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Zusammenfassung

Im zwanzigsten Jahrhundert wurden ultraschnelle Prozesse, welche in der Natur vorkom-

men zugänglich. Dies ist Dank der Entwicklung des Lasers 1960 und darauffolgende

Verbesserungen der Pulslänge von Nanosekunden zu Femtosekunden möglich geworden.

Einige Beispiele, die auf diesen kurzen Zeitskalen Dynamiken zeigen sind Wasserstoff-

brücken, Proteinstrukturen, intra- oder intermolekularer Energie-Austausch von Vibra-

tionsmoden und chemische Austauschprozesse in Molekülen. Solche Prozesse können mit

Strahlung im mittleren Infrarot (MIR) untersucht werden, die durch optisch-parametrische

Verstärkung (optical parametric amplification, OPA) und Differenzfrequenzmischung-

(DFG) erzeugt werden. Dieser Wellenlängenbereich erstreckt sich von ca. 2-20 mm. Zwei

solcher OPAs wurden für Zwei-Farben-Spektroskopie und für zukünftige 2D-Infrarotspektr-

oskopie aufgebaut. Als Pumplaser der OPAs wurde ein verstärkter Titan:Saphir Laser

mit einer Zentralwellenlänge von 800 nm und 100 fs Pulsdauer genutzt. Die erzeugte

MIR-Strahlung besitzt eine Pulsenergie von 0.5 bis 2 mJ und eine Pulslänge von 100 bis

150 fs. In dem Pump-Tast-Spektrometer, mit dem frequenzaufgelöste transiente Differen-

zspektren gemessen werden können, wurden größtenteils reflektive Optiken benutzt. Ein

BaF2-Keil wurde verwendet, um Tast und Referenzpuls zu erhalten. Um das jetzige Spek-

trometer in eine 2D Konfiguration zu überführen, 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 für die Verschiebestufe, den

Monochromator und die Datenakquisition wurden ebenfalls programmiert.

Mit diesem Spektrometer, der im MIR operiert, wurden Ladungsträger und Vibra-

tionsdynamiken von Graphitoxid (GO) untersucht. Dieses geschichtete Material ist hy-
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groskopisch, hydrophil, und Wassermoleküle können sich zwischen den Lagen befinden.

Lineare Infrarot-Absorptionsspektren zeigen, dass sich während des Spülens der Probekam-

mer mit trockener Luft, die Wasserabsorptionsbande verkleinert, was durch Verlust der

Wassermoleküle aus der Membran erklärt werden kann. Dadurch kommt die C=C Streck-

ungsmode (1550-1610 cm–1) zum Vorschein. Dies wurde mit Pump-Tast-Messungen

weiter untersucht. Es wurden verschieden Pump-Tast-Messungen an der ∼14 mm dicken

Membran mit Pumpwellenlängen vom UV bis ins IR durchgeführt. Die Tastwellenlänge

lag im IR Bereich. In den transienten Absorptionsspektren konnten bei Wellenzahlen zwis-

chen 1573 und 1670 cm–1 Signale identifiziert werden, die der C=C Streckschwingung

und der Enol-Karbonyl-Streckschwingung (C=COHCH3) entsprechen. Die erzeugten

Ladungsträger sind nach den jetzigen Messungen in ihrem Relaxationsverhalten weitestge-

hend unabhängig von der Pumpwellenlänge. Es scheint so, als ob graphenartige Domänen

der Membran für die ultraschnelle Antwort des Systems zuständig sind und die funk-

tionellen Gruppen Energieübertrag und Relaxationsprozesse beeinflussen. Ein abgeän-

dertes Zwei-Temperatur-Modell wurde zur Kurvenanpassung verwendet, bei dem drei

Zeitkonstanten jeweils der Elektron-Elektron und der Elektron-Phonon-Streuung sowie

der Ladungsträger-Rekombination über Fehlstellen zugeordnet werden können. 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 sättigbaren Absorber-Spiegels (saturable absorber mirror, SESAM),

angeschaut, der von unseren Projektpartnern als Endspiegel in einem passiv-modengekopp-

elten Oszillator benutzt werden sollte. Die ausgekoppelte Wellenlänge sollte knapp unter

2 mm 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

Pulslänge im Resonator (500 fs betragend) passt, die aufgrund der geringen Bandbreite

des Gain-Materials begrenzt ist. Daher ist der hier verwendete SESAM nicht für die

Verwendung als Auskoppelspiegel in einem Ho:YLF Resonator geeignet.



Abstract

In the 20th 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 mm 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 AgGaS2 crystal. The mid-infrared light pulses generated in the frequency range

of 2-20 mm, having energies in the range of 0.5-2 mJ 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 BaF2 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–1). 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 mm 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–1

and at 1670 cm–1 which are respectively indication of the C=C stretching and enone's

carbonyl (C=COHCH3) 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.
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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 mm 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
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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 Dt ·Dw ≥ 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 cm–1 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-
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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

T2
=

1

2T1
+

1

T*
2

(1.1)

The T1 is the population relaxation time of the excited state, T2 is homogeneous

dephasing time of transition states and T*
2 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).
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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 Ampère, Michael Faraday, Charles-Augustin de Colomb, Hans Christian

∅rsted, 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 field1 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.

5 · ~E = 4pr · · · (Gauss's law of electricity) (2.1)

5 · ~B = 0 · · · (Gauss's law of magnetism) (2.2)

5× ~E = –
1

c

∂~B

∂t
· · · (Faraday's law of induction) (2.3)

5× ~B = m0

4p~J + e0
∂~E

∂t

 · · · (Ampere's law) (2.4)

where, ~E, ~B, r, m0, e0 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 equations2:(
52 –

n2

c2
∂2

∂t2

)
~E =

1

e0c2
∂2

∂t2
~PNL (2.5)

where O 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/
√
m0e0 in free space. n is the linear

refractive index. The ~PNL is a time-varying polarization, which acts as a source to generate

nonlinear optical waves in third-order nonlinear spectroscopy. The electric and magnetic
1The electric and magnetic field vectors are denoted by ~E and ~B respectively throughout this thesis.
2The vector calculus identity: the curl (5 ×) of curl (5 × (5 × ~A) =5 (5 · ~A) -52 ~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: c = 1/

√
μ0ε0 = 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) = ~E0(t)
(
e–iωt+i~kr + e+iωt–i~kr

)
(2.6)

where E0 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 the electric field amplitude as the speed of light in free space is

also described as c =

∣∣∣∣∣∣
~E

~B

∣∣∣∣∣∣.

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 105 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 (w) = eoq
(1)
ij (w) Ej (w) (2.7)

where, Pi is the induced polarization, eo is the vacuum permittivity, q(1)ij 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. Ej 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:

Pi (w) =eoq
(1)
ij (w) Ej (w) + eoq

(2)
ijk (w,w1,w2) Ej (w1) Ek (w2)

+ eoq
(3)
ijkl (w,w1,w2,w3) Ej (w1) Ek (w2) El (w3) + ....

=P
(1)
i (w1) + P

(2)
i (w2) + P

(3)
i (w3) + · · ·

(2.8)

where Pi and Ei are the polarization and electric field components, respectively.

q(n) is the electric susceptibility tensor of order n.

eo 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 109 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 nth 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 w2. The second order polarization ~P(2) in equation 2.8 has the

following form:

~P
(2)
i (w3) = eoq

(2)
ijk

~Ej(w1) · ~Ek(w2) (2.9)

The induced second-order polarization oscillates not at w1 and w2, but at new frequen-

cies w3 = 2w1, 2w2,w1+w2, |w1 – w2| which correspond to the second harmonic generation

(SHG), sum frequency generation (SFG), difference frequency mixing (DFM), and optical

rectification(OR, w3 = 0).

The intensity Ii, of the emitted field E(w3) by the induced polarization P
(2)
i (w3) at a

frequency w3 has the following form [30]:

Ii(w3) ∝ |q
(2)
ijk |

2IjIkL
2sinc2


∣∣∣D~k

∣∣∣L
2

 (2.10)

where, sinc(x) = sin(x)/x, L is the optical path length andDk is the difference between

propagation wavevector of the incident and generated optical fields.

The difference in wavevector Dk is known as phase mismatch:

D~k = ~kout –
∑

~kin (2.11)

where, ~kout is the wavevector of the generated new wave

and ∑~kin is the summation of wavevectors of the incident optical fields.

The wave-vector has the expression :
∣∣∣~k∣∣∣ = k = n(ω)·ω

c . 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 Ej(w1) and Ek(w2) overlap, strong second-order

response is generated, if the D~k = ~kout –
∑~kin = 0. Since, the photon momentum ~p (~p

= ~~k) is related to the wave-vector ~k, 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:

P
(3)
i (w4) = q

(3)
ijkEj(w3) · Ek(w2) · El(wl) (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 D~k = 0. The expression for the intensity of the

third order field is as follows:

Ii(w4) ∝ |q
(3)
ijk |

2IjIkIlL
2sinc2


∣∣∣D~k

∣∣∣L
2

 (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

m·E(t). The macroscopic polarization of the system is defined as the expectation value of

the dipole moment operator m. However, the systems state is conveniently described by
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the density operator r(t). The time-dependent macroscopic polarization is then given by

Pi(t) = 〈mir(t)〉 (2.14)

where 〈 〉 is the trace of the corresponding matrix representation.

The density matrix of pure states is defined as follows:

r =
∑
k

Pk · |Yk 〉〈Yk| (2.15)

where Pk ≥ 0 and ∑k Pk = 1 (normalization). Pk is the probability of the system in a

pure state |Yk〉.

However, in condensed matter systems we deal with the statistical ensemble rather

than pure states. If we consider the state |Yk〉 has a basis set {|n〉} then the state |Yk〉

can be written as |Yk〉 =
∑

n cn(t)|n〉 and its complex conjugate is written as 〈Yk| =∑
m c*m(t)〈m| then the density matrix has the elements:

rnm =
∑
k

Pk 〈n |Yk 〉〈Yk|m〉 (2.16)

Equation 2.16 depicts, when n=m then the diagonal elements of the density matrix

rnn represents probability of the system to be found in the state |m〉 or |n〉 also known as

population.

rnm =
∑
k

Pk 〈n |Yk 〉〈Yk|m〉 =
∑
k

Pk |〈n|Yk〉|2 ≥ 0 (2.17)

The off-diagonal elements, rnm with n 6= 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 :

i~
∂

∂t
r(t) = [H(t), r(t)] (2.18)

where [ ] is a commutator operator. The equation 2.18 is derived using the Schrödinger

equation, ∂
∂t |Yk(t)〉 = – i

~H(t)|Yk(t)〉, and density matrix formulation.



2.3. Light-matter interaction 12

Then, the total Hamiltonian H(t) has the following form, which comprises components

of the unperturbed, H0 and the perturbed, mi·E(t) contributions of the system.

H(t) = H0 + m · 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 mi·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

Schödinger 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:

mi(t) = U0(t, t0)
† · mi · U0(t, t0) (2.20)

where U0(t, t0) is an unitary time dependent operator. In stationary state the Hamil-

tonian is H0 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 H0 as follows:

U0(t, t0) = exp
[
–
(
i

~

)
H0(t – t0)

]
(2.21)

then the density matrix becomes:

rI(t) = U0(t, t0)
†r(t)U0(t, t0) (2.22)

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 nth order density matrix is as follows:

rI(t) = r(0)(t0) +
∑
n
r(n)(t) (2.23)

rn(t) =
(
–
i

~

) ∫ t

t0
dtn

∫
τn

t0
dtn–1 · · ·∫

τ2

t0
dt1E(tn) · E(tn–1) · · ·E(t1)U0(t, t0)·[

mi(tn),
[
mi(tn–1), · · ·

[
mi(t1), rt0

]
· · ·

]]
· U†0(t, t0)

(2.24)

The first term r(0)(t0) in equation 2.23 is the density matrix at equilibrium which

doesn't evolve over time when subjected to system Hamiltonian H0, and hence ti –→ -∞.

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

P
(n)
i (t) =

(
–
i

~

) ∫ t

–∞
dtn

∫
τn

–∞
dtn–1 · · ·∫

τ2

–∞
dt1Ei1(t1) · · ·Ein(tn)

× 〈mi(t) [min(tn), · · · [mi1(t1), r(–∞)] · · · ]〉

(2.25)

Very often a coordinate transformation is applied as follows:

t0 = 0

t1 = t2 – t1

t2 = t3 – t2

·

·

·

tn = t – tn

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

P
(n)
i (t) =

∫ ∞
–∞

dtn

∫ ∞
–∞

dtn–1 · · ·
∫ ∞
–∞

dt1S
n(tn, tn–1, ..., t1)·

· E(t – tn) · E(t – tn – tn–1) · · ·E(t – tn – tn–1 – · · · – t1)
(2.26)

with the n-th order response function:

Sni (tn, tn–1, ..., t1) ≡
(
–
i

~

)n
J(t1)J(t2) · · ·J(tn)·

· 〈mi(tn + · · ·+ t1) [mi(tn–1 + · · ·+ t1), · · · [mi(0), r(–∞)]]〉
(2.27)

S(n) 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 t0 < 0

Sni (tn, tn–1, ..., t1) = 0 (2.28)

corroborated by Heaviside function's J(ti) 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 2n–1 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 generate n+1 light matter interactions so this n order spectroscopy is also

known as n+1 wave mixing. For two-level systems, the interaction of three fields with the

dipole operator provides four possible tensors as explained below with Feynman diagrams

(figure 2.2) and corresponding response function can be defined as follows:

S(3) =
(
–
i

~

)3
J(t1)J(t2)J(t3)

〈m(t3 + t2 + t1) [m(t2 + t1), [m(t1), [m(0), r(–∞)]]]〉

=
(
–
i

~

)3
J(t1)J(t2)J(t3)

4∑
α=1

{
Rα – R

†
α

} (2.29)

where, Rα and R
†
α are the response functions and R

†
α is the complex conjugate of the Rα.

The response functions in the above equation 2.29 can be written as follows:

R1 = 〈m(t3 + t2 + t1)m(0)r(–∞)m(t1)m(t2 + t1)〉

R
†
1 = 〈m(t3 + t2 + t1)m(t2 + t1)m(t1)r(–∞)m(0)〉

R2 = 〈m(t3 + t2 + t1)m(t1)r(–∞)m(0)m(t2 + t1)〉

R
†
2 = 〈m(t3 + t2 + t1)m(t2 + t1)m(0)r(–∞)m(t1)〉

R3 = 〈m(t3 + t2 + t1)m(t2 + t1)r(–∞)m(0)m(t1)〉

R
†
3 = 〈m(t3 + t2 + t1)m(t1)m(0)r(–∞)m(t2 + t1)〉

R4 = 〈m(t3 + t2 + t1)m(t2 + t1)m(t1)m(0)r(–∞)〉

R
†
4 = 〈m(t3 + t2 + t1)r(–∞)m(0)m(t1)m(t2 + t1)〉

(2.30)

In these Feynman diagrams, the density operator is represented by two vertical lines:

it symbolizes the temporal evolution of the bra and ket of the ensemble states and the

time runs from the bottom to the top. The left line represents the temporal evolution

of the ket and similarly, the right line represents the temporal evolution of the bra. The

field interactions are represented with arrows: those pointing inward represent photon

absorption and those pointing outwards represent photon emission. An arrow pointing to

the left represents a complex electric field interaction with phase factor e–i(ωt+kiri), and

arrows pointing to the left of phase diagram represents the complex conjugate. Between

the pair of vertical lines, the representation of the temporal evolution of ensemble states
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are represented in terms of the density matrix in the corresponding time interval. For two

level system, there exist four density matrix elements as r =

 r00 r01

r10 r11

. The subscripts
0 and 1 denote the ground and excited states respectively. The diagonal elements represent

population states and off-diagonal elements represent coherent states. The overall sign of

each diagram depends on the number of field interactions on the right side n, which is given

as: (–1)n. The last interaction is represented by a dashed arrow always pointing outwards,

which representing the dipole operator in equation 2.14. It represents the emission of a

field whose k-vector and frequency depends on the preceding field interactions. The

last interaction always represents the return of the system in r00 population state which

contributes to the signal. Above rules for the construction of double-sided Feynman

diagrams are convenient to establish the relevant terms of the optical response function.
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Figure 2.2: The representation of third-order nonlinear response of a two-level system

with double-sided Feynman diagrams.
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2.4 Pump-probe spectroscopy

In pump-probe spectroscopy, the strong pump pulse Epu induces an optical transition

in the sample. The temporal evolution of the sample is monitored by a weak pulse Epr

called probe. The pump pulse Epu precedes the probe pulse Epr. These two pulses non-

collinearly pass through the sample with some angle which allows only certain Liouville

space path-ways that contribute to the third order nonlinear signal. The pump pulse

passes over a delay stage to create a temporal delay relative to the probe pulse. The

induced transient third order polarization, P(3) generates an electromagnetic field Esignal,

which propagates in the same direction as that of the transmitted probe pulse, as shown

in the following figure 2.3. The emitted signal Esignal and probe pulse Epr are passed over

into the spectrometer, where these pulses are spectrally dispersed using grating optics

and their interference measured on a spectral array of a multichannel detector.

Spectrograph 
& Detector

Sample
t

Delay

Epr

Epu

Epr

Esignal

Figure 2.3: Schematic representation of non-collinear pump-probe set up with a frequency

resolving spectrometer.

