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Abstract
In this thesis, we studied the ultrafast spin and electron dynamics triggered by electromagnetic radiation belonging to three
different regions of the electromagnetic spectrum, namely terahertz, near-infrared and extreme ultraviolet. By performing
pump–probe measurements, we explored the role of the lattice in ultrafast spin and electron dynamics in metallic thin films.

Using femtosecond pulses in the near-infrared range, we investigated the role of the magneto-crystalline anisotropy in
the ultrafast spin dynamics in epitaxial hcp-cobalt thin film. We observed an average 33 % slower dynamics along the easy
magnetization axis compared to the hard axis one, which we could attribute to the magneto-crystalline anisotropy of the
electron–phonon coupling, supported by ab initio calculations.

Intense terahertz magnetic fields (of the order of 0.3 T, corresponding to 1 MV/cm electric fields) were implemented to
trigger ultrafast spin dynamics in epitaxial cobalt films with different crystalline phase and magneto-crystalline anisotropy.
We detected the appearance of nutation resonances and of a lagged magnetization response which we could describe
with the formalism of magnetic inertia. We also observed a correlation between the strength of the magneto-crystalline
anisotropy and the characteristic nutation frequency for each sample.

Extreme ultraviolet (XUV) pulses were used to study ultrafast magnetization dynamics at nanometer length scales in
a CoGd alloy via transient grating experiments, with the XUV radiation used to both pump and probe the material. We
observed an ultrafast demagnetization response in the first 50 fs following the pump excitation, followed by a fast recovery
within 500 fs, and subsequent slow recovery on the tens of picoseconds scale, which depended on the transient grating
period. This work demonstrated the possibility of realizing transient magnetization gratings at the nanoscale, which will
allow to study magnetism and its coupling to the lattice thermal bath combining ultrafast and nanoscale information.

Finally, we investigated the electron and lattice dynamics of platinum and gold thin films looking at their transient
reflectivity upon excitation with terahertz and near-infrared radiation. Platinum showed a qualitatively similar reflectivity
loss and recovery at both wavelengths, which we could describe using a standard two-temperature model approach. On the
other hand, for thin gold films which also showed the expected transient reflectivity behavior at the near-infrared pump
wavelength, the terahertz-induced dynamics showed a much smaller reflectivity increase, which we could attribute to the
field emission of electrons via Fowler-Nordheim tunneling.
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Abstract

In this thesis, we studied the ultrafast spin and electron dynamics triggered
by electromagnetic radiation belonging to three different regions of the elec-
tromagnetic spectrum, namely terahertz, near-infrared and extreme ultraviolet.
By performing pump–probe measurements, we explored the role of the lattice
in ultrafast spin and electron dynamics in metallic thin films.

Using femtosecond pulses in the near-infrared range, we investigated the
role of the magneto-crystalline anisotropy in the ultrafast spin dynamics in
epitaxial hcp-cobalt thin film. We observed an average 33% slower dynamics
along the easy magnetization axis compared to the hard axis one, which we
could attribute to the magneto-crystalline anisotropy of the electron–phonon
coupling, supported by ab initio calculations.

Intense terahertz magnetic fields (of the order of 0.3 T, corresponding
to 1 MV/cm electric fields) were implemented to trigger ultrafast spin dy-
namics in epitaxial cobalt films with different crystalline phase and magneto-
crystalline anisotropy. We detected the appearance of nutation resonances and
of a lagged magnetization response which we could describe with the formal-
ism of magnetic inertia. We also observed a correlation between the strength
of the magneto-crystalline anisotropy and the characteristic nutation frequency
for each sample.

Extreme ultraviolet (XUV) pulses were used to study ultrafast magnetiza-
tion dynamics at nanometer length scales in a CoGd alloy via transient grating
experiments, with the XUV radiation used to both pump and probe the ma-
terial. We observed an ultrafast demagnetization response in the first 50 fs
following the pump excitation, followed by a fast recovery within 500 fs, and
a subsequent slow recovery on the tens of picoseconds scale, which depended
on the transient grating period. This work demonstrated the possibility of re-
alizing transient magnetization gratings at the nanoscale, which will allow to
study magnetism and its coupling to the lattice thermal bath combining ultra-
fast and nanoscale information.

Finally, we investigated the electron and lattice dynamics of platinum and
gold thin films looking at their transient reflectivity upon excitation with ter-
ahertz and near-infrared radiation. Platinum showed a qualitatively similar
reflectivity loss and recovery at both wavelengths, which we could describe
using a standard two-temperature model approach. On the other hand, for
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thin gold films which also showed the expected transient reflectivity behavior
at near-infrared pump wavelength, the terahertz-induced dynamics showed a
much smaller reflectivity increase, which we could attribute to the field emis-
sion of electrons via Fowler-Nordheim tunneling.
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Sammanfattning

Vi studerade den ultrasnabba spinn- och elektrondynamiken drivna av elektro-
magnetisk strålning som tillhör tre olika regioner av det elektromagnetiska
spektrumet, nämligen terahertz, nära infraröd och extrem ultraviolett. Genom
att utföra pump-prob mätningar undersökte vi gittrets roll i ultrasnabb spinn-
och elektrondynamik i metalliska tunna filmer.

