = sin(x)/x, L is the optical path length and Ak is the difference between
propagation wavevector of the incident and generated optical fields.

The difference in wavevector Ak is known as phase mismatch:

—

AK = Kout — > ki (2.11)

where, kot is the wavevector of the generated new wave

and Y Ein is the summation of wavevectors of the incident optical fields.

n(w)-
c

The wave-vector has the expression : ‘E’ =k = . n(w) is the refractive index of
the material which depends upon the frequency and polarization of the incident field. At
each point in nonlinear media where fields E;(w1) and Ey (w2) overlap, strong second-order
response is generated, if the Ak = Eout -3 Ein = 0. Since, the photon momentum p (p

= hE) is related to the wave-vector E, this implies the conservation of the momentum of

interacting fields.
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The detailed examples of second-order nonlinear effects with momentum conservation
is presented in section 3.3 of the experimental chapter of this thesis, where the optical
parametric amplifier and frequency tripler are discussed.

In isotropic media, nonlinear effects scale only with odd orders of the electric field due
to the existence of inversion symmetry, it vanishes even order terms in Taylor expansion
series in equation 2.8. Generally, inversion symmetry exists in liquid solutions. Hence, the
third order term in the equation 2.8 is the lowest nonlinear response and the expression
of the third order nonlinear polarization is given by:

PP (1) = 1V Ej(03) - Bi(e2) - Ei(w) (2.12)

As we know, the induced third-order polarization acts as a source of an electromagnetic
field. The intensity of the emitted third order field of frequency w4 depends upon the
frequencies of the incident fields and geometry of the experiment [30]. The enhancement
of the third order field is largest when AK = 0. The expression for the intensity of the

third order field is as follows:
Ak|L
3 .
Li(wg) o ]Xi(jk)IZIjIkIlL%lan (‘J) (2.13)

This thesis is aimed to build a pump-probe spectrometer for the mid-infrared spectral
region. Pump-probe spectroscopy is a third order process which involves the interaction
of three electric fields in material, which then results in the generation of a third order
signal. However, in the pump-probe spectroscopy two beams interact in the material, the
strong pump is a high-intensity beam which is considered to generate two interactions in

the sample.

2.3.3 The quantum mechanical polarization and density matrix

The systems response to the external field is measured by detecting emission field. The
excitation laser field (E(t)) is coupled with the system according to the interaction term
w-E(t). The macroscopic polarization of the system is defined as the expectation value of

the dipole moment operator y. However, the systems state is conveniently described by
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the density operator et)- The time-dependent macroscopic polarization is then given by

Pi(t) = (uip(t)) (2.14)

where ( ) is the trace of the corresponding matrix representation.

The density matrix of pure states is defined as follows:
o= Pr- [Wy ) (Wl (2.15)
k

where Py > 0 and Y| Py = 1 (normalization). Pj is the probability of the system in a
pure state |¥}).

However, in condensed matter systems we deal with the statistical ensemble rather
than pure states. If we consider the state |y ) has a basis set {|n)} then the state |¥y)
can be written as |¥Uy) = >, cn(t)|n) and its complex conjugate is written as (V)| =

Y o (£) (m] then the density matrix has the elements:
pnm = Py (0 [¥y ) ( Wy m) (2.16)
k

Equation 2.16 depicts, when n=m then the diagonal elements of the density matrix
enn represents probability of the system to be found in the state |m) or |n) also known as

population.
pum = D Py (n [y ) ( ¥y m) ZPH n[w)[” (2.17)
k

The off-diagonal elements, pnym with n # m represents the coherence of the system.
Generally, these elements are complex numbers and constitute information about the
phase.

The temporal evolution of density matrix of quantum system is described by the Liouville

von Neumann equation :

. 0
ihop(t) = [H(t),plt)] (2.18)
where [ ] is a commutator operator. The equation 2.18 is derived using the Schrodinger

equation, %N’k(t» = f%H(t)|\I/k(t)>, and density matrix formulation.
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Then, the total Hamiltonian H(t) has the following form, which comprises components

of the unperturbed, Hy and the perturbed, y;-E(t) contributions of the system.
H(t) = Ho +u - E(t) (2.19)

The perturbation term arises when the (time-dependent) electric field of laser pulse in-

teracts with the system, is also known as interaction energy.