By varying the delay between the pump and probe pulses, the transient transmission

changes in the sample are measured by monitoring probe pulse intensity on the multichan-

nel detector as a function of temporal delay ‘t’ and frequency ‘w’. For an emitted signal

which is weaker compared to the probe pulse, the corresponding transmission change is
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given by:

DT (t,w) =
I (t,w) – I0 (w)

I0 (w)
=

∫
G dt

∣∣∣Eprobe(w) + Esignal (t,w)
∣∣∣2∫

G dt
∣∣∣Eprobe(w)

∣∣∣2 – 1

≈
2
∫
G dt<

{
Eprobe(w)E

*
signal (t,w)

}
∫
G dt

∣∣∣Eprobe(w)
∣∣∣2

(2.31)

where I and I0 are the intensities of transmitted probe pulses with and without sample

excitation by a pump pulse respectively. R is the real part of the complex expression and G

is the time gate of the electronic integrators. While performing pump-probe experiments,

the absorbance change DA is measured which is retrieved by applying the logarithmic

function to the equation 2.31. The decreased transmission change renders a positive

absorbance change and similarly, increased absorption renders negative absorption change.

For a three-level system, where the pump pulse precedes the probe pulse and since the

geometry of pump-probe field interactions is non-collinear, the possible Liouville pathways

are understood with the help of Feynman diagrams (figure 2.4).
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Figure 2.4: Representation of third-order nonlinear response of a three-level system with

double-sided Feynman diagrams.

In the semi-impulsive limit, that is when incident optical fields are much shorter com-

pared to the time scale of the system and but longer than the oscillation period of the

incident field. In this case, the laser pulses which can be approximated as d functions,

still carries information a carrier frequency and a wavevector. In this limit, the 3rd order

response function can be simply obtained as: P(3)(t) = S(3)(t1, t2, t3). For the spectrally

broad and temporally short pump pulse (shorter than the response of the system) which

excites the system from the ground state (n = 0) to the first excited state (n = 1) to form

a coherent superposition state. The temporally separated probe pulse then monitors the

ground state bleach, stimulated absorption and excited state absorption.
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The total response function induced by d-like pump pulses according to ref. [33] is given

as follows:

S(3)(t3, t2, t1) =
6∑

i=1

S
(3)
i (t1, t2, t3) ∝

i

~3
(
4m410e

–i(ω10/~)t3 – 2m210m
2
21e

–i(ω21/~)t3
)
e–Γ t3

(2.32)

where m10 and m21 are the transition dipole moments,

w10 and w21 are the transition frequencies,

G is the dephasing rate. Here it is assumed same for 01 and 12 transitions.

t1, t2 and t3 are the relative delays between the laser field interactions.

In pump-probe experiments, the pump interacts twice with wavevectors ~kpump and ~–kpump,

hence, they cancel each other due to its opposite signs and momentum conservation ful-

filled as ~ksignal = ~kprobe.

The emitted signal measured as an absorbance change on the spectrally resolved multi-

channel slow detection devices as function of time ‘t’ by heterodyning with the probe

pulse, is written as:

DA(w) = –log10


∣∣∣Epr(t) + iP(3)(t)

∣∣∣2∣∣∣Epr(t)
∣∣∣2

 ≈ 2<
(
Epr(t) · P(3)(t)

)
∣∣∣Epr(t)

∣∣∣2 (2.33)

The spectrometer performs a Fourier transform of the electric fields with respect to time

‘t’ to obtain the pump-probe spectrum:

DA(w) ∝ –2<
(
P(3)(w)

)
= - 8m410G

(w10 – w)2 + G2
+ 4m210m

2
21G

(w21 – w)2 + G2
(2.34)

Here, the probe pulse was assumed to be a d-pulse with a constant frequency spectrum.

The negative term in the above equation represents the ground state bleaching (GSB)

and stimulated emission (SE) and the positive term the excited state absorption (ESA).

The ground state bleach and stimulated emission is spectrally indistinguishable. The

stimulated emission is red-shifted due to anharmonicity. For a harmonic oscillator, the

signal DA vanishes due to the equidistant spacings of the transition states.

However, when the probe pulse precedes the pump pulse, that is at negative time delays in

a frequency resolved pump-probe measurement, the signal that is generated when pump



2.4. Pump-probe spectroscopy 21

and probe pulse start overlapping is ascertained to the perturbed free induction decay

process [34]. It is explained using Feynman diagrams in the following figure 2.5:

Figure 2.5: Illustration of perturbed free induction decay process by using Feynman

diagrams.

The perturbed free induction decay originates from the quantum pathways when the

probe interacts in between the pump interactions ~kpump → ~kprobe → ~kpump. These

contributions to the signal arises when pump and probe pulses starts overlapping are

termed as ‘coherent artifact’. Another contribution to the signal arises from optical Kerr

effect induced refractive changes which shifts the probe spectrum [30].

The optical Kerr effect induced refractive index change phenomenon is known as cross-

phase modulation, which is analogous to self-phase modulation, in which modulation of

light fields occur in a media with large nonlinear coefficients.
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Thesis



Chapter 3

Experimental Techniques

When God said "Let there be light" he surely must have meant perfectly

coherent light

- Charles Townes

3.1 Introduction

In this thesis, pump-probe results on carrier dynamics in a semiconductor saturable ab-

sorber (SESAM) and a combined effect of the carrier and vibrational dynamics of graphene

oxide on femto to picoseconds timescales will be discussed. Generally, carrier and vibra-

tional dynamics investigations are carried out in the spectral range between 1000-5000

cm–1 for which intense, short light pulses generated from lasers are used.

The laser is an acronym for the ‘Light Amplification by Stimulated Emission of Ra-

diation’. It produces coherent, monochromatic, and collimated light pulses. Einstein

introduced the concept of the light amplification by stimulated emission of radiation in

1917 [35]. Almost forty years later Charles H. Townes and his colleagues at Columbia

University in 1953 [36] constructed a device to amplify microwaves by stimulated radi-

ation which were termed as MASER (Microwave Amplification by Stimulated Emission

of Radiation). The Maser was the foundation step to build the first laser. In the year

1960, the first optical Laser was developed by Theodre Maiman [17] using a synthetic
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ruby crystal as an active medium. Shortly afterwards the first nanosecond laser was de-

veloped [37]. Subsequently the laser pulse duration was pushed via picoseconds [38, 39]

to femtoseconds [40, 41]. Attosecond time resolution was achieved at the turn of the

millennium [19, 42]. The femtosecond lasers are based on the technique of chirped pulse

amplification (CPA) which provides high pulse intensities of several millijoules [43]. Tita-

nium doped sapphire is a favorable material to build femtosecond laser pulses in the near

infrared region due to the availability of large gain bandwidth from 600-1000 nm [44,45].

Along with the lasers, widely tunable and very stable optical parametric amplifiers have

been developed to generate light pulses from the ultraviolate (UV) to the mid-infrared

(mid-IR) region [46–48]. Hitherto, there have been many techniques available to generate

mid-Infrared light pulses such as plasma based, free electron laser (FEL) based, optical

parametric amplification (OPA) based and cascade laser techniques are only few examples

of it [49].

In the following sections, the working principle and details of optical parametric am-

plifier, difference frequency mixing, third harmonic generator (THG), pump-probe setup

and pulse characterization techniques will be discussed.

3.2 The laser system

The scheme of the laser system is shown in the figure 3.1. It consists of a commercially

available Ti:sapphire laser, the two home-built optical parametric amplifiers with sub-

sequent DFG stages, the second & the third harmonic generator and the pump-probe

setup. The Ti:sapphire based laser system incorporates three elementary units: Mai Tai

SP oscillator, Empower 45 pump laser and Spitfire Ace regenerative amplifier. The intra-

cavity doubled Nd3+ : YVO4 output at 532 nm pumps the Ti:sapphire crystal of the Mai

Tai SP oscillator which emits pulses centered at 800 nm with 100 nm bandwidth, 25 fs

pulse duration at 84 MHz repetition rate. The oscillator is passively mode-locked by Kerr

lensing [50, 51]. The oscillator output is used for further amplification in a regenerative

amplifier. Before entering the Pockel cell-switched cavity the seed pulses were stretched

temporally by a factor of 104 in order to avoid damage of optical components by the



3.2. The laser system 25

pulse peak intensities. The population inversion in the second Ti: Sapphire crystal in the

THG /SHG
80 mW 

266 & 400 nm 
120-250 fs, 3 kHz

Mai Tai SP
Oscillator

0.75 W, 800 nm
<25 fs FWHM, 84 MHz

Stretcher
0.3 W 800 nm

600 ps, 84 MHz

Regen. Amplifier
5-7 W, 800 nm
600 ps, 3 kHz

Compressor
5 W, 800 nm
90 fs, 3 kHz

OPA I 
0.5-2 uJ 
3-10 um

 ̴ 150 fs, 3 kHz

Pump-Probe
Setup

Nd:YLF
Pump Laser 

60 W, 527nm, 
250 ns, 3 kHz

Nd3+: YVO4 

Laser
4.5 W, CW

532 nm

OPA I I
0.5-2 uJ 
3-10 um

 ̴ 150 fs, 3 kHz

Figure 3.1: Schematic representation of the laser system which comprises the commer-

cial Ti-Sapphire laser system, two optical parametric amplifiers (OPA), the second/third

harmonic generator (SHG/THG) and the two-color pump-probe setup.

regenerative amplifier cavity is achieved by an intracavity doubled Q-switched Nd3+:YLF
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pump laser (Empower 45) that operates at 3 kHz repetition rate with 200 ns duration

of pulses. After about 10 passes through the regenerative amplifier cavity, the amplified

pulses are coupled out by the second Pockel cell and compressed to 100 fs having 1.66 mJ

pulse energy. To pump the frequency conversion devices the fundamental near-infrared

beam was split into three arms with different pulse energies - for details see figure 3.1.

3.3 Optical frequency conversion and amplification

Optical frequency conversion of 800 nm light pulses into UV-vis pulses (266 nm & 400

nm) and widely tunable mid-infrared pulses (3-10 mm) is achieved by using up-conversion

and down-conversion of laser light pulses in birefringent crystals, which are having large

second order nonlinear susceptibilities q(2) [52]. Typical examples of these crystals are

KDP, KTP, BBO, AgGaS2, GaSe etc1. In optical up-conversion processes, an energetic

photon is formed by combining two photons and has therefore an energy which is the

sum of the energies of the combining photons [53]. Second harmonic generation (SHG)

and sum frequency generation (SFG) are up-conversion processes. In down-conversion

processes, a photon is split into two photons having lower energy than the photon entering

into nonlinear crystal. Both, difference frequency generation (DFG) as well as optical

parametric amplification are down-conversion processes. In DFG, pump and seed waves

have comparable energies whereas in OPA the seed wave is much weaker. In figure 3.2

up- and down-conversion processes are illustrated.

In optical parametric amplification, a strong pump wave (k1,w1) and a weak seed wave

(k2,w2) generate a third wave (k3,w3) at their difference frequency thereby amplifying the

seed wave w2 (conventionally w1 > w2 > w3) [48]. The light wave at frequency w1 is

called the fundamental whereas w2 and w3 are termed signal and idler, respectively.

1KDP - Potassium dihydrogen phosphate, KTP - Potassium titanyl phosphate, BBO - Beta barium

borate, AgGaS2 - Silver thiogallate, GaSe - Gallium selenide
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Energy and momentum are conserved during frequency conversion which requires the

following equations to be fulfilled [52]:

wp = ws + wi (3.1)

kp = ks + ki (3.2)

Equation 3.2 represents the phase matching condition. The phase matching condition is

achieved by exploiting the birefringence of the nonlinear crystal.

w3

w2

w1 

w1 = w2 + w3

Up-conversion Process

w3

w2

w1 

w2 = w1   w3

Down-conversion Process

Figure 3.2: Photon frequency conversion processes.

We employed type-I and type-II phase matching crystals for frequency conversion.

Birefringent crystals show a refractive index that depends on the direction of propagation

and the direction of polarization with respect to the principle plane of the crystal. In

order to generate the desired wavelength, the crystal needs to be rotated normal to the

principal plane to match the refractive index for the extraordinary waves to constructively

interfere with the ordinary waves over the crystal length according to:

np
lp

=
ns
ls

+
ni
li

(3.3)

Two nonlinear crystals are employed for frequency conversion. Those were BBO and

AgGaS2. The BBO crystals with different specifications were used for the generation of
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UV pulses as well as generation of signal and idler pulses. The AgGaS2 was used for the

generation of mid-IR pulses.

3.4 Generation of UV pulses

UV pulses were generated by collinear frequency tripling of the fundamental near-infrared

(800 nm) laser pulses from the regenerative amplifier. A two-stage process was needed to

efficiently generate the UV pulses: second harmonic generation (SHG) in the first stage is

followed by a third harmonic generation (THG) in the second stage. These high harmon-

ics were generated using the beta-BBO crystals of type I with different specifications2,3.

The sum frequency process between second harmonic and residual fundamental is shown

in the figure 3.3. The generated p-polarized second harmonic pulses were orthogonally

polarized to the fundamental laser pulses. This characteristic is exploited for adjusting

the timing between the two pulses for THG. To fulfill the phase-matching condition for

THG, the polarization of the fundamental is rotated by 90o using a dual half-wave plate.

The residual fundamental precedes the SH due to group velocity mismatch in the SHG

Figure 3.3: Schematic of UV pulse generation

BBO crystal. The time delay between the fundamental and the second harmonic was
2BBO crystal, type-I, thickness = 0.5 mm, ϑ = 29.2o and φ = 90o for second harmonic generation
3BBO crystal, type-I, thickness = 0.2 mm, ϑ = 44.2o and φ = 90o for third harmonic generation
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corrected by placing a negative uniaxial crystal (also known as group velocity compen-

sation plate) before the wave-plate. Typical examples of negative uniaxial crystals are

a-BBO and Calcite [54]. The negative uniaxial crystal has a lower refractive index for the

extraordinary wave. Hence, the fundamental wave experiences a lower refractive index

than the second harmonic wave. By turning the compensation plate the delay between

the fundamental and second harmonic can be adjusted. The frequency tripler delivers 25

mJ s-polarized UV pulses when pumped by 100 mJ, near-IR 800 nm pulses with 100 fs

pulse duration. Apart from the high conversion efficiency (15 %), the design of frequency

tripler offers the benefit for easy and quick exchange of pump wavelengths (266 nm, 400

nm, and 800 nm).

3.5 Generation of mid-IR pulses

The intense, highly stable and widely tunable mid-infrared laser pulses were generated

using a combination of optical parametric amplification and difference frequency mixing.

Figure 3.4 depicts the experimental setup of an optical parametric amplifier with differ-

ence frequency stage. It is based on the design introduced by Kaindl et al [48]. The

fundamental 800 nm laser pulses (90 fs and 250 mJ) from the regenerative amplifier were

used as an input to generate signal and idler pulses with 47 mJ combined energy by opti-

cal parametric amplification. The fundamental beam was split into three separate beams.

First the 1% of the main fundamental beam focused into a 1 mm thick sapphire plate

using a plano-convex (f=100 cm) lens to generate seed pulses. The process is also knows

as a generation of white light continuum (spectral range 398-1000 nm) encompassing fre-

quencies for seed amplification [55]. Before focusing the beam the wave-plate is added to

rotate the polarization by 90o. A filter is added after the sapphire plate which removes

the ultraviolet and visible part and transmits only the near-infrared part of the main

spectrum which later amplified by refocusing the seed pulses using a plano convex lens

(f=4 cm) into a type II second order nonlinear BBO4 crystal. For amplification of the

seed signal pulses, 10% of the fundamental beam was tightly focused into the BBO crystal
4BBO (β-BaB2O4) crystal, thickness = 4 mm, θ = 27o and φ = 30o)
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Figure 3.4: The design of experimental setup for the generation of tunable mid-infrared

pulses. The BBO crystal is used for amplification and generation of signal and idler pulses.

Please note that the fundamental beam pumping the first and second amplification stages

are displaced in height. l/2: half wave plate, HR/HT:high transmission/ high reflection,

LWP: long pass filter, S&I: signal & idler

and spatially as well as temporally overlapped with the collinear seed pulses. In order to

achieve temporal overlap, the fundamental passes over a manual delay stage. The residual

fundamental pulses were filtered using a dichroic mirror (HT Idler & Signal and HR fun-

damental). The amplified signal and newly generated idler pulses were separated using

another dichroic mirror (HT idler and HR signal). Only the signal pulses were used for

further amplification. The amplified signal pulses were reflected from the dichroic mirror

and collimated by a spherical gold mirror (f = -50 cm) thereby sending the signal back

into the BBO crystal at a slightly different height. The third strong split portion (90%)
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of the fundamental, of beam-size was changed to 2 mm using a 4:1 telescope to match the

beam size of the collimated signal beam and to avoid white light generation in the BBO

crystal. The strong fundamental beam was overlapped spatially and temporally with the

signal in the BBO crystal. To adjust the time delay between fundamental and signal

pulses, the spherical gold mirror was mounted onto a manual translation stage. After the

second pass through the BBO crystal, the signal and idler pulses were separated from

residual fundamental and picked up using a gold mirror. By rotating the BBO crystal

manually the frequency of signal (1.2-1.6 mm) and idler (2.4-1.6 mm) pulses can be tuned

to generate the desired mid-IR frequency pulses.

Signal and idler pulses were separated using a dichroic beam-splitter (HT Idler and HR

Signal). Due to group velocity mismatch signal and idler pulses are separated temporally

while emerging from the BBO crystal. Because of the different polarizations of signal

and idler pulses they experience different refractive indices while propagating through

the BBO crystal and other transmissive optics. The idler beam was reflected by a gold

mirror mounted on a manual translation stage to adjust the temporal delay between

them. Both beams were overlapped spatially and temporally in the type I second or-

der nonlinear AgGaS2
5 crystal to generate mid-IR pulses. The signal(extraordinary) and

idler(ordinary) polarizations are suitable for type I phase matching in AgGaS2 crystal. By

tilting the AgGaS2 crystal, the optimal phase matching was achieved to generate intense

mid-IR pulses. The mid-IR pulses are tunable from 2.5-20 mm with pulse energies that

vary from 0.5 to 2 mJ depending on the mid-IR wavelength. The conversion efficiency was

found to be decreasing with increasing mid-IR wavelength. The spectra of mid-IR pulses

in the wavelength range from 2.5-10 mm is shown in the figure 3.5 . The long wave pass

filter was used to suppress the residual signal and idler pulses. For two-color pump-probe

experiments, we have designed two OPAs with subsequent difference frequency mixing

stages of similar specifications.

5AgGaS2 crystal, thickness = 0.75 mm, θ = 39o and φ = 45o
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Figure 3.5: The normalized spectrum of tunable mid-IR pulses generated using OPA and

DFG technique.

3.6 Pump-probe setup

Figure 3.6 depicts the experimental setup to perform pump-probe measurements. Tunable

mid-IR and UV/VIS/NIR pulses can be used as a pump to excite the sample. The pump

beam passes through blades of an optical chopper synchronized with the Q-switch of the

regeneratively amplified Ti:sapphire laser. The chopper runs at half the frequency of the

repetition rate (3 kHz) of the laser thereby blocking every second pump pulse. Mechanical

delay stages6 were used to control the temporal delay between pump and probe pulses.

The incoming mid-IR beam passes through a BaF2 wedge (< 1o). The BaF2 wedge

was tilted with respect to the incoming beam at an angle < 40o. The small portion (4%)

of the main beam reflected due to Fresnel reflection from the front and back surfaces of the

wedge serve as the probe and reference beams. The beam size of the probe and reference

beams were enlarged 1.5 times using a 2:3 reflective telescope which leads to a tighter focus

of the probe beam (nearly 100 mm spot size when focused using 30o off axis mirror) with

respect to the pump beam (spot sizes when focused 150-175 mm). As a result the probing

of a homogeneously excited sample volumes is realized. Probe and reference beams were

transmitted through the same BaF2 wedge for further propagation in the pump-probe

setup. The major portion of the mid-IR beam transmitted through the wedge could be
6The delay stage for the UV/VIS/NIR pump beam has not shown in the schematic figure.
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either used as pump beam for single color pump-probe experiments or dumped in case of

two-color pump-probe experiments. For mid-IR pump-probe experiments7, pump, probe

Figure 3.6: Sketch of the infrared pump-probe setup. The dashed blue and grey lines

represent the pump beam path for UV/mid-IR-pump and mid-IR probe experiments.

UV/Vis/NIR pump beam after passing through the sample blocked before the second

parabolic mirror.

and reference pulses were focused into the sample and re-collimated afterwards using the

30o off-axis parabolic mirrors (f = 11 cm). After the sample interaction, the pump beam

was blocked. The collimated probe and reference beams are focused into the entrance

slit of the monochromator using the third 30o off-axis parabolic mirror (f = 14 cm).

The 30o off-axis parabolic mirrors help to reduce astigmatism as mid-IR pulses have a
7In case of pumping in the UV/VIS spectral range, the pump pulses were focused into the sample using a

plano-convex lens. Hereby, the pulses propagate through a hole in the center of the 30o off-axis parabolic

mirror.
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typical bandwidth of 250 cm–1. Probe and reference pulses were spectrally dispersed in

the monochromator and each spectral component was detected on a cryogenically cooled

double array of 32-pixel infrared sensitive mercury cadmium telluride (MCT).

When UV/VIS/NIR pulses were used as a pump beam, the beam was focused using a

plano-convex lens which passes through the through hole of 30o off-axis parabolic mirror.

The pump and probe pulses were overlapped spatially in the sample, the reference

beam was transmitted through the sample at a slightly off region from the pump-probe

overlap. This helps to reduce signal fluctuations due to sample inhomogeneity and shot

to shot variation of probe pulses. We calculate the absorbance change on a shot-to-shot

basis as a function of delay time ’t’ and probe frequency ’w’ according to equation 3.4:

DA(t,w) = –log10

[(
I(t,w)

Io(t,w)

)
Probe

·
(
Io(t,w)

I(t,w)

)
Reference

]
(3.4)

Here I and Io indicate intensities with and without pump excitation.

Absorption changes as small as 10–4 can be easily detected. The mid-IR pulses were

as short as 100 fs. In order to avoid pulse dispersion, reflective optics was used except for

the long-wave pass (LWP) filter and the BaF2 wedge. It offers the additional advantage

that the alignment of the pump-probe setup can be done using a Helium-Neon laser.

The pump-probe setup is enclosed in a box and was purged with N2 gas to prevent

infrared absorption by water vapor or carbon dioxide which would distort the pulse spec-

trum during the pulse propagation. The absorbance spectrum of ambient air at room

temperature is shown in figure 3.7.
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Figure 3.7: The infrared absorbance spectrum of air at ambient room temperature. The

symmetric and asymmetric stretching vibrations of water vapor are centered at 3700

cm–1. The water vapor bending vibrations are centered at 1600 cm–1. The asymmetric

stretching vibration of carbon dioxide (CO2) absorbs around 2349 cm–1.

The pump-probe set-up which has been shown in the figure 3.6 will be transformed

into the two-dimensional infrared spectrometer (2DIR) in a pump-probe fashion. The

technical parts necessary for building the 2DIR set-up had been designed and were ready

to install. However, due to the lack of time and urgency of measuring graphite oxide and

SESAM samples, the installation of 2DIR was put on hold. A proposed diagram of a 2DIR

spectrometer in pump-probe geometry is shown in the following figure 3.8. It is sketched

using Autodesk Inc. software package. The compact solid block which would house

a Mach-Zehnder interferometer and customized mirror mounts were designed using the

Autodesk Inc. software package. The Mach-Zehnder interferometer splits the entering

mid-IR pulses into pump pulse 1 and 2 and collinearly combines them in the second

beam splitter. The green line in the figure 3.8 represents Mach-Zehnder interferometer.

The Mach-Zehnder spectrometer houses two beam-splitters, one for mid-IR and other for

Visible light pulses and were displaced vertically in height as shown in the figure 3.9.
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Figure 3.8: The proposed transformation of pump-probe set-up (cf. figure 3.6) into 2DIR

set-up in pump-probe geometry. The red color line represents mid-IR beam path. The

edifice within the green color lines is the Mach-Zehnder interferometer. The number 1

is beam splitting mount to generate the two pump beams. The number 2 is the beam

combing mount which collinearly unites the two pump beams. The yellow line is the

He-Ne laser beam propagation path which was displaced in height in comparison to the

mid-IR beam path.

The He-Ne laser would help to measure very precise delay between the pump 1 and

pump 2 pulses generated by coherent delay stage by monitoring interference pattern on

the detector. The 50-50% beam splitters will be used in the beam splitting and combin-

ing mounts 1 and 2 respectively which loses 50% power of the beam entering into the

spectrometer.
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Figure 3.9: Mirrors mount for beam splitting and recombining. The path for He-Ne and

mid-IR light pulses are separated vertically.

3.7 Characterization of ultrashort laser pulses

The precise pulse characterization has vital importance to estimate dynamics accurately

on an ultrafast time scale as in some cases resonant and non-resonant contributions distort

the signal resulting from the sample and sample enclosing windows. There are many

ways of pulse characterizations: intensity autocorrelation, interferometric autocorrelation,

frequency-resolved optical gating, spectral phase interferometry for direct electric-field

reconstruction etc.

For the investigation of carrier relaxation dynamics in a semiconductor saturable ab-

sorber (SESAM), the 2 mm idler pulses were used in the single color pump-probe exper-

iments had to be characterized first. The pulse characterization was accomplished with

the help of an intensity autocorrelator (figure 3.10), the results are shown in the figure

3.11. In an autocorrelator, the incoming beam was split by a 50:50 beam splitter. These

two beams were focused into a nonlinear crystal. In the autocorrelator design the beams

propagate in a non-collinear fashion through the crystal. One of the beam passes over

a delay stage for creating a temporal delay between the pulses. Spatial and temporal

overlap between two ultrashort pulses in a second-order nonlinear crystal8 leads to SFG
8BBO crystal, thickness = 1 mm, θ = 30o and φ = 90o
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(sum frequency generation).

Figure 3.10: Typical autocorrelation set-up.

The SFG intensity depends on the temporal (mis)match between both beams. By

scanning the relative time delay the pulse duration of the initial pulse can be retrieved.

The SFG signal dependence on the temporal delay is given by

Iac(t) =
∫ ∞
–∞

I(t)I(t – t)dt (3.5)

For Gaussian-shaped pulses, the autocorrelation signal Iac(t) will also be a Gaussian

shape with pulse width s that is
√
2 - times the width of the original I(t) incoming beam.

Spectrally resolved cross-correlation measurements were performed to determine the

experimental time resolution and to find the temporal overlap between pump and probe

pulses. Two materials 9 were used to measure cross-correlations: zinc selenide (ZnSe)
9ZnSe (zinc selenide crystal 0.5 mm thickness) and Ge (germanium crystal 0.05 mm thickness) crystals
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Figure 3.11: a) Autocorrelation of 2 mm pulses. b) The corresponding pulse spectrum.

in case of UV/VIS/NIR- pump/IR-probe experiments and germanium in case of mid-IR

pump-probe experiments.

In ZnSe the interaction of UV/VIS/NIR pulses leads to the instantaneous excitation of

charge carriers. The transient electron plasma can be probed by mid-IR pulses. In Ge two-

photon absorption of intense and short mid-IR pulses had exploited for cross-correlation

experiments.

The observed signal I(t) is a temporal convolution of the response function of ZnSe/Ge

R(t) with the cross convolution of pump and probe pulses as given in the following equa-

tion 3.6.

I(t)cc =
∫ ∞
–∞

R(t – t)G(t)dt (3.6)

The response function R(t) is described by a Heaviside step function H(t), H(t)=R(t),

with H(t) = 0 for t < 0 and H(t) = 1 for t > or = 0. Assuming both pump and

probe pulses are Gaussian in shape their convolution will also be a Gaussian shape. The

measured cross-correlation of UV (266 nm) pump and mid-IR (1650 cm–1) probe has

shown in the following figure 3.12.
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Figure 3.12: a) Cross-correlation signal measured in a 500 mm thick ZnSe crystal using a

UV-pump and IR-probe experiment. The probe pulses were centered at 1650 cm–1 and

had pulse width of 250 cm–1. The corresponding instrument time resolution of pump-

probe experiment was 180 fs. The time derivative of the cross-correlation signal is shown

in a gray line. b) The corresponding probe pulse spectrum with a superimposed Gaussian

fit.



Chapter 4

Ultrafast dynamics of graphite
oxide

4.1 Introduction

Graphene is an interesting two-dimensional material due to its mechanical, electrical,

thermal and optical properties and its potential applications in future electronics and

photonics technologies. The research on graphene has increased substantially since the

year 2010 when the Nobel prize in Physics was awarded to Andre Geim and Konstantin

Novoselov for their discovery of fabricating single layer graphene from graphite using

scotch tape. Insofar, many methods have been developed to synthesize graphene mainly

grouped into six which are: mechanical cleavage, epitaxial growth, chemical vapor de-

position, total organic synthesis and chemical method. All these methods have more or

less some disadvantages. However, the chemical method is suitable for low cost and mass

production of graphene. The disadvantage of it is that the synthesized graphene has

many defects, which have to be removed later using various reduction methods. Defective

graphene is known as graphene oxide which is a derivative form of graphene. The history

of graphene oxide synthesis goes dates back to 1855; B. C. Brodie of Oxford University

was the first to report graphite oxide synthesis by treating graphite with a mixture of

potassium chloride and fuming nitric acid. He reported graphite oxide sheets of 0.05 mm

thickness [56]. A similar approach was espoused by Staudenmair in 1898 and Hummer in

1958 for the production and characterization of graphite oxide [57, 58]. The graphite ox-

ide further treated with basic solutions followed by ultrasonication to extract single-layer
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sheets of graphene oxide [59]. The cartoon of the chemical synthesis route of the graphene

oxide single layer membranes have been shown in the following figure 4.1. Graphene oxide

has many oxygen functional groups attached to its basal plane and edges. Scientists have

reported that graphene oxide can be chemically transformed by reduction methods into

a graphene-like material [59–61].

Figure 4.1: Schematic representation of graphene synthesis mechanism using a chemical

route. Figure adopted from [62].
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4.2 Molecular and electronic band structure

4.2.1 Graphene

Graphene is a two-dimensional honeycomb lattice structure of carbon atoms. The lattice

constant is the closest distance between the two carbon atoms which is 1.42 Å in graphene.

The electronic configuration of carbon is 1s2 2s2 2p2. It can form four bonds with neigh-

boring carbon atoms. In graphene, the carbon atoms are sp2 hybridized in which 1s, 2px

and 2py orbitals form in plane three strong covalent s-bonds with nearest carbon atoms

and the final 2pz orbital forms p bond out of plane of the lattice structure. The three

strong sigma bonds render stability to the two dimensional graphene structure and the

p bonds hybridize together with other p bond of carbon atom to form p and p* bands.

These bands are playing the major role in the electronic properties of graphene. Graphene

is a zero band gap semiconductor, also known as a semimetal due to its valence band and

conduction band which are meeting at Dirac point where it has zero electron density of

state. There are in total six Dirac point locations in momentum space of the graphene

Brillouin zone. The electronic band structure of graphene was calculated by Wallace [63]

in 1947 using the tight binding model with the nearest neighbor approximation having

the following form:

E = ±

√√√√g20

(
1 + 4cos2

kya

2
+ 4cos2

kya

2
· cos2kx

√
3a

2

)
(4.1)

Where, go is the nearest neighboring hopping energy, a is the lattice constant, k is the

electron propagation wave vector.

The negative and positive signs of the above equation represent respectively the valence

and conduction bands. At the Dirac point the conduction and valence bands meet without

any gap as shown in the following figure 4.2.
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Figure 4.2: a) Two dimensional graphene structure and b) electronic band structure of

two dimensional graphene at the Dirac point. The conical band in red color represents

filled valence band and empty top band represents the conduction band [64].

4.2.2 Graphene oxide

Graphene oxide has a complex molecular structure compared to graphene. It has an

irregular two dimensional honeycomb structure of carbon atoms [65]. Additionally, the

oxygen functional groups are attached to the basal plane and outer edges of the two

dimensional carbon structure as shown in the following figure 4.3. In graphene oxide,

two types of carbons orbital hybridization, sp2 and sp3 exist. It clearly indicates there

are some small graphene-like domains in graphene oxide structure. The carbon atoms

which have oxygen functionalities attached are sp3 hybridized [65]. These carbon atoms

form four strong covalent s-bonds, three with nearest carbon atoms and one with oxygen

functional group. The structure of graphene oxide depends on the synthesis method and

degree of oxidation. The typical layer thickness of 1.1±0.2 nm has been reported for

graphene oxide sheets [66, 67]. The electronic structure of graphene oxide is also very

complicated. Due to oxidation of the graphene by strong acids the gap between the

valence and conduction bands opens and as a result of which the material becomes an
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insulator. However, it has also been reported that due to the attachment of oxygen

functionalities to carbon atoms the mid gap electron trapping states are formed between

the valence and conduction bands [68, 69]. The interesting property of graphene oxide

is its band gap which can be tuned by using reduction methods such as photo, thermal

or chemical methods. The band gap of graphene oxide can be tuned from 5 to 1 eV by

chemical reduction using hydrazine [70]. Another interesting property of graphene oxide

is hydrophilicity, it absorbs water molecules when it comes in contact with the bulk water

or water vapors [71]. The water intercalation in graphene oxide layers increases interlayer

distance depending upon the degree of hydration [23]. However, complete water removal

has not yet been reported.

Figure 4.3: Graphene oxide a) two dimensional structure and b) schematic representation

of electronic band structure. The oxidation of graphene generate gap between the valence

and conduction band with intermediate states. The red cone represents the valence band

and white cone represents the conduction band. [69].

4.3 Ultrafast processes in Graphene

Initially, our objective was to uncover the carrier dynamics and intercalated water dy-

namics in graphite oxide in mid-infrared spectral region. Since, the graphite oxide has

graphene-like regions, it is imperative to understand what mechanisms or pathways exists



4.3. Ultrafast processes in Graphene 46

when carriers and or vibrationally active sites are excited to higher energy levels. In the

following subsections, processes occurring in graphene upon photo-excitation on ultrafast

timescales have been discussed.

Carrier-carrier scattering

In this process, the carriers excited into upper energy states of the conduction band,

are cooled by carrier-carrier scattering. This process takes place at very fast time scale

(within 10-30 fs) in graphene. In free standing thin (20-30 nm) graphite film the rapid

intraband carrier equilibration takes place in 30 fs, which is studied using optical pump-

probe technique with 7 fs time resolution [72]. For epitaxial bilayer graphene the intraband

carrier-carrier scattering distribution has been reported on a 8±3 fs time scale [73]. Sim-

ilarly, in exfoliated single layer graphene, a 10 fs time scale of carrier scattering has been

reported using two pulse correlation technique [74]. However, Sunil Kumar et al. has

reported 130 fs carrier scattering time for graphene oxide suspended in water using 80

fs time resolution of pump-probe experiment [22]. Since, carrier-carrier scattering pro-

cesses are taking place at very fast time scales, very few reports are available due to the

requirement of very high and precise time resolution of pump-probe experiments.