2.3.4 The nonlinear optical response functions

To interpret the nonlinear optical response of the quantum systems, interaction picture is
used which visualizes the dynamics of the system induced by laser pulses and in between
the laser pulses hence intrinsic to the system itself. The interaction energy y;-E is smaller
compared to the transient energies of the isolated molecules. The perturbation theory is
useful here to expand density operator which is linked to the higher order polarization
terms of equation 2.8. To converge the cumulant expansion, the transformation of the
Schodinger picture to the interaction picture is to be made by the use of the Unitarian

time evolution operator. In interaction picture the dipole operator has the following form:

ui(t) = Up(t, to) - i - Up(t, to) (2.20)

where Uy(t, tg) is an unitary time dependent operator. In stationary state the Hamil-
tonian is Hp which is time independent and when light pulse interacts with the system it
becomes time dependent. The system evolution is expressed by time evolution operator

with respect to the stationary state Hamiltonian Hq as follows:

i

U(t.to) = exp [ (5 ) ot to)] (2.21)
then the density matrix becomes:
e1(t) = U (t, t0) e (6) Ug ¢, to) (222)

The Liouville-Von Neumann equation 2.18 can be integrated and substituted iter-

atively into itself and expanded in the powers of the electric field. In the interaction
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picture, the cumulative expansion of the n® order density matrix is as follows:

or(t) = o0 (to) + 3 eW(t) (2.23)

ney (L) [ K
e (t) _< h> /to den [T

t:z dt1E(tn) - E(tn 1) - - - B(t1) Ug(t, to)- (2.24)

(i) wi(rn1). - (a0 gt ] -+ ]] - UB (. t0)

The first term p(o) (tg) in equation 2.23 is the density matrix at equilibrium which
doesn't evolve over time when subjected to system Hamiltonian Hp, and hence t; — -00.

We put equation 2.24 in equation 2.14 and obtain the n-th order polarization:

0= 1) [

1
. dt1Ei1(t1) - - - Ein(tn) (2.25)

X (Wi (6) [in (), - -~ [pin (v1), p(-00)] -+ ])

Very often a coordinate transformation is applied as follows:

79 =0

t1 =190—-11
to =13 12
tn:tf-fn

The t's represent absolute time points, while t's denote time intervals as explained in
below figure 2.1
Using set of above time variables, the nonlinear polarization equation 2.25 can be

written as a convolution of n electric fields:
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Tn time t

Figure 2.1: Time variables: the t's refer to absolute times, and t's to time intervals.

(n) 00 00 00 .
Pi (t) :/ dtn/ dty 1 -- / dt1S™ (tn, tn15 -5 1)
—00 —00 —00

(2.26)
‘E(t_tn) ‘E(t_tn_tnfl)"'E(t_tn_tnfl_“'_tl)
with the n-th order response function:
i n
Sttt 1) = () O01)O(2) Ot
(2.27)

(it 4 t) [pitpo + -+ 1), - [wi(0), p(—00)]])

SM) is the n-th order nonlinear optical response function in the time domain. It com-
prises microscopic information about the induced polarization by incident electric fields

in matter. It obeys the causality principle, so the response function is 0 when tg < 0
S (b, b1, s t1) =0 (2.28)

corroborated by Heaviside function's O(t;) existing in equation 2.27.

Feynman diagrams

The nonlinear response function in the above equation 2.27 can provide all information
about the origin of nonlinear signals from the molecular system, but the entire function
itself is almost impossible to measure. Terms in above equation 2.27 are difficult to un-
derstand when numerous electric fields interact with a molecular system having multiple
quantum states, it requires the huge number of permutations when performing experi-
ments on such systems. The response function is a tensor which is a sum of 2271 real
tensors of rank n+1. There are n interactions of the incident electric fields with the

matter which lead to emit the radiative signal. The radiative signal and the incident n
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electric fields genera