Carrier-optical phonon scattering

In this process, carriers in the conduction band transfer energy to the optical phononic

vibrational modes of crystal lattice. The strong coupling between the carrier and opti-

cal phonon has measured in graphite with optical excitation [75]. The optical phonon

scattering lifetimes in graphite and single layer graphene reported were 2.4 and 1.2 ps

respectively measured at room temperature using time-resolved anti-Stokes raman scat-

tering [76]. The few picoseconds carrier-optical relaxation time in monolayer and few

layer graphene oxide has also been reported [77]. The optical phonon is one of the domi-

nant mediation steps in the carrier relaxation pathway [78]. The electron-optical phonon

scattering is frequency dependent reported by Jingzhi et al. performing experiments on

the CVD grown graphene [79].



4.3. Ultrafast processes in Graphene 47

Carrier-acoustic phonon scattering

This scattering mechanism is analogous to the carrier-optical phonon scattering, the dis-

tinction here is that the carriers are coupled with acoustic phonon modes of the crystal

lattice. Theoder Norris et al. has observed emission of high energy phonons and de-

termined the electron cooling by electronic-acoustic phonon scattering on the time scale

of 1 ps for highly doped layers, and 4-11 ps in undoped epitaxial graphene layers [80].

The electronic temperature in metallic graphene at high bias proportional to the square-

root of bias voltage which illustrates the 2D acoustic phonon cooling mechanism [81].

The electron-acoustic phonon scattering is independent of carrier density in monolayer

graphene on SiO2 substrate. Nika et al. discussed in his article on two dimensional

phonon transport in graphene, the acoustic phonons are the main carriers of heat at room

temperature [82].

Optical phonon-acoustic phonon scattering

In few hundred femtoseconds after photo-excitation the carriers lose most of their en-

ergy to the generation of hot optical phonons which then present the main bottleneck to

subsequent cooling mechanism via acoustic phonons [83]. Shang et al. reported carrier

dynamics results using pump-probe spectroscopy on graphene films on CaF2 in mid-

infrared region, it had been proposed that the relaxation kinetics has two decay times,

the fast time component ∼ 200 fs has attributed to ultrafast intra-band and inter-band

decay channels and slow time component ∼ 1.5 ps assigned to an optical phonon-acoustic

phonon scattering [84].

Auger processes

There are three main auger processes that can occur in graphene. First process: when

an electron in a conduction band de-excite into a valence band, the released energy is

absorbed by the other electron in the conduction band to reach a higher state in the band

known as Auger recombination. Second process: after de-excitation of electrons from the

conduction band to the valence band, the electron in the valence band absorbs the released
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energy and moves to the conduction band and the process is known as impact ionization.

Third process: the electron in an upper level in conduction band releases energy and

reaches to a lower levels in the conduction band. Then, the electron in the valence band

absorbs this energy and moves to the lower state in the conduction band which is known as

carrier multiplication. Andrea Tomadin et al. used semi-classical Boltzmann equation and

with collision integral to understand the nonequllibrium electron dynamics in graphene

via collinear scattering, Auger processes and impact of screening [85]. Brida et al. has

reported the carrier multiplication process in CVD grown monolayer graphene on copper

foil [86]. The carrier multiplication process in two dimensional graphene is a function of

photon energy, graphene doping and dielectric constant [68].

Electron plasmon scattering

There have been abundant reports on the electron-plasmon scattering in graphene. Long

Zu et al. demonstrated tuning of graphene plasmon resonance over broad terahertz range

and light-plasmon coupling [87]. In addition, it has also been pointed out the potential

of graphene based terahertz meta-materials [88]. Fei et al. has reported the gate voltage

controls propagation of plasmons in graphene/SiO2/Si structures [89]. The angle resolved

photoemission spectroscopy on graphene has reported the states at the Dirac point found

strongly interacting with plasmon frequencies [90]. The strong coupling of plasmons

with electrons influence the band opening in epitaxially grown graphene layers on silicon

carbide substrate [91]. In photo-excited graphene, Farhan Rana et al. determined the

plasmon emission and absorption on few tens of femtoseconds to hundreds of picoseconds

time scale which is dependent upon the carrier energy, carrier density, temperature and

plasmon dispersion [92].

Electron-hole recombination

There are several pathways to electron-hole recombination which include electron-electron

scattering, electron-phonon scattering, auger recombination, plasmon emission and pho-

ton emission. All these processes except photon emission have been discussed above.
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The broadband photoluminescence in graphene under excitation of intense laser pulse has

been demonstrated by Lui et al. [93]. As there exists no bandgap in graphene the idea

of photoluminescence was farce to imagine. Wei-Tao Liu et al. endorsed the existence of

photoluminescence in graphene induced by laser irradiation [94]. In graphene oxide the

strong broadband photoluminescence in the visible range is reported by Donghe du et

al. [95]. The reason of strong photoluminescence in graphene oxide is the opening of the

gap between valence and conduction band and the formation of localized states in or at

the bottom of the conduction band [95].

4.4 Literature study of graphene oxide

In this section, the historical evidences in the spectroscopic studies of graphene oxide have

been presented.

Chemistry background

In 1858, B. Brodie first prepared graphitic oxide from Ceylon graphite [56]. Also, in 1958

Hummer and his coworkers modified Brodie's synthesis method to achieve large scale safe

and fast production of graphite oxide [57]. Over the years, many methods have been

developed to synthesize graphite oxide with little modifications in the three principal

methods i.e. Brodie, Hummer and Staudenmaier [58]. The single layer graphene oxide

production by dissolving graphite oxide in many solvents (e.g. H2O, DMF, etc.) with

ultra-sonication treatment has been reported by many [96–98]. The chemistry of graphene

oxide is more involved in the reduction to graphene like material. The ultimate goal for

every graphene oxide synthesizer would be to fabricate graphene in the end, since the

zero band gap material is of not much use in semiconductor industry. Graphene oxide

is a good start to change its optical properties by reduction methods to form reduced

graphene oxide which has properties similar of graphene and easy to tune bandgap by

reduction methods. For mass scale production of graphite oxide, thermal, chemical and

photo-reduction methods have been reported [21, 70, 99–101]. The thermal and chemical

exfoliation routes have been explored by Mucik et al., who claimed that the band gap and
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oxygen content is tunable [60]. The vast accounts about the structure and properties is

presented by Shun et al., where it has been shown that the graphene oxide properties are

dependent on the type and distribution of functional groups, defects and holes from miss-

ing carbon atoms [102]. The structure of graphene oxide is debatable, different synthesis

methods and models predict different C/O ratio and structure models [103]. The chemical

structure proposed by Szabo et al. based on analytic spectroscopic techniques has pre-

dicted that graphene oxide has two kinds of regions trans-linked cyclohexane chains and

ribbons of flat hexagons with C=C double bonds and functional groups such as tertiary

hydroxyl (-OH), 1, 3 ether, ketone, quinone and phenol [104].

Density functional calculations suggest that the functional group induces interesting

electronic properties in graphene [105]. In the same study, it has also been reported that

the hydroxyl and ether groups aggregate on the graphene plane and the band gap can be

tuned from 0-4 eV [105]. Another study using ab initio density functional calculations has

been reported that the varying concentration of epoxy and hydroxyl functional groups

from 25 to 75%, the plasmon spectra of p + s band shifts from 1-3 eV. The band gap

opening due to adsorption of atomic oxygen on epitaxially grown graphene on SiC sub-

strate distorts p bands at K-point of graphene electronic structure [106]. From the study

of atomic and electronic structures of single and multilayer graphene oxide sheets using

annular dark field imaging, it corroborates the graphene oxide has amorphous structure

due to oxidation of aromatic carbon rings [107]. However, the controlled deoxygenation

of graphene oxide leads to formation of increase in sp2 domains also known as graphene

like regions [108]. The functionalization of graphene sheet leads to opening of the gap at

the Dirac points [109]. The bandgap tailoring of graphene oxide by infrared irradiation

and defect assisted localized states is possible [110] and the Drude-like response in far

infrared region and improved conductivity of electric mobility in reduced graphene oxide

has studied in detail by [111].

Band gap tuning

The graphene oxide is a precursor material to synthesize reduced graphene oxide. The

controlled stepwise reduction of graphene and its consequential evolution in band gap from
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3.5 eV to 0.02 eV has been reported using chemical and thermal ways [70, 100, 101, 112,

113]. It has been suggested that there is a coupling of electronic states with asymmetric

stretching modes of unreported structure probably of oxygen atoms aggregated at the

edges cause defects in reduced graphene oxide. They further proposed the strong infrared

absorption in phase with phonon mode due to removal of oxygen containing functional

group and formation of graphene like regions [99]. Time resolved UV-pump and Visible-

probe measurements on graphene oxide dissolved in water explains the photo-reduction of

graphene oxide takes place on picoseconds time scale, where the strong UV-pump causes

photoionization of solvent and the generated secondary electrons play major role in the

photo-reduction mechanism of graphene oxide [21].

Luminescence characteristics

The luminescence spectroscopy of graphene oxide helps to understand its electronic band

structure. The chemical reduction of graphene oxide transforms its electronic band struc-

ture as a result of which the emission spectrum gets modified [114]. The broadband pho-

toluminescence spectrum of graphene oxide arises due to loss of sp2 hybridized aromatic

hexagonal carbon rings [114]. The blue photoluminescence from a monolayer graphene

oxide has also been reported [115], where the photoluminescence intensity depends on the

localized sp2 domain in graphene oxide structure due to the removal of oxygen while pro-

gressive reduction [115]. The time resolved photoluminescence measurements on graphene

oxide and reduced graphene oxide show the substantive energy redistribution and relax-

ation among the emission states occur at picoseconds time scale which leads to the red

shift of the emission spectrum. On the contrary the blue shift in emission spectrum in

case of time integrated spectra helps to understand the distribution of dipole coupled

states [116].

The fluorescence measurements on graphene oxide have also been reported which oc-

curs from electronic states generated due to defects formed into graphene like structure

due to oxygen-like functionalities [117–121]. The photo-reduction dynamics of mono-

layer graphene oxide using time correlated single photon counting technology assigned

fast lifetime of 0.14 ns to the confined sp2 domains in graphene oxide and the longer
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lifetime constant of 1.37 ns to the hydroxyl group which depended strongly on irradia-

tion time [121]. The new derivative of graphene oxide that is carbon nanodots has been

studied due to its interesting optical and electronic properties [122–124]. The carbon nan-

odots are fabricated by carving out the graphene like portions from graphene oxide [122].

The reasons mentioned by Lei Wang and others who studied fluorescence properties of

nanodots are that the sp2 domains and attachment of oxygen functionalities at the bound-

aries do passivate the nanodots. A femtosecond resolved up-conversion technique assigned

four time constants. The fast relaxation time constant of 400 fs has assigned to the fast

trappings of carriers from carbon nanodomains to the surface states, a few picoseconds

attributed to optical phonon scattering, tens of picoseconds to acoustic phonon scattering

and few nanoseconds to carrier recombination [123]. Apart from photoluminescence and

fluorescence study of graphene oxide some people have reported chemiluminescence and

thermoluminescence. Lixia Zhao et al. have reported chemiluminescence from carbon

dots in presence of strong alkaline solutions such as KOH or NaOH. The mechanism of

chemiluminescence arises due to radiative recombination of electrons injected by chemical

reduction of carbon nanodots and thermally generated holes [125]. The thermolumi-

nescence behavior of graphene oxide, reduced graphene oxide and graphene-nano ZnS

compounds using different gamma (g) radiation doses 1 Gy to 50 kGy has been studied.

The thermoluminescence could not observed in reduced graphene oxide. The absence of

thermoluminescence in reduced graphene oxide was not discussed there [126].

Intercalated molecular dynamics

The hydrophilic nature of graphene oxide is contrasting with the intercalation compound

of graphite, the intercalation of water molecules between the layers of graphene oxide has

been reported by many [23, 127–129]. Some researchers have studied hydration behavior

and intercalated water molecular dynamics of graphene oxide. It has been claimed that

the increase in the hydration level in the graphene oxide leads to increase in the interlayer

distance between the graphene layers. In 2006, A. Lerf et al. studied the effect of the

degree of hydration on the water dynamics and graphene oxide interlayer spacing using

the time of flight neutron scattering and X-ray diffraction pattern, where they found,
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when the relative humidity level varied from 45, 75 to 100 %, the interlayer distance

between the graphene oxide layers changed from 8, 9 to 11.5 Å respectively. Further,

they demonstrated three types of motions happening in a such environment due to the

hydration level of the graphene oxide. At 100 % relative humidity, they had observed

translation motion of water molecules. At 45 and 75 % relative humidity, they ruled

out this proposition as with the water removal the interlayer spacing decreases. There

assigned two types of localized motions of water molecules which have different activation

energies at these two humidity levels, one of which were assigned to the confined water

molecules intercalated between the graphene oxide layers where functional groups are

attached to graphene [127]. Similar observations have been drawn by many researchers on

hydrophilic nature of graphene oxide. Also, Alexander Buchsteiner et al. had reported the

graphene oxide interlayer spacing varies from 6 to 12 Å with the increase of the humidity

level [23]. The interlayer water remains bounded tightly and did not show translation

motion while at high humidity levels, the excess water distributes over the non-interlayer

space which acts like confined bulk water. An interesting article by Muge Acik et al.

has reported that the reduction chemistry plays differently for monolayer graphene oxide

and multilayer graphene oxide films due to the presence of water molecules between the

layers of multilayer graphene oxide [99]. Like water, methanol can intercalate between

the graphene oxide layers [130]. The intercalation of water-methanol mixture between

graphene oxide layers has been reported where the graphene oxide is intercalated by

methanol when exposed to water-methanol mixture and the methanol fraction found

increased in the range of 20-100%, but insertion of water molecules occurs when water

fraction increase up to 90% [130]. The role of hydrogen bonding of intercalated water with

itself and functional groups of graphene oxide play a major role in tuning the mechanical

properties of graphene oxide paper and their composites [131, 132]. The intercalation

property of water in graphene oxide layers is well known, some researchers attempted to

intercalate graphene oxide layers with gases [133, 134]. Among the CO2, CH4, H2 and

N2 gas molecules only CO2 intercalation in graphene oxide has been reported and the

intercalation with rest other gases is possible when graphene oxide swelled with water

[133]. Similarly, K. Rohini et al. has studied small molecules such as HF, H2O and NH3
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intercalation in graphene and graphene oxide, where they found the interaction is stronger

with bilayer structure than the monolayer substrate [134].

Time-resolved dynamics

The time resolved pump-probe measurements on graphene oxide helps to understand the

carrier-carrier dynamics, carrier-phonon coupling and electron-hole recombination pro-

cesses that occur on ultrafast time scale.

In 2011, Sreejith et al. used graphene oxide dispersion in water to shed light upon

the carriers in the excited state using pump-probe experiment with 400 nm as a pump

and visible light as a probe. There found all dynamics happened between 0.8 to >400 ps

which is attributed to the phonon and trapping states. They had put more insights on

the trapping states which are generated in graphene oxide during chemical exfoliation of

graphite when treated with strong oxidizing acids [69]. Zhi-Bo Liu et al. had reported

ultrafast relaxation dynamics in single and few-layered graphene oxide using degenerate

pump-probe technique at 800 nm wavelength. They concluded that the pump intensity

dependent contributions from sp2 and sp3 hybridized carbon atoms in graphene oxide are

responsible for the pump-probe signal [77]. In a few-layered graphene oxide dispersed in

organic solvent, the fast decay constants were assigned to the hot carrier relaxation and

strong saturable absorption comparable to the reduced graphene oxide due to the presence

of large fraction of sp2 carbon domains [135]. Similar studies about the contribution of sp2

carbon domains to the fast times scales of pump-probe traces have been corroborated in

[122,136]. An optical pump and terahertz probe measurements on graphene oxide samples

suggested the carrier decay is dominated by defect trapping states with monoexponential

decay model. In annealed samples, contribution from auger recombination have been

proposed which induced a second channel for carrier relaxation [68]. So, it shows that

the graphene oxide carrier dynamics are mostly dominated by the defect trapping states

due to oxygen functionalities. The above mentioned similar pump-probe techniques have

been used for studying carrier relaxation dynamics. In the reduced graphene oxide, the

trapping states can be removed during reduction process, which suggests the relaxation

dynamics of reduced graphene oxide could be similar to that of graphene dynamics [22,
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137–141]. The ultrafast phonon dynamics of NaOH treated graphene oxide have been

reported which suggests due to NaOH treatment the epoxide group decomposes into

hydroxyls and –ONa group. The two time constants 0.17 ps and 2 ps determined were

attributed to the fast relaxation process of coupling of hydroxyl and –ONa groups and

low energy acoustic phonon mediated scattering respectively [142]. The thermal transport

in monolayer graphene oxide provides insights onto the phonon engineering, where the

oxidation of carbon in graphene reduces the thermal conductivity and density of state of

the phonon mode (C=C) have been reported [143].

Saturable absorption

The saturable absorption property of graphene oxide has been aptly used for the fabrica-

tion of saturable absorbers in the Q-switched laser development [144,145]. Yong Wang et

al. has demonstrated the graphene oxide saturable absorber for Q-switched Nd:GdVO4

laser which generated 104 ns pulses and 1.22 W average output power [144]. Similar

approach had been used by Grzegorz Sobon in the development of Er-doped passively

mode locked fiber laser operated with 400 fs pulses centered at 1560 nm with 9 nm band-

width [144]. Graphene oxide has been discussed severely for its application in solar cell

industry. It has been used in combination with semiconductor nanoparticle composite

materials to enhance efficiency of solar cells [146,147].

4.5 Experimental

Sample details

The graphene oxide membranes were procured from Graphenea S.A. Spain. It were pre-

pared using a specialized Hummers method. The millimeter sized natural graphite flakes

were treated with concentrated sulfuric acid, sodium nitrate, and potassium perman-

ganate. These strong oxidizing agents oxidize graphene layers as a result of which the

distance between the layers increases. These oxidized graphene layers are exfoliated into

single layer graphene oxide by ultrasonication in water followed by centrifugation to re-
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move remaining few-layer crystals. Finally, the resulting graphene oxide suspension was

used for the making of self-standing membranes by vacuum filtration method where the

graphene oxide suspension passed through Anodisc alumina membranes. The thickness of

the film can be controlled by varying the volume of the graphene oxide suspension. The

graphene oxide membranes fabricated were 4 cm in diameter and 12-15 mm thick. The

detailed information about the fabrication of the graphene oxide membrane can be found

elsewhere [148,149].

Figure 4.4: Picture of the graphite oxide membrane procured from Graphenea S.A.

UV-visible absorption spectroscopy

The optical absorption spectroscopy comprises the ultraviolet-visible-near infrared electro-

magnetic light spectrum. It is used to study the electronic absorption of atoms, molecules,

liquids and solids. The graphene oxide monolayer is transparent in this region due to its

atomically thin nature [150]. The typical optical absorption spectrum of graphene oxide

has shown in the following figure 4.5 a). The broad absorption peak in the 225-275 nm

spectral region is attributed to the p–→p* transitions of sp2 hybridized carbon atoms [151].

Another peak appears as a shoulder around 300 nm is often attributed to the n–→p*

transitions of C=O carbonyl group. In our case, we used graphite oxide films which had

an average thickness of 13.5 mm, so that it is highly opaque in the spectral region 140 -480

nm. The absorption spectrum below 140 nm cannot be measured due to the technical
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Figure 4.5: Optical absorption spectrum of a) a graphene oxide dispersion in water (3

mg/ml) adapted from Partha et al. [151] and b) a 13 mm thick graphene oxide membrane.

limitations of the UV-Visible-NIR spectrometer.

Li et al. had reported that the overall intensity of absorption spectrum of graphene

oxide increases when exposed to reduction mechanism using hydrazine. With increase

in the reaction time of the reduction mechanism the ascension in the strong absorption

peak observed which gradually shifts from 230 to 270 nm, which is a clear indication of

the formation of new sp2 carbon regions [152]. However, Becerril et al. have shown that,

with increase in the graphene oxide film thickness from 9 nm to 41 nm the transmittance

of the graphene oxide film drops from 90 to 20 % [153].

Infrared absorption spectroscopy

Like optical absorption spectroscopy, infrared absorption spectroscopy is one of the im-

portant tool to study static absorption of mid-infrared electromagnetic waves by graphite

oxide. It is mainly used to assign functional groups. Due to oxidation of graphite vari-

ous oxygen functionalities are attached to the two dimensional single layer of graphene.

The infrared absorption spectrum of graphite oxide membrane has shown in the following

figure 4.6 and the assignment of functional groups has given in the table 4.1.

Let's categorize the graphene oxide infrared absorption spectrum into five distinctive

part. First, the peak at 1050 cm–1 is assigned to the C-O-C stretching mode of the epoxide
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group. Secondly, the C-OH group vibrational mode frequency is centered at 1380 cm–1.

Thirdly, the peak at 1620 cm–1 attributed to the bending vibrations of hydroxyl group

from the intercalated water and oxidized carbon atoms. The aromatic C=C stretching

peak at 1580 cm–1 is suppressed due to strong and broad hydroxyl groups. Fourthly, the

ketonic vibration mode of C=O is assigned around 1736 cm–1. Lastly, the broad peak

centered around 3470 cm–1 is assigned to the symmetric and antisymmetric vibrational

mode contributions of C-OH, -COOH and H2O [100]. In addition to the functional group,

the electronic contribution over a wide infrared spectral range exist due to graphene-like

domains in graphene oxide [59,154].

The understanding of graphene oxide reduction mechanism using infrared absorption

spectroscopy provide insights on the systematic removal of oxygen functionalities [100,155]

. Mucik et al. has shown that the removal of COOH, -C-OH functional and H2O resulted

into increase of the peak intensity of C=C vibrational band during the reduction of multi-

layered graphene oxide using infrared absorption spectroscopy. However, Krishnmoorthy

et al. [156] observed that the gradual increase in absorption bands of oxygen functional

groups with increase in degree of oxidation of graphene oxide.

Figure 4.6: Infrared absorption spectrum of graphite oxide membrane.
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Functional Group / Mode Vibrational Mode Frequency (cm–1)

Regions of spectral overlap

involving mostly C-O and

C=O contributions

(850-1500 cm–1) classified

into three regions

lactol, peroxide, dioxolate,

hydroxyl, C=O

contribution, carboxyl and

epoxide

900-1100

C=O contribution,

peroxide, ether lactol,

anhydride and epoxide

1100-1280

Ether, epoxide and C=O

contribution

1280-1500

IR-active B1u 580

Epoxide (C-O-C) bend 850

asymmetric stretch 1230-1320

sp2 hybridized (C=C) in plane vibrations 1500-1600

Carboxyl (-COOH) C-OH vibration 1049

1650-1750

3050-3800

Ketonic species C=O 1600-1650

1750-1850

C-OH with all C-OH

vibrations from COOH and

water

1070

Hydroxyl bend (water) 1620

bend + L2 (water) 2048

asymmetric stretch (water) 3278

symmetric stretch (water) 3403

Table 4.1: Graphene oxide functional groups from [99,100].
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Femtosecond pump-probe experiment

The femtosecond single color and two color pump-probe measurements were performed

using five different pump wavelengths (such as 266 nm, 800 nm, 2000 nm, 2800 nm &

6060 nm) and at the fixed probe spectral windows centered around 1650 cm–1 and 3571

cm–1 with nearly 250 cm–1 spectral bandwidth. The 266 nm laser pulses were generated

from a frequency tripler as described in chapter 3. The 800 nm light pulses were used

directly from the regenerative amplifier. The 2000 nm pump pulses were used from the

idler of one of the two OPAs. The probe pulses centered at 2800 nm and 6060 nm were

generated using difference frequency mixing of signal and idler pulses of an OPA in an

AgGaS2 crystal. The typical time resolution of the pump-probe instruments was around

150 fs. The graphite oxide sample used for finding zero delay between pump and probe

pulses and retrieved approximate time resolution of the experiment. All measurements

were carried out by purging the pump-probe set up continuously with dry air to reduce

the distortion of mid-infrared probe pulses by water vapor and carbon dioxide absorption

lines. The polarization of the 266 nm and 800 nm pump beam was set at magic angle

(54.7°) with respect to the probe beam using a half wave plate. The 2000 nm, 2800 nm and

6060 nm pump beam polarization was set parallel to the probe due to the unavailability

of half wave plate.

4.6 Humidity effect

Initially, our interest had been to study the intercalated water dynamics in graphite oxide.

Here, below in the figure 4.7 results of the humidity effect on graphite oxide measured using

static FTIR by purging the sample chamber by dry air are presented. The black curve

represents graphite oxide IR absorption spectrum before purging the sample chamber and

remaining curves are difference spectrum measured with constant purging of the sample

chamber at different hours of time.

The strong peaks at 1622, 1944, 3226, 3382 & 3594 cm–1 are observed in the difference

spectrum correspond to the water absorption peaks. It clearly indicates the purging of
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Figure 4.7: Humidity dependent difference absorption infrared spectra of graphene oxide

measured at different hours of time. The black curve is linear absorption infrared spectrum

of graphite oxide membrane when sample chamber was unpurged. The red, green, blue,

cyan and magenta curves are the difference absorption spectra of graphene oxide measured

at different hours time.

the graphite oxide film lose water absorbed on the surface. Complete desorption of water

molecules in the intercalated layers is debatable as water molecules are strongly confined

between the graphite oxide layers [157].

4.7 Graphite-like dynamical behavior of graphite ox-

ide

The wavelength dependent transient absorption measurements were performed using pump-

probe set-up to understand the role of C=C stretching and carbonyl (C=O) vibration on

the ultrafast dynamics of graphite oxide.

4.7.1 Wavelength dependent transition absorption spectra

The transient absorption changes in graphite oxide were measured using four different

pump wavelengths such as 266 nm, 800 nm, 2000 nm and 6060 nm. When 266 nm, 800
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nm and 2000 nm were used as a pump, it might excite the system electronically. However,

when laser pulses centered at 1650 cm–1 (6.06 mm) is used as a pump, it excites resonantly

the graphite oxides carbonyl stretch (C=O, 1742 cm–1), water bend (-OH, 1619 cm–1),

hydroxyl (-OH) group of graphite oxide and C=C stretching (1573 cm–1) vibrations of

aromatic carbon ring along with graphene like regions in the graphite oxide. The graphite

oxide comprises the graphene like regions and graphene has electronic absorption tail in

the mid-infrared spectral region. The ground-state absorption spectrum of a 2-layered

epitaxially grown graphene film has shown in the figure 4.8 along with the theoretically

predicted absorption spectrum of single layer graphene [154,158].

Figure 4.8: The black curve is a ground state absorption spectrum of epitaxially grown

two layer graphene adapted from [158]. The green curve is a theoretically predicted one

which reveals constant absorption of 2.3 % for single layer graphene adapted from [154].

The band gap varies with shape and size of the material, so we expect for our graphite

oxide sample the bandgap could be different at different locations on the film due to the

inhomogeneity of its structural composition.

The transient absorption spectra of the graphite oxide measured for four different

pump wavelengths at fixed probe spectral window and at different pump-probe delays

has been shown in the figure 4.10. For the single color pump-probe measurements, the
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scattered pump propagates with probe beam and interferes onto the detector and forms

fringe pattern while moving pump beam to create delay between the pump and probe

pulses, which is solved by using the phase cycling routine specified in the appendix A.

The as measured transient absorption curves are smoothed using Savitzky-Golay filter.

The detail information has been provided in the appendix B. In all the transient curves the

spectral features are very common. There are two prominent broad spectral features at

1580 cm–1 and at 1675 cm–1 which are coincident with aromatic C=C stretch and enones

C=O stretch vibrations respectively [159]. It is very interesting to note here, in transient

spectra we do not observe any peak around 1740 cm–1 which corresponds to the in-

plane carbonyl (C=O) stretching vibrations in linear infrared spectrum of graphite oxide.

However, we have noticed bleach-like peak at 1675 cm–1 which is seen in the transient

absorption spectra is assigned to the molecular carbonyl group i.e. enone's carbonyl

(C=O) stretching vibrations [159]. The enone structure is shown in the following figure:

Figure 4.9: Simple enone structure of Methyl vinyl ketone.

It is still unclear why the molecular enones signal is appeared in transient absorption

spectrum. The more apparent observation in spectral features is when the pump wave-

length changed from 266 nm to 800 nm, the features in the spectral range 1500 cm–1 to

1800 cm–1 becomes more prominent for early delays. The rest part of the transient curves

apart from these features are linearly ascending. The nature of these transient absorption

curves are similar for all the pump probe delays, pump wavelengths and pump fluences

employed. After 500 ps of pump probe delay the spectral features become faded away.
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Figure 4.10: Transient absorption spectra of graphite oxide measured with four different

pump excitation wavelengths such as 266 nm, 800 nm, 2000 nm and 6060 nm and the

sample response measured at the fixed probe spectral window from 1460 cm–1 to 1740

cm–1. The six transient absorption curves at 0.2, 0.5, 1, 2, 5, and 10 ps pump-probe delay

correspond to the curves in black, red, green, blue, cyan and magenta colors respectively.

The pumps 266 nm, 800 nm, 2000 nm and 6060 nm used for pump-probe measurements

of fluences were set at 0.7, 3.9, 1.97 and 2.88 mJ/cm2 respectively.

The in situ measured static linear infrared absorption spectrum of graphite oxide in

the pump-probe set-up is given below in figure 4.11 for comparison with graphite oxide

static linear infrared absorption spectrum measured in the FTIR spectrometer along with

one of the transient absorption curve.

The pump-probe set-up was purged very strongly compared to the FTIR sample cham-
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ber. The infrared absorption spectrum of graphite oxide measured in in-situ position

shows a decrease in absorption of the water bending peak at position 1620 cm–1 and

becomes apparent as a small hump. The appearance of C=C stretching vibrations is

becoming more prominent at 1570 cm–1. The transient absorption spectra is difficult

to understand as the combination of various functional groups plays major role in the

spectral domain from 1500 cm–1 to 1800 cm–1.

Figure 4.11: Comparison of linear absorption spectra of graphite oxide measured in pump-

probe set-up (red curve) and FTIR spectrometer (blue curve). The orange color curve is

a transient absorption curve.

The graphite oxide is a three dimensional structure of carbon atoms decorated with

oxygen functionalities along with localized graphene like domains. So when we probe

or excite the graphene oxide in the spectral domain of 4000 cm–1 to 1000 cm–1, we are

probing electronic bands and oxygen functional groups simultaneously. This complicates

the understanding of the transient absorption spectra measured in the mid-infrared spec-

tral range. There are almost no reports on the ultrafast dynamics of the graphite oxide

measured in the mid-infrared spectral region. Most of the studies are focused onto the

understanding of the graphene oxide carrier relaxation mechanism using optical pump

probe spectroscopy [137,139]. Mostly, it is a suspension of single layer graphene oxide in

water used for ultrafast relaxation dynamics studies. We are probing the spectral domain

of the graphite oxide where the vibrational bands of C=C stretch, -OH hydroxyl bend of
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intercalated water and graphite oxide and carbonyl stretch C=O overlaps resonantly over

a wide spectral range.

To understand the transient absorption, it is imperative to unravel the electronic and

vibrational band structure of graphite oxide. From the transient absorption curves we

might assign the spectral feature occurrences to the combined effect of C=C stretching,

hydroxyl bend of water and graphene oxide along with enones carbonyl (C=O) stretching

vibrational absorption bands. The transient absorption is always found positive that is

called induced absorption which could be attributed to the carrier absorption due to the

existence of sp3 hybridized carbon atoms. So, in essence the graphite oxide we measured

could be an epitome of the combined attribution of electronic and vibrational response to

the pump probe signal. The electronic contribution is so strong that it always maintains a

positive sign of the pump-probe signal and the contribution of oxygen functionalities and

water convolve with it. So, we could interpret transient absorption of graphite oxide with

its spectral features as interference between the electronic and vibrational bands. If we

attempt to view in the light of the electronic energy level the picture of graphite oxide, the

pumps of wavelengths 266 nm, 800 nm and 2000 nm excite carriers from the valence band

to trapping states generated between the valence and conduction band due to oxygen

functionalities attached to the carbon atoms of graphene layer. As the graphite oxide is

an insulator, the band gap is reported to be in the range of 3.1 to 4.1 eV which depends

upon the degree of oxidation [101,160]. Our graphite oxide sample should have band gap

between 3.6-4 eV when compared to the data reported by Muge Acik et al. [60] on the

basis of C/O ratio vs bandgap. When we excite graphite oxide with a pump of wavelength

266 nm, we are exciting the carriers from the valence band to the conduction band but

when we used 800 nm, 2000 nm and 6060 nm as a pump we were exciting carriers from the

valence band not to the conduction band but to the lower energy mid-gap trapping states.

While, there is an apparent possibility of electronic transitions. There are still no reports

to make clear and correct interpretation about the spectral features observed in the 1500

to 1800 cm–1 spectral range of transient absorption curve. A detailed theoretical study

on ultrafast dynamics of the graphite oxide in the mid-infrared spectral range needs to be

carried out. One more study would like to propose here is to measure transient absorption
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changes on gradually reduced graphene oxide samples, the reduction of graphene oxide

removes oxygen functionalities attached to the carbon [100], hence a systematic study on

graphite oxide samples with varying O/C ratio would corroborate which species of the

functional groups or maybe intercalated water contribute to the special features appeared

in the transient absorption curve. It would help to understand and generate correct

pathways of energy transfer between carriers, lattice and vibrational bands of oxygen

functionalities.

4.7.2 Line-shape fitting model for transient absorption spec-
trum of graphite oxide

The transient curves in figure 4.10 were fitted using the following equation:

DA = y0 +
1

2
· k · (w – wp)

2 +
AC=C

wC=C

√
p

4ln(2)

· exp
[
–4ln(2)(w – wC=C)

2

w2
C=C

]

+
AC=O

wC=O

√
p

4ln(2)

· exp
[
–4ln(2)(w – wC=O)

2

w2
C=O

] (4.2)

Where, y0 - is the baseline

wp - is the center frequency of the parabola,

w - is the frequency axis of the transient absorption curve,

k - is the stretching constant of the parabola,

A - is the area of the C=C or C=O band which has asymmetric Gaussian

shape,

and w - is the line-width of the C=C or C=O band.

The C=C and C=O bands are best fitted with asymmetric Gaussian function, the

symmetric Gaussian function is modified to fit the asymmetric Gaussian bands with a

slight modification to the line-widths of C=C and C=O vibration bands as follows [161]

:
w =

2w0

1 + exp[a · (w – wC)]
(4.3)
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where, a is the asymmetry parameter

wC - is the peak position of the C=C or C=O band

w0 - is the FWHM of the C=C or C=O band measured from static infrared

spectrum. For C=C stretching band we used w0 = 58 cm–1 and for

carbonyl w0 = 70 cm–1 from the linear infrared absorption spectrum of

graphite oxide. It is assumed here the graphite oxide is a semiconductor

or insulator material in which line-width of C=C stretching does not

change upon excitation by external field [162].

The time dependent parameters of the equation 4.2 were retrieved by fitting the tran-

sient absorption curves in the figure 4.10. The time evolution of these time dependent

parameters (y0, AC=C and, AC=O and wC=C) are presented in the following figures 4.12

and 4.13.
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Figure 4.12: The pump-wavelength dependent time evolution of a) baseline (y0), b) area

(AC=C) of C=C stretching band, and c) area (AC=O) of enones C=O stretching band.

The baseline parameter (y0) here treated as an electronic background of graphene-like

domains as a function of pump-probe delay. Since, we observed only positive change in

absorption, the graphene-like regions should be contributing significantly. The parabolic

function (k, wp parameters of the equation 4.2) support best fitting to the transient

absorption curves, though we do not have yet clear understanding of it. The parabolic

function should also be in some way connected to the graphene-like response of the signal

in the 1500-1750 cm–1 spectral region.

The two or three exponential models were fitted to the time-dependent parameters

(y0, AC=C, AC=O and wC=C), which rendered the time constant values as shown in the
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tables 4.2 and 4.3. The first, second and third time constant values observed on the

times scales of t1 = 104-160 fs, t2 = 0.31-0.58 ps and t3 = 2.41-3.66 ps respectively. The

fast time constant t1 in graphite materials is assigned to the carrier-phonon scattering,

the second and third time constants t2 and t3 should be assigned to the phonon-phonon

scattering [163].

Pump Wavelength (nm) t1 (fs) t2 (ps)

266 170 ± 1 0.84 ± 43

800 140 ± 9 2.47 ± 300

2000 220 ± 4 1.90 ± 62

6060 173 ± 4 1.51 ± 108

Table 4.2: Time constants retrieved by global fitting of two exponential model onto the

time dependent components AC=C and AC=O of the line shape fitting parameter.

Pump (nm) t1 (fs) t2 (ps) t3 (ps)

266 160 ± 14 0.58 ± 0.007 3.60 ± 0.89

800 106 ± 21 0.375 ± 0.090 3.03 ± 0.64

2000 158 ± 3 0.56 ± 0.029 3.33 ± 0.19

6060 104 ± 6 0.314 ± 0.030 2.41 ± 0.21

Table 4.3: Three time constants retrieved by fitting three exponential model onto the

time dependent baseline component (y0) of the line shape fitting parameter.
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4.7.3 Blue-shift in C=C stretching vibration

We observed, the time-dependent frequency blue-shift for C=C stretching vibration as

shown in the following figure 4.13. The frequency shift takes place at different time scales

for the excitation wavelengths used. We see the fastest time constants for the pump

wavelengths 800 nm and 2000 nm are almost similar (table 4.4). However, for the pumps

Figure 4.13: The pump-wavelength dependent time evolution in the peak positions of a

C=C stretching vibration for the four different pump wavelengths.

266 nm and 6060 nm the fastest time constant becomes slower (table 4.4). These time

constants can be related to the excitation wavelength as the 266 nm pump can do carriers

to pump into the conduction band then carier-phonon coupling mechanism could be slowed

down due to the mid-gap states generated due the oxygen functionalities attached to the

graphene structure. From figure 4.10, observed the enones (C=O) vibration frequency

does not shift. The average 15 cm–1 blue-shift in peak position of wC=C is observed.
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Pump Wavelength (nm) t1 (ps) t2 (ps)

266 2.44 ± 0.119 –

800 0.66 ± 0.390 –

2000 0.68 ± 0.038 10 (intractable)

6060 1.35 ± 0.640 6.7 ± 108

(intractable)

Table 4.4: Time constants retrieved by fitting mono and bi-exponential models onto the

time dependent center frequency wC=C of the C=C stretching vibrational band.

The absolute values of blue-shift in the C=C stretching vibration for the pump wave-

lengths used are tabled as follows:

Pump Wavelength (nm) C=C Blue-shift (cm–1)

266 23

800 15

2000 11

6060 3

Table 4.5: Pump wavelength and C=C frequency blue-shift.

The common observation here is that the C=C stretching gets stronger with lower

pump wavelengths used for the graphene oxide excitation. It clearly implies the optical

phonons associated with C=C stretching (also know G-mode phonon or zone centered

phonons) are strongly coupled over longer pump-probe delays. It cools in few picoseconds

(lifetimes are given in the table 4.4). These optical phonons are responsible for coupled

electronic excitations. The pump wavelength dependent increased blueshift illustrates

the C=C stretching stiffens which implies a high electronic temperature and decrease in
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electron-phonon coupling which results into renormalization of C=C vibration frequency

/G-phonon energy [162–164].

4.7.4 Time resolved traces

The femtosecond time resolved pump-probe kinetic traces selected for the particular fre-

quencies of C=C stretching, -OH bending and enones carbonyl groups are shown in the

figure 4.14. We observed the cross phase modulation in the pump-probe signal induced

by the strong pump before and during pump probe pulse overlap. Around the center fre-

quency of the pulse spectrum the cross phase modulation is less pronounced but elongates

the instantaneous rise time of the graphite oxide response. At the edges of the probe pulse

spectrum the influence of cross phase modulation is more prominent.



4.7. Graphite-like dynamical behavior of graphite oxide 74

Figure 4.14: Measured kinetic curves of graphite oxide at three different probe frequen-

cies a) 1573 cm–1 b) 1619 cm–1 c) 1742 cm–1 are shown in the left panel. The pump

wavelengths 266 nm, 800 nm, 2000 nm and 6060 nm correspond to the red, green, blue

and cyan curves respectively. In the table 4.6, the relaxation time constants calculated

using sum of four exponential models are given. On the right side of the panel the curves

are normalized to the red 266 nm pump curve. In the inset the slow dynamics is zoomed

in to get the idea of the decay at longer pump-probe delays. The pumps 266 nm, 800 nm,

2000 nm and 6060 nm used for pump-probe measurements of fluences were set at 0.7, 3.9,

1.97 and 2.88 mJ/cm2 respectively.
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The time resolved pump-probe traces were fitted using the following equation:

DA =
1

2
·
[
1 + erf

(
t – t0√
2 · s

)]
·

 4∑
n=1

An · exp(
–(t – t0)

tn
) + C

 (4.4)

Where, DA is the change in absorption & erf is the error function,

t0 is the pump-probe delay offset,

s is the cross-correlation factor,

An is the amplitudes of the exponential function,

tn is the time constant,

C is the term which represents intractable amplitude and time constant at

longer pump-probe delays.

A sum of four exponential fit well to full range of the pump probe delay. The as-

signment of these time constant is a complicated task. The processes in graphite oxide

should be occurring at different time scales and with different pathways due to the defect

induced states by oxygen functionalities [69].
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t1 (fs)

Pump (nm) 1572 (cm–1) 1618 (cm–1) 1741 (cm–1)

266 136 ± 22 156 ± 16 159

800 129 ± 14 156 ± 14 165

2000 135 ± 10 150 ± 7 161

6060 109 ± 24 123 ± 13 137 ± 33

t2 (ps)

266 1 ± 0.58 1 ± 0.35 1*

800 1* 1* 1*

2000 1* 1* 1*

6060 1 ± 0.53 1 ± 0.33 1 ± 0.46

t3 (ps)

266 13.58 ±

100900

12.66 ± 68.8 15.11 ± 12.34

800 9.4 ± 4.3 9.9 ± 8.8 7.58 ± 3.52

2000 17.67 ± 43 23.53 ± 44 14.17 ± 14.26

6060 21 ± 238 27.44 ±

105300

15.38 ± 61.79

t4 (ps)

266 13.31 ±

2043000

33.96 ± 33.43 5930 ±

8484000

800 203.6 ± 516.7 120.90 ±

314.85

106.1 ± 157.6

2000 159.7 ±

1694.5

235.3 ±

2418.3

146.7 ± 428.4

6060 150.1 ±

2566.41

27.72 ±

437800

89.21 ± 935.8

Table 4.6: Time constants retrieved by fitting the model equation 4.4 on the time pump-

probe curves in the figure 4.19. * indicates fixed parameters.
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The fast time constant in our measurements vary with the probe frequency in the time

range of 100-165 fs for all pump wavelengths used in the measurement. Breusing et al. has

reported the Fermi-Dirac distribution of electrons occurring on 250 fs time scale in single

layer graphene due to carrier-carrier scattering and phonon induced intra-band processes

[72]. From C/O ratio of our graphite oxide sample, it can be expected the bandgap

could be around 4 eV. So when the graphite oxide excited by the pump of wavelength

266 nm, we certainly excite the carriers to the conduction band. However, relaxation

of the carriers could be occurring via multiple pathways. The oxygen functionalities

and surface of graphite oxide introduces multiple trapping states between the valence

and conduction band [69]. Hence, creates different pathways for carrier relaxation into

the valence band. The existence of trapping states was studied by using fluorescence

study on graphene oxide [165]. At other pump wavelengths, we are exciting the electrons

below the band gap in the trapping states. Where the first time constant should be

assigned to the scattering of carriers into the available bands [166]. The second time

constant we determined was in the range of 1 ps time scale. It could be assigned to the

carrier phonon scattering in graphene [22, 78, 167,168]. Shang et al. reported hot optical

phonon relaxation by optical-acoustic phonon scattering in 1.2 ps in CVD grown graphene

[165]. The slowest time constants t3 & t4 are spanning from few tens of picoseconds to

nanosecond could be attributed to the slowest excited states rather than trapped states

by [136,165]. The phonon cooling creates electron-hole pairs at low energy level which live

on longer time scales of few hundred picoseconds to nanosecond [165]. In our case, we are

using graphite oxide membrane of 13 mm thickness, manufactured by vacuum filtration

method. Therefore, the graphite oxide layers are arranged in a random way in films

making it highly inhomogeneous all over its sample length. So, the little change in time

constant could be due to the pump probe traces measured at different locations on the

graphite oxide membrane are not having similar composition everywhere.

When all curves were scaled to the maximum absorption change of 266 nm pump

wavelength kinetic trace, the fast decay for all the curves observed below 500 fs for all the

probe frequencies. The trend of the pump-probe signal is the same for all pump and probe

frequencies. The long living component exist for all curves which never decay completely
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to zero and have slower time scale than 100 ps. A common pattern is observed for all

probe frequencies. The absorption signal of 800 nm pump trace decay faster than the other

kinetic traces during the initial 10 ps time scale. Afterwards it slows down and decays

completely for probe frequencies of 1573 & 1742 cm–1. However at the probe frequency

1619 cm–1, it has a negative absorption after 150 ps. The absorption signal induced by

a pump of wavelength 2000 nm decays slower than the rest of the pump induced pump-

probe signals. At 1619 cm–1 probe frequency, the dynamics of 2000 nm pump induced

signal matches with dynamics of the signal induced by a pump of wavelength 6060 nm.

For all the probe frequencies, the signals induced by pumps of 266 nm and 6060 nm, the

dynamics coincident at 10 ps timescale and afterwards the decay of longer living states is

different for each one.

Over all, the major contributions to the pump-probe signal could be interpreted as

follows: the fast time constants should be from the carrier-carrier scattering and carrier-

phonon coupling. The long living signal is attributed to the existence of low energy

electronic state above the valence band and hot phonons which lose energy to carriers

and generate electron-hole pairs which decays over several picoseconds time scale.

4.8 Fluence dependent response of C=C and enones
carbonyl (C=O) stretching vibrations in graphite
oxide

The effect of pump fluence on the C=C stretching and carbonyl (C=O) species of graphite

oxide are discussed in this section.

4.8.1 Fluence dependent transient absorption spectra

The excitation dependent transient changes in graphene oxide were studied. The 800

nm pump was used with four fluences such as 3.9, 13.1, 19.6, and 26.2 mJ/cm2 and a

fixed probe spectral window was centered at 1650 cm–1 with FWHM of 250 cm–1. The

transient absorption spectra were measured at four different pump fluences are presented

in the following figure 4.15. The tilted dashed black lines represents the evolution in the

C=C stretching frequency which is blue shifted for longer pump-probe delays. The vertical
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dashed red lines represents evolution in the enones carbonyl (C=O) stretching vibration

band. The important feature observed here is that we see the loss of spectral band which

coincident with enones carbonyl stretch spectral position with increase in pump fluence.

When line shape function described in the subsection 4.7.2 applied to these curves, we

clearly observe on 200 fs timescale the enones carbonyl (C=O) spectral band in transient

absorption spectra for the pump fluence 26.2 mJ/cm2 decays almost completely.

Figure 4.15: Transient absorption spectra of graphite oxide measured with four different

pump fluences such as a) 3.9, b) 13.1, c) 19.6, and d) 26.2 mJ/cm2 and at a fixed probe

spectral window. The six transient absorption curves at 0.2, 0.5, 1, 2, 5, and 10 ps pump-

probe delay correspond to curves in black, red, green, blue, cyan and magenta colors

respectively.
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4.8.2 Line shape analysis of transient absorption spectra

The time-dependent parameters (y0, A(C=C), A(C=O) and wCC (center frequency of the

C=C stretching band) of the line shape function are retrieved from the transient absorp-

tion curves (cf. figure 4.15) are plotted in the following figures 4.16 and 4.17.

Figure 4.16: The pump-fluence dependent time evolution of a) baseline, (y0) b) area

(AC=C) of C=C stretching band, and c) area (AC=O) of enones carbonyl (C=O) stretch-

ing band. The dashed lines are the fits to the curves.
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The modified sum of exponential model used for fitting time dependent fitting param-

eters retrieved by applying line shape fitting function to the transient absorption spectra

at various pump-probe delays.

The modified sum of exponentials model used is as follows:

x = y0 + (A1 · exp(–(t – t0)/t1) + A2 · exp(–(t – t0)/t2) + C) (4.5)

where, y0 is the baseline parameter,

t0 - is the pump-probe delay offset,

t - is the pump-probe delay,

t1 and t2 - are the first and second time constants,

C - is the parameter which is intractable component of the curves at longer

pump-probe delays.

The sum exponential model applied to retrieve associated time constants of the pa-

rameters (baseline (y0), area (AC=C) and area (AC=O) (figure 4.16)) of the line shape

fitting function applied to the transient absorption curves.

Pump (mJ/cm2) t1 (ps) t2 (ps) C

3.9 0.17 ± 0.005 1.55 ± 0.083 2.58 ± 0.097

13.1 0.15 ± 0.005 1.48 ± 0.075 7.46 ± 0.188

19.6 0.16 ± 0.005 1.42 ± 0.077 9.42 ± 0.293

26.2 0.17 ± 0.004 1.21 ± 0.064 10.0 ± 0.3

Table 4.7: The time constants derived by applying modified sum of exponential function

to the baseline y0 parameter of the line shape function applied to the fluence dependent

transient absorption curves.

The three exponential model fits well to the baseline (y0) parameter. The three time

constants: first time constant is in the range of 0.15-0.17 ps, second time constant is
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in the range of 1.21-1.55 ps and third time constant is in the range of 2.58-10 ps. The

important observation here is that the second time constant decreases from 1.55 ps to the

1.21 ps with increasing pump fluence. However, the third constant component increases

from the 2.58 ps to the 10 ps with increasing pump fluence. The fast time constant we

assign to the carrier-phonon scattering. And second and third time constants to phonon-

phonon relaxation might be happening either through two different relaxation pathways

or through two branches of phonon modes.

The modified sum of exponential temperature model (as described in equation 4.5)

fits very well to the area (AC=C) and (AC=O) parameters. From the table 4.8, we see the

trend of ascension in the first and second time constants of C=C stretching with increase

in pump fluence. The third time constant is intractable. But, it can be concluded the

third time constant also increase with pump fluence.

Pump (mJ/cm2) t1 (ps) t2 (ps) C

3.9 0.16 ± 0.010 2.04 ± 0.22 -76 ± 6.23

13.1 0.15 ± 0.007 2.16 ± 0.17 -206 ± 6.18

19.6 0.20 ± 0.013 2.40 ± 0.307 -319 ± 0.12.1

26.2 0.28 ± 0.02 2.64 ± 1.14 -455 ± 20.98

Table 4.8: The time constants derived by applying sum exponential functions to the area

(C=C) parameter of the line shape function applied to the fluence dependent transient

absorption curves.

From the table 4.9, which represents the time constants of enones carbonyl (C=O)

group. We observed the first time constant increase with fluence but the second time

constant vanishes. It is also clear from the transient absorption spectra where we observed

with increase in pump-probe delays and with increase in pump fluences decrease in enones

carbonyl (C=O) band at 1660 cm–1 in transient absorption spectrum.
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Pump (mJ/cm2) t1 (ps) t2 (ps) C

3.9 0.1 ± 0.015 1.77 ± 0.44 -34 ± 7.31

13.1 0.17 ± 0.009 1.73 ± 0.166 -120 ± 5.32

19.6 0.15* 1.31 ± 0.37 -98 ± 20.6

26.2 0.20 ± 0.012 —- -42

Table 4.9: The time constants derived by applying sum exponential functions to the area

(C=O) parameter of the line shape function applied to the fluence dependent transient

absorption curves. * is the fixed parameter.

4.8.3 Blue shift in C=C stretching Vibration

The evolution in the center frequency of C=C stretching vibration of graphite oxide is

plotted as a function of pump-probe delays. We have observed the C=C band peak

frequency is blue shifted. For all the pump fluence used we observed average 15 cm–1

blueshift. The meaning of blueshift of the peak position of the C=C stretching could

be the C=C stretching vibration gets stronger. It implies that the stiffening of C=C

stretching or G-phonon mode is pump fluence independent but is sensitive or dependent

to the pump wavelength used in the pump-probe experiments.

Figure 4.17: The time dependent frequency shift in the peak position of C=C stretching

vibration for the pump fluences 3.9, 13.1, 19.6 and 26.2 mJ/cm2 represented by black,

red, green and blue curves respectively.

The mono and bi-exponential models fit well to the pump-probe delay dependent C=C
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stretching vibrational frequency. The mono and bi-exponential models fit very well to the

curves in the figure 4.17. However, I would like to discuss only mono-exponential time

constants with the processes described by Hugen Yan et al. [163]. The mono-exponential

time constants could be assigned to the lifetime of the C=C stretching vibrational band.

The life-time of the C=C stretching vibration increases with increase in pump fluences

(table 4.10). The increase in life times might be implying the the C=C stretching vi-

brations are getting hot and that may be the reason we see C=C bleach signal at longer

pump-probe delays in figure 4.18.

Pump (mJ/cm2) t (ps)

3.9 0.70 ± 0.02

13.1 0.73 ± 0.027

19.6 1.03 ± 0.066

26.2 1.28 ± 0.037

Table 4.10: Life-times of the C=C stretching vibration as a function of pump fluences

retrieved by applying mono-exponential model to the curves in the figure 4.17

4.8.4 Transient absorption curves at longer pump-probe delays

At longer pump-probe delays for the pump fluences 3.9, 13.1, 19.6 and 26.2 mJ/cm2 the

bleach signal at C=C stretch vibrations still exist (figure 4.18) but we observed no trace

of enones carbonyl (C=O) stretching band existence at 1660 cm–1.

For the highest pump fluence 26.2 mJ/cm2 used in the pump-probe experiment, we see

the C=C stretching bleach signals becomes stronger compared to the rest pump fluences.

It has been observed that the C=C stretching band or G-phonon mode becomes red-

shifted for all the pump-probe delays shown in the figure 4.18 compared to the rest other

transient absorption curves at lower pump fluences. It might be due to the renormalization

of phonon energy is sensitive to pump fluence and contributing to the improvement of

electron-phonon coupling [162,164].
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Figure 4.18: The transient absorption curves at longer pump-probe delays at pump flu-

ences 3.9, 13.1, 19.6 and 26.2 mJ/cm2.

4.8.5 Fluence dependent time resolved spectra

The effect of the pump fluence on the absorption change of graphite oxide is studied. The

pump probe traces were measured at four different pump fluences. In the following figure

4.19 a) the measured traces are given and in figure 4.19 b) the kinetic traces are scaled

to the highest fluence. We observed that with the increase in pump fluence, absorption

change increases which is an indication of multiphoton absorption in graphite oxide. In

the inset of figure 4.19 a) the pump fluence with maximum absorption change observed at

pump-probe overlap is plotted. The parabola fits very well to the curve in the inset. The

reason of increase in absorption with corresponding fluence could be due to the presence

of mid gap states which allows the carriers transition to higher energy trapping states. In

the inset of figure 4.19 b) the kinetics are scaled to the higher fluence kinetic curve. We

observed that the initial fast kinetics happens on < 250 fs time scale for all the fluence
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Figure 4.19: Pump fluence dependent kinetic traces. a) kinetic traces measured at four

different pump fluences. The inset show pump fluence vs. Max. absorption change

observed in each kinetic curve. b) The kinetic curves are scaled to the maximum pump

fluence curve. The inset shows the absorption change signal at longer pump-probe delays.

curves. The slow kinetic species decays faster with increase in pump fluence. The multi-

photon absorption property of graphite oxide has been used in the fabrication of graphite

oxide based semiconductor saturable absorber (SESAM). In the next chapter pump-probe

measurement on SESAM are going to be discussed.
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4.9 Ultrafast intercalated water dynamics in graphite
oxide

The structural dynamics of water is influenced by restricting its degrees of freedom of

motion in nano-confined environments which is ubiquitous in natural and engineered

environments [128]. Due to the hydrophilic and hygroscopic nature, the graphite oxide

is an ideal system for intercalating water molecules between graphene oxide layers. In

section 4.6, linear differential spectra of graphite oxide is presented with conclusion that

with the purging of the graphite oxide environment with dry air, we observe desorption

of water molecules. However, there are some reports which claimed the complete loss of

intercalated water molecules in graphene oxide is debatable [157]. We have performed

single and two-color pump-probe spectroscopy on graphite oxide membrane in heavily

purged environment of experimental set-up at probe beam centered at 1650 cm–1 with

FWHM of 250 cm–1 (section 4.7.1). There we almost loss water bending vibration peak

when measured graphite oxide linear infrared absorption spectrum in pump-probe set-up.

But however, the OH stretching region suggests that intercalated water is not lost from

layered GO.

In this section, preliminary results of single color pump-probe experiment performed

on the graphite oxide at 2.8 mm wavelength are presented. The transient absorption

change measured as a function of pump-probe delays is shown in the following figure 4.20.

In transient absorption spectrum, we observed broad band signal with some features

coinciding with symmetric and asymmetric stretching vibrations of water molecules and

carboxylic group. However, there is also a possibility of overlap of intercalated water and

graphite oxide's hydroxyl group in the same spectral domain. In figure 4.20 b)-d) we see

the spectral band of carboxylic group (-COOH) flattens in 500 fs and recovers in 1 ps.

Similarly, for asymmetric stretching vibrations of water (maybe intercalated) flattens in

500 fs but unlike carboxylic group it losses its spectral shape. We are still working on

these pump-probe results of graphite oxide. The pump-probe time traces at the probe

frequencies 3276, 3489, 3628 and 3659 cm–1 are shown in the following figure 4.20. The

frequencies 3276, 3489 and 3628 cm–1 correspond to the symmetric, asymmetric vibration

of OH stretch and carboxylic functional group respectively.
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Figure 4.20: a) Linear infrared spectrum of graphite oxide membrane (green curve). The

difference between the unpurged and purged graphite oxide linear absorption spectrum

has shown in black curve. The red curve represents water spectrum. The blue curve is

the probe spectrum. Frequency resolved transient absorption changes in graphite oxide

measured using single color pump-probe spectroscopy at 2.8 mm wavelength and at pump-

probe delays from b) 0.1-0.5 ps, c) 0.5-1.0 ps, and c) 1-10 ps.
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After fitting the equation 4.4 to the pump-probe time traces, we retrieved relaxation

time constants as given in the inset of the figure 4.21. We observed that the fast and slow

time constants decrease with increase in probe frequency. There could be a possibility that

the carboxylic group might be losing energy to symmetric and asymmetric OH stretch

vibrations. The Fermi resonance between the OH stretching and overtone of OH bending

mode might also be part of this energy relaxation mechanism. There is also a third time

constant which exists but is intractable. The OH bending coupling with OH stretching

is a planned experiment. The detail understanding of results will be published in coming

months.

Figure 4.21: Pump-probe time traces measured using single color pump-probe experiment.

The pump and probe pulses were centered at 3500 cm–1. The dashed curves are the fits.

In the inset the table of the time constants is given. * represents the fixed parameter.

4.10 Conclusions

In this chapter, we used single and two color pump-probe spectroscopy to study ultrafast

dynamics of graphite oxide. Frequency resolved transient absorption changes show unique

features of carbon C=C stretching vibration at 1573 cm–1 and enone's carbonyl (C=O)

stretching band at 1660 cm–1. It should be noted that the molecular carbonyl is showing
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bleaching-like signal around 1660 cm–1 deviating from the carbonyl peak recorded in

linear infrared spectrum. It clearly implies the molecular in-plane carbonyl stretching

motions are mostly predominant after pump induced excitation. The line-shape analysis

of transient absorption curves shows evolution in the center frequency of the in-plane

C=C stretching band (also known as G-phonon mode) which should have significant role

in the carriers cooling. The pump pulses induce stiffening of in-plane C=C stretching

vibration which is directly linked to the increase of the electron temperature which is

responsible for the reduction in the electron-phonon coupling in the graphite oxide. We

have noted that the stiffening of C=C stretching is pump wavelength dependent and

loosely independent of the pump fluences used. In fluence dependent transient absorption

spectrum we observed the in-plane enones carbonyl (C=O) stretching vibration vanishes

on 200 fs time scale which might be linked to the in-plane C=C stretching vibrations.

The pump fluence dependence pump-probe signal corroborates multiphoton absorption

process which is useful for nonlinear optical applications. The time resolved pump-probe

traces fitted with multi-exponential model provides upto four time constants. The very

fast time constant 100-168 fs is attributed to the carrier-phonon scattering. The second

time constant on the time scale of 1 ps could be assigned to the optical phonon relaxation.

The third and fourth time constants could attributed to the life time of electrons in the

the low energy states above the valence band which are generated due to attachment of

oxygen functionalities to the carbon.

To unravel the intercalated water dynamics in graphite oxide we have recorded humid-

ity dependent differential absorption and single color pump probe spectra. The differen-

tial absorption spectra show loss in water absorption bands implies hydrophilic nature of

graphite oxide. In transient absorption spectra, the complicated dynamics showing rapid

spectral diffusion to lower frequencies when exciting the OH stretching region which may

point to coupling between charge carriers and OH stretching modes of the polar water

molecules.



Chapter 5

Carrier dynamics of In-GaAs:
A semiconductor saturable
absorber mirror

5.1 Introduction

In this chapter, pump-probe results on the relaxation dynamics of charge carri-

ers in semiconductor saturable absorber mirror (SESAM) are presented. Semiconductor

saturable absorbers are used for the purpose of mode-locking in laser cavities (figure

5.1) to generate ultrashort laser pulses. The mode-locking of laser pulses is achieved by

SESAM

OCPump

M3

M2 M1

Output

   Gain
Medium

Figure 5.1: Schematic of laser cavity with SESAM as one of the end mirror which acts as

a passive device to generate mode-locked laser pulses. M1, M2, and M3 are curve mirrors.

active and passive techniques. The active technique requires an external signal to modu-

late intra-cavity laser pulses. The active techniques include acousto-optic, electro-optic,
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Mach-Zehnder integrated-optic and semiconductor electro-absorption modulators. How-

ever, passive mode locking does self modulation of the intra-cavity laser pulses, which

makes it more demanding compared to the active techniques due to its ease of incor-

poration into various laser cavities. The passive mode-locking exploits the property of

saturable absorption of a semiconductor material where the absorption of laser pulses

decreases with increasing intensity. The first use of semiconductor nonlinearities to pas-

sively mode-lock a semiconductor laser had reported by Ippen et al. in 1980 to generate

a 5 ps short pulses using heterostructure GaAlAs semiconductor material in an extended

resonator [169]. Ten years after, in 1989, Islam et al. used a multiple quantum well

saturable absorber structure to generate a 275 fs transform limited pulses from a pas-

sively mode locked NaCl solid state color-center laser [170]. Islam, Knox and Keller are

considered to be the pioneers of semiconductor saturable absorbers [170–172]. The semi-

conductor saturable absorber can be made to operate over wide wavelength range by

selecting appropriate material composition and band structure engineering.

This chapter has presented the carrier relaxation dynamics of Indium doped gallium

arsenide (GaAs) semiconductor material. It was used to generate mode-locked laser out-

put at 2 mm wavelength from the Ho:YLF based gain medium of laser amplifier cavity

by our collaborator group of Prof. Franz Kaertner at the Center for Free Electron Laser

Science, Hamburg. The carrier dynamics of SESAM measured to compare its suitability

for such peculiar laser cavity which is explained by performing degenerate pump-probe

spectroscopy at 2 mm wavelength in the result and discussion section.

5.2 SESAM structure

The SESAM mainly consists of three main components, a semiconductor saturable ab-

sorber layer, a mirror, and a substrate. The structure of SESAM is illustrated in figure

5.2. The semiconductor absorber layer is embedded in a Bragg mirror structure. The

Bragg-mirror is made up of alternating layers of AlAs/GaAs on a semiconductor wafer

like GaAs. The semiconductor wafers act as a substrate to hold the SESAM structure

and generally are attached to a copper mount to sink the heat generated while used in
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for mode-locking the laser cavities. The saturable absorber layer is fabricated from semi-

conductor material such as InGaAs. Using semiconductor technology, the composition

of semiconductor can be easily tailored in order to tune the band gap of the absorber

which enables a wide range of absorption wavelengths, renders the advantage to control

the absorber parameters such as absorption, saturable fluence, modulation depth, car-

rier relaxation time, reflection and absorption bandwidth and non-saturation losses. The

lasers are developed for different applications having different gain spectrum, differing

loss, internal cavity power, etc. So, SESAM are designed according to the need of the

laser cavities for mode-locking application. Typically, SESAM can be constructed with

two types of structures such as resonant and anti-resonant. In resonant structure, the

antinode of the standing wave inside the laser cavity overlaps at the front surface of the

SESAM structure. It causes high field enhancement inside the device, resulting in low

saturation fluence. However, on the contrary, in anti resonant structure the standing wave

has a node at the front surface of the SESAM structure.

Figure 5.2: SESAM structure. The Bragg-mirror is formed of alternating layers of

GaAs(grey)/AlAs(dark) material. The resonant and anti-resonant SESAM structure has

been shown using solid and dashed lines respectively. The GaInAs absorber layer is rep-

resented by a vertical black line in SESAM structure. The figure is adapted from the

Liverini et al. [173].
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Our collaborator group had procured SESAM from Batop GmbH and its structure

has been shown in the figure 5.3. This structure is quite unusual in the construction of

SESAM. The dielectric mirror is deposited onto the heat sink over which the absorber

layer is deposited and then GaAs wafer has been added onto it. This SESAM had been

used for mode-locking of Ho:YLF laser amplifier cavity to generate stable 2 mm wavelength

laser pulses by our collaborator group. However, it was an unsuccessful experiment, the

stable mode-locked laser pulses from the cavity could not achieved. To understand this

dilemma, the idea of measuring carrier relaxation time constants sparked to compare it

with pulse duration of the intra-cavity laser pulses to find out feasibility of this particular

SESAM for application into the Ho:YLF laser cavity.

Figure 5.3: The structure of SESAM procured from Batop GmbH.

5.3 Working principle of SESAM

The SESAM absorbs low intensity light and allows to pass only high intensity light with

little loss due to transition of carriers into the conduction band. When a high fluence

light pulse interact with semiconductor absorption layer, the low intensity part of the

pulses generate depletion in the ground state absorption. The high intensity part of the

pulse pass through the saturable layer and reflect back from the mirror with little loss.

As a result of which the pulse duration gets shortened due to absorption of weak intensity
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part of pulses. At low pulse fluences, the absorption of pulse reduces possible Q-switched

mode-loking. In figure 5.4 the typical relaxation dynamics of the carriers into the excited

states is explained in cartoons [174].

The carrier dynamics of the SESAM is measured using the pump-probe spectroscopy.

The carriers are excited to the conduction band using a high fluence pump and the

relaxation of carriers is monitored using weak probe pulse as a function of a change in

delay between them. The carriers that are excited into the conduction band generally relax

with two different time constants. The fast time constant is usually on the time scale of

60-300 fs and slow time constants on the time scale of a few picoseconds to nanoseconds.

The fast time constants correspond to the thermalization due to Fermi-Dirac distribution

of carriers in conduction band and starts partial recovery of the absorption. The longer

time constants correspond to recombination of carriers from the conduction band or mid

gap trapping states with the holes in the valence band. The fast time constants allow

effective shaping of subpicosecond pulses whereas the reduced saturation intensity on long

time constant scale allows self starting of mode locking.

5.4 Experimental

SESAM details

The SESAM sample procured from Batop GmbH had the following specifications:

• Laser wavelength: l = 2000 nm

• High reflection band (R > 96 %): l = 1700 .. 2150 nm

• Absorbance: A0 = 2 %

• Modulation depth: DR = 1.2 %

• Non-saturable loss: Ans = 0.8 %

• Saturation fluence: Fsat = 70 mJ/cm2
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Figure 5.4: a) Relaxation dynamics of SESAM measured using the pump probe spec-

troscopy. The pictorial representation of carrier evolution after excitation has been shown

in cartoons adapted from [174]. b) Mode locking models with dynamic gain saturation

using i) passive mode-locking with a slow saturable absorber ii) mode-locking with fast

saturable absorber, and iii) soliton mode-locking adapted from [175]
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• Relaxation time constant: t ∼ 10 ps

• Damage threshold: F = 4 mJ/cm2

• Chip area: 4mm x 4mm; chip thickness 625 mm

• Design: laser beam goes through the AR coated GaAs substrate

The linear reflectance spectrum of the SESAM has shown in the figure 5.5. It has a

broad spectral reflection in the wavelength range from 1700 to 2150 nm, higher than 96%

practically suitable for 2 mm laser cavity end mirror application to generate ultrashort

pulses. The semiconductor material GaAs (Galium Arsenide) is used for the saturable

absorption layer embedded in the Bragg mirror. However, pristine GaAs is not a suitable

material for 2 mm laser application. So, the band gap of GaAs was engineered by doping

In (indium) atoms/ions. The band gap can be tuned from 1.45 eV to 0.36 eV by changing

the dopant concentration ’x’ of indium in InxGa1–xAs alloy. At room temperature the

band gap as a function of x concentration of indium in InxGa1–xAs had been calculated

using the following equation 5.1 [176]:

Eg(x) = 1.425 – 1.501 · x + 0.436 · x2 (eV) (5.1)

Where, Eg(x) is the direct band gap

and x is the doping fraction of indium.

For 2 mm laser application the band gap was tuned to 2 mm by doping 0.65 fraction of

indium in InxGa1–xAs alloy.
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Figure 5.5: Linear intensity reflectance spectrum of the SESAM procured from Batop

GmbH for 2 mm laser cavity end mirror application.

Reflective mode pump-probe set-up

The pump-probe schematics has shown in the figure 5.6. We modified our transmission

mode pump-probe set up into reflectance mode by changing some optics in the existing

setup. The laser pulses at 2 mm wavelength and 100 fs pulse duration at 3 kHz repetition

rate were used by tuning the frequency of the idler in OPA. The 2 mm idler pulses were

split into pump, probe and reference using a BaF2 (barium fluoride) window. The BaF2

window reflects 4% fraction of the main pulse from the front and back surfaces due to

the Fresnel reflection mechanism. The beam-sizes of probe and reference were enlarged

1.5 times using 2:3 telescope so when it were focused onto the sample rendered smaller

spot sizes than the pump beam spot size. The telescope consist of two spherical mirrors

of focal lengths 100 and 150 mm respectively. The high power main pulse transmitted

through BaF2 wedge is used as a pump, which is passed over a sensitive electronically

controlled translation stage to create the delay between the pump and probe pulses at the
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Delay 
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Figure 5.6: Single color pump-probe set-up to measure the differential reflectance changes

in SESAM at 2 mm wavelength. The reference beam reflected from a plane mirror which

is housed just below the SESAM.

sample position. The pump and probe polarization directions were set parallel to each

other. The optical chopper was set such that it was running at half the pulse repetition

rate of the regenerative amplifier to modulate the pump beam so it would block every

second pump pulse. The probe beam reflected from the SESAM and the reference beam

reflected from the plane mirror below the SESAM were detected on slow photo-diodes

procured from the Thorlabs GmbH. The differential reflection of probe when the pump

is blocked and unblocked were measured using the following equation:

DR

R0
=

(
R

R0
– 1

)
·
(
RPumpOFF

RPumpON

)
(5.2)

where, DR is differential reflectance change

R is probe reflection when pump is On

R0 is probe reflection when pump is Off

RPumpON is reference reflection when pump is On

RPumpOFF is reference reflection when pump is Off
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5.5 Result and discussion

The ultrafast pump-probe measurements of SESAM had performed at varying the pump

fluences as shown in the figure 5.7. In general, for all the pump-probe traces, the observed

signal decays faster than the instantaneous response of the SESAM sample. The signal

for pump fluences below 300 mJ/cm2 decays in 450 fs and for fluences 350 mJ/cm2 and 400

mJ/cm2 decays even faster on 200 fs timescale. For fitting the pump-probe trace following

equation 5.3 was used.
DR

R0
= A1 · exp(–(t – t0)2/(2 · t21))

+A2 · exp(–(t – t0)/t2)

+A3 · exp(–(t – t0)/t3)

(5.3)

Where, DR is differential reflectance of probe

A1, A2 and A3 are the amplitudes

t0 is time zero between pump and probe pulses

t1, t2 and t3 are the time constants

The first term in the pump-probe trace fitting model is a Gaussian function. As after

peak the curve decay faster than initial rise time, the Gaussian function was applied

there. The second and third terms are exponential decay functions. However, for fitting

the pump-probe trace, we need only one exponential term except for pump-probe trace

measured at pump fluence of 50 mJ/cm2. The average Gaussian width used was an

autocorrelation width 50 ± 5 fs of 2 mm of laser pulse width duration and then the

subsequent fast decay observed at 130 fs.

The decay edge of the signal is faster than the instantaneous rise time of the carriers

from the valence to the conduction band. It might be due to the property of the semi-

conductor absorber layer. When pump and probe pulses temporally overlap in absorbing

layer, the probe pulse is not affected due to pump pulses which generates carriers. As it

starts coming after pump with some delay the lower intensity part of the probe pulse gets

absorbed by absorbing layer in the SESAM. So, we could assign this observed asymmetric

Gaussian response of the absorbing layer to the absorption property of the semiconducting

InGaAs layer. There could be a possibility that the pulse-shape of pump and probe beams
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Figure 5.7: Pump-probe time resolved traces measured at six different pump fluences. a)

Real measured pump probe traces b) Pump-probe traces normalized to 1. Red, orange,

grey, green, cyan, blue and purple color pump-probe traces correspond to the 50, 70, 150,

250, 300, 350 and 500 mJ/cm2 pump fluences respectively. c) The maximum differential

reflection change versus pump fluence around zero delay. The parabola fits reasonably to

the curve.

might be asymmetric. It has been reported the pulses interacting with the SESAM gets

shorter as a function of intra-cavity pulse fluence [177] which could also be influencing

early fast response of the SESAM as evident from the pump probe time traces figure 5.7.

As observed from the pump-probe signal, the decay of the signal contains one time

constant term which is so fast. At a such fast time scale carrier thermalization due to

Fermi-Dirac distribution was reported [175]. This pump-probe measurement has signifi-

cant role to understand why the laser cavity of Ho:YLF laser was unstable to mode-lock
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intra-cavity laser pulses at 2 mm wavelength. Since, the gain medium Ho:YLF of the

amplifier laser cavity has a very narrow gain bandwidth and has non-Lorentzian profile

at 2051 nm and 2060 nm as shown in the figure 5.8, the narrow gain bandwidth does

not support pulse duration shorter than 500 fs and hence the recovery lifetime of the

SESAM has to be more than 500 fs. Hence, we need the SESAM which has a recov-
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Figure 5.8: Absorption and emission cross sections of Ho:YLF gain medium adapted

from [178].

ery time longer than 1 ps which makes the SESAM from Batop GmbH unsuitable for

Ho:YLF cavity. Also, the light should be shed upon the structure of the SESAM (cf.

figure 5.3). The SESAM structure could be doubtful. The SESAM layer had been grown

on Bragg-mirror, which was deposited on the 620 mm thick transparent GaAs wafer with

anti-reflection (AR) coating on the top. Usually, the GaAs wafer is used as substrate over

which Bragg-mirror, SESAM layer and AR coating is designed respectively. This is one

flaw in the SESAM construction for 2 mm wavelength laser. The second flaw need to check

the right fraction of In is doped in InxGa1–xAs alloy. However, it was not my concern, I

was only entitled to measure the pump-probe dynamics of the SESAM to determine the

carrier relaxation life time to help our collaborator to understand this peculiar SESAM is

suitable for the Ho:YLF laser cavity to use it as one of the end cavity mirror to generate

the stable mode-locked pulses or not.
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5.6 Conclusions

In conclusion, we studied the carrier relaxation dynamics of SESAM procured from Batop

GmbH. The relaxation time constant of SESAM in excited state were found to be around

130 fs, which entails the SESAM could not support cavity mode-locking due to gain

bandwidth of Ho:YLF gain material, which makes it unsuitable to generate mode locked

femtosecond pulses at the 2 mm wavelength. The light should also be shed upon the

SESAM structure. It could be reconstructed to suit to such particular Ho:YLF laser

cavity, which was the another aspect of this study.
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Chapter 6

Summary and future
perspective

The time-resolved mid-infrared spectroscopy is a powerful technique to explore the ul-

trafast processes such as chemical exchange, hydrogen bond dynamics, orientational dy-

namics of molecules, vibrational dynamics of aqueous systems, solvation dynamics, po-

larization anisotropic effects, electronic processes in materials, liquid interfaces etc. The

main objectives of this thesis were to construct the light sources in the mid-infrared spec-

tral region and the time resolved infrared spectrometer to perform ultrafast pump-probe

measurements on graphite oxide and semiconductor saturable absorber.

The thesis work had included the construction of non-linear optical set-ups such as

the pair of optical parametric amplifiers with subsequent difference frequency stage of

capacity to generate tunable mid-infrared light pulses in the spectral region of 1-20 mm,

frequency tripler to generate UV light pulses at 266 nm and the time resolved two color

reflective optics pump-probe spectrometer. The OPA had two pumping stages to amplify

signal and idler. However, its our observation, the OPA efficiency decreases when signal

and idler tuned to generate mid-infrared wavelengths above 7 mm, this can be improved

by adding a third pumping stage in the OPA to amplify the intensity of signal and idler

to get sufficient output power of mid-infrared pulses from the difference frequency stage.

Also, the software programs have been developed to control the mechanical delay stages,

the monochromator and the data acquisition system. The pump-probe spectrometer had

been built in a way to convert it into two dimensional infrared spectrometer in pump-
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probe geometry by adding Mach-Zehnder interferometer in pump path in near future.

Due to lack of time, the installation of the Mach-Zehnder interferometer had been put on

hold and the mid-infrared ultrafast time resolved pump-probe experiments on graphite

oxide and semiconductor saturable absorber were carried out.

In the graphite oxide project, our initial interest was to unravel the dynamics of

intercalated water molecules between the layers of graphite oxide. The hydrophilic and

hygroscopic nature of graphite oxide enables it to absorb water molecules which is quite

evident from some studies that reported the interlayer distance between the graphite

oxide sheets depends on the degree of humidity in it's surrounding. The static FTIR

measurements did show supporting results to this arguments. The difference absorbance

FTIR spectra of graphite oxide clearly indicated evolution in the enhancement of water

peaks and pronouncement in the appearance of C=C stretching vibration peak at 1573

cm–1 which was suppressed by broad absorption of water bending vibration. However, in

the pump-probe set-up due to strong purging of the experimental set-up by dry air we see

almost complete loss of water bending vibrational band. The single color and two color

time resolved transient absorption spectra did show signatures of C=C and enones C=O

stretching bands. The understanding of these signatures demands theoretical support to

discern the actual mechanism in the signal generation processes. The sum of exponentials

was used for fitting time traces. The first two time constants were typically in the range of

100-165 fs and 1-10 ps which are attributed to the carrier-phonon scattering and phonon-

phonon scattering respectively. The third and fourth time constants are assigned to the

lifetime of the electrons trapped in the low energy states generated due to attachment of

oxygen functionalities to the 2-dimensional layered structure of graphene. The slow time

constants could be taken as confirmation to the existence of mid-gap states between the

conduction and valence band of graphene oxide. The graphite oxide sample used in the

experiment had an average thickness of 13 mm, the signal response has been contributed

by many inhomogeneous layers of graphene oxide. The time resolved experiments should

be performed in controlled manner on single to multilayer thin films to get comprehensive

knowledge of C=C stretching band mechanism in the transient absorption spectrum. Also,

we should try out reduced graphene oxide films of different degrees of oxidation/reduction.
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This will help to monitor behavior of C=C stretching response with change in the degree

of reduction of graphite oxide. The reduction of graphene oxide generates more sp2 carbon

(C=C) / graphene like regions which are directly linked to the C=C stretching.

In the SESAM project, we measured carrier relaxation dynamics of a product procured

from ’BATOP GmbH’. It was used in the Ho:YLF based cavity as one of the end mirror

to generate mode locked output at 2 mm wavelength. The problem which occurred in

mode locking output of the amplifier was studied by measuring relaxation times and

it was found to be shorter than the pulse duration of the laser pulse inside the cavity

making it unsuitable to generate passively mode locked output at 2 mm using Ho:YLF

laser gain medium. This led us to the conclusion that the SESAM should be redesigned

by engineering carrier relaxation time constants for such a particular application.
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Appendix A

Phase Cycling routine

For the single color pump probe measurements, we detected interference pattern on to

the detector as a function of pump-probe delay. The figure A.1 a) shows the recorded

interference pattern. The obvious reason to form the interference pattern onto the detector

while moving pump beam to create a delay between pump and probe pulses is that the

pump scattered off from the graphite oxide sample and was propagating collinearly with

probe and interfered onto the detector. To remove the fringes and get the smooth pump-

probe traces we used a technique called as a phase cycling routine. We have introduced

this technique into the data acquisition and processing section of our Labview program.

The smoothed pump-probe traces after implementation of the phase cycling routine has

shown in the following figure A.1 b). The phase cycling routine is an easy method. We

take the center frequency of the pump or probe pulse. Calculate the period of it and

divide it by some feasible number n. Its gives the small incremental delay step Dx.
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Figure A.1: Single color pump-probe time traces measured at frequency 1604 cm–1 a)

without phase cycling and b) with phase cycling routine.

Then for each pump-probe delay ’d’, we recorded the signal for the delays points asd +
n/2∑

i=–n/2
i ·Dx

. The signal is then averaged by number ’n’ we have mentioned it

earlier and assigned it to the specified pump-probe delay ’d’.



Appendix B

Smoothing of Transient
Absorption Spectra

The infrared detector for infrared light measurement records only 32 spectral components.

To measure the full pulse spectrum we move the grating so that all the frequencies in the

pulse are scanned across the detector. While measuring the transient absorption spectrum

we stitch together 4 chunks of the different spectral pieces. In doing this we observed

some spectral chunks are shifted along the y-axis i.e. Absorbance change. To stitch all

the spectral chunks together we have developed a Matlab code which is added at the end

of this section. The stitching of spectral chunks we call pixel correction. The observed

transient absorption spectra had some spikes. Those spikes could be due to the probe

beam scattered from the sample and scatter propagates in the direction of probe pulse and

forms interference pattern onto the detector. Also the water vapors contribute to the spiky

features in the transient absorption spectrum. We smoothed the pixel corrected transient

absorption curves using Savitzky-Golay filter. In figure B.1, the comparison between the

as measured data, pixel corrected data and data smoothed using Savitzky-Golay filter has

been shown.
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Figure B.1: The comparison between the as measured transient absorption spectrum

(black curve), pixel corrected (red curve) transient absorption and pixel corrected tran-

sient absorption curves smoothed using Savitzky-Golay filter (blue curve).

Pixel Correction Code

1% a f t e r s tepp ing p i x e l in PP measurement found s h i f t in s i g n a l he ight

which need to be co r r e c t ed

2

3 c l c ;

4 c l e a r a l l ;

5 c l o s e a l l ;

6

7% load f i l e s 1 2 3 4

8

9 dr = ’D:\MPSD\Data\ Pro j ec t \GO Membrane\PP Data\2000 Pump\161117\PP\

PP–Pump2um\00–03\Bkg co r r e c t ed \New f o l d e r \ ’ ; % Direc tory path
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10 fn = ’ 00–03 ’ ;

11 ext = ’ . dat ’ ;

12 f i l e l i s t = l s ( [ dr , ’ ∗ . dat ’ ] ) ;

13%Nof = s i z e ( f i l e l i s t ( : , 1 ) , 1 ) ; % # of f i l e s

14

15 % columns to be de l e t ed

% rows to be

de l e t ed

16 TMP1 = transpose ( load ( [ dr , f i l e l i s t ( 4 , : ) ] ) ) ; TMP1 ( 3 4 : 1 2 1 , : ) = [ ] ; %

TMP1 ( : , 8 3 : 8 3 ) = [ ] ;

17 TMP2 = transpose ( load ( [ dr , f i l e l i s t ( 3 , : ) ] ) ) ; TMP2 ( 3 4 : 1 2 1 , : ) = [ ] ; %

TMP2 ( : , 8 3 : 8 3 ) = [ ] ;

18 TMP3 = transpose ( load ( [ dr , f i l e l i s t ( 2 , : ) ] ) ) ; TMP3 ( 3 4 : 1 2 1 , : ) = [ ] ; %

TMP3 ( : , 8 3 : 8 3 ) = [ ] ;

19 TMP4 = transpose ( load ( [ dr , f i l e l i s t ( 1 , : ) ] ) ) ; TMP4 ( 3 4 : 1 2 1 , : ) = [ ] ; %

TMP4 ( : , 8 3 : 8 3 ) = [ ] ;

20

21% Time ax i s

22

23 Time_ax = TMP1( 1 , 2 : s i z e (TMP1, 2 ) ) ;

24 LT_ax = s i z e (Time_ax , 2 ) ;

25%–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

26 TMP1 ( 1 , : ) = [ ] ; TMP2 ( 1 , : ) = [ ] ; TMP3 ( 1 , : ) = [ ] ; TMP4 ( 1 , : ) = [ ] ;

27%–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

28

29% Frequency ax i s

30 Freq_ax = cat (1 , TMP1( : , 1 ) , TMP2( : , 1 ) , TMP3( : , 1 ) , TMP4( : , 1 ) ) ;

31

32 f o r k = 1 : 1 : 5 0 0 0 ; % i t e r a t i o n f o r c o r r e c t i o n

33

34 f o r j = 2 :LT_ax ;

35
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36 d1_2 = TMP1(31 : 32 , j ) – TMP2(1 : 2 , j ) ; d1_2 = mean (d1_2) ;

d12 ( j ) = d1_2 ;

37 d31_32 = TMP3( 1 : 2 , j ) – TMP2(31 : 32 , j ) ; d31_32 = mean (d31_32 ) ;

d3132 ( j ) = d31_32 ;

38 D1_2 = TMP3(31 : 32 , j ) – TMP4(1 : 2 , j ) ; D1_2 = mean (D1_2) ;

D12( j ) = D1_2 ;

39

40 end

41

42 f o r j = 2 :LT_ax ; % delay row

43 f o r i = 1 : 3 2 ; % p i x e l c o r r e c t i o n% delay row

44

45 TMP2( i , j ) = TMP2( i , j ) + d12 ( j ) ∗((32 – i ) /32) + d3132 ( j ) ∗( i /32) ;

46

47 TMP4( i , j ) = TMP4( i , j ) + D12( j ) ∗((32 – i ) /32) ;

48

49

50 end

51 end

52%plo t (TMP( : , 1 ) ,TMP( : , 2 : 1 2 : LT_ax) ) ; hold on

53 end

54

55%TMP = cat (1 ,TMP1( 2 : 3 3 , 1 : j ) , TMP2( 2 : 3 3 , 1 : j ) , TMP3( 2 : 3 3 , 1 : j ) , TMP4

( 2 : 3 3 , 1 : j ) ) ;

56TMP = cat (1 ,TMP1, TMP2, TMP3, TMP4) ;

57

58 p lo t (TMP( : , 1 ) ,TMP( : , 2 : 1 2 : LT_ax) , ’ – r ’ ) ;

59

60 h = s i z e (TMP) ;

61TMP(2 : h ( : , 1 ) +1 ,1:h ( : , 2 ) ) = TMP;

62TMP(1 , 2 : h ( : , 2 ) ) = Time_ax ;

63 save ( [ dr , fn , ’ _pix_corr_5000 – t e s t ’ , ext ] , ’TMP’ , ’ –ASCII ’ , ’ – tabs ’ ) ;
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