Med hjälp av femtosekundpulser inom det nära-infraröda området under-
sökte vi rollen av den magnetokristallina anisotropin i den ultrasnabba spinn-
dynamiken i en epitaxiell hcp kobolt tunn film. Vi observerade en genomsnitt-
lig 33% långsammare dynamik längs den lätta magnetiseringsaxeln jämfört
med den hårda axeln, vilket vi kunde tillskriva den magnetokristallina aniso-
tropin i elektronfononkopplingen, med stöd av ab initio beräkningar. Starka
terahertz-magnetfält (cirka 0,3 T, motsvarande 1 MV/cm elektriskt fält) im-
plementerades för att inducera ultrasnabb spinndynamik i epitaxiella kobolt-
filmer med olika kristallina faser och magnetokristallin anisotropi. Vi detek-
terade nutationsresonanser och ett fördröjt svar av magnetiseringen, vilket vi
kunde beskriva med formalismen av magnetisk tröghet. Vi observerade också
en korrelation mellan styrkan av den magnetokristallina anisotropin och den
karakteristiska nutationsfrekvensen av varje prov.

Extremt ultravioletta (XUV) pulser användes för att studera ultrasnabb
magnetiseringsdynamik vid nanometerskalor i en CoGd-legering via transi-
enta gitterexperiment, med XUV-strålning som användes för att både pumpa
och proba materialet. Vi observerade en ultrasnabb avmagnetisering under de
första 50 fs efter pumpexciteringen, följt av en snabb återhämtning inom 500
fs och en efterföljande långsammare återhämtning på en skala av tiotals pi-
kosekunders, beroende på perioden av den transienta gittern. Dessa resultat
visade möjligheten att realisera transienta magnetiseringsgitter på nanoskalan,
vilket öppnar upp undersökningen av magnetism och dess koppling till gitt-
rets termalbad genom att kombinera information vid den ultrasnabba och den
nanometriska skalorna.

Slutligen undersökte vi elektron- och gitterdynamiken i platina och guld
tunnfilmer genom att observera deras transienta reflektivitet med terahertz och
nära infraröd som pump strålning. Platina visade en kvalitativt lika reflektivi-
tetsförlust och återhämtning vid båda våglängderna, vilket vi kunde beskriva
med en standard tvåtemperatursmodell. Å andra sidan, för tunna guldfilmer
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som också visade det förväntade transienta reflektivitet vid den nära-infraröda
pumpvåglängd, visade den terahertz-inducerade dynamiken en mycket mindre
ökning av reflektiviteten, vilket vi kunde tillskriva fältemission av elektroner
via Fowler-Nordheims tunnling.
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1. Introduction

The fascinating story of magnetism dates all the way back to the sixth century
BC. The ancient Greeks called magnet as magnetes named after the region
Magnesia where magnetite stones attracting were first discovered. There are
recorded history about the use of magnets in ancient Egypt, Sumeria, China,
India and Crete. All the early civilizations held the belief that it was of celestial
origin [1]. The earliest known technological application of magnets is the use
of magnetic compass needles in China around third century BC.

Arguably, the most important use of magnets today is in the field of mem-
ory storage. Some important criteria for memory storage devices are cost-
efficiency, energy-efficiency, high density of information per square millime-
ter, high speed of access and long storage time. The magnetic memory storage
is still the cost-efficient way to store data for a very long time. The density of
information in magnetic memory tapes is doubling roughly every two to three
years [2]. The issue to tackle here is the energy-efficiency and the speed of
access. The data storage industry is energy hungry and as per 2018 statistics
[3], data centres use an estimated energy of 200 terawatt hours (TWh) each
year. This accounts for 1% of global energy consumption and this value is ex-
pected to increase with the ever increasing demand for data storage. The way
to fast and energy-efficient data storage lies in understanding the fundamentals
of magnetism.

The timescales of magnetization dynamics are shown in Figure 1.1. These
timescales are linked to their interaction energies. The exchange splitting be-
tween the spins is of the order of magnitude of 1 eV [5]. According to Heisen-
berg’s uncertainty principle, the timescale of exchange interaction is a few
femtoseconds. Likewise, the spin-orbit interaction between electron spin and
its orbital motion lies in the energy interval of 10–100 meV. This corresponds
to the timescale of 50-500 fs. With the advent of femtosecond laser sources, it
is possible to access these timescales in the lab.

The pioneering experiment by Beaurepaire et al [6] in 1996 demonstrated
sub-picosecond magnetization response in ferromagnetic nickel following ex-
citation by a 60 femtosecond pulse. Figure 1.2 shows such ultrafast quench-
ing of magnetization, which is inconsistent with the magnetization dynam-
ics expected by Landau-Lifshitz-Gilbert (LLG) equation [7]. They explained
this phenomenon of ultrafast demagnetization in terms of the interaction be-
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domain

Figure 1.1: Timescales of magnetization dynamics. Exchange interaction is of
the order of 1 fs and spin-orbit coupling is of the order of 100 fs. Figure repro-
duced from [4].

tween electronic, spin and lattice subsystems using a phenomenological three-
temperature model. This model takes care of the conservation of energy dur-
ing ultrafast demagnetization. But the important question of the conservation
of angular momentum at these ultrafast timescales still remains not fully an-
swered [7–31].

There have been many theories formulated to explain the ultrafast quench-
ing of angular momentum during ultrafast demagnetization. Most of the the-
ories proposed fall under two categories: spin-flip scattering [21] and spin-
transport mechanism [12]. Spin-flip scattering suggests ultrafast transfer of
angular momentum to the lattice through the enhanced scattering of electrons
with phonons or impurities. The Elliot-Yafet-type mechanism of spin relax-
ation was used to explain this process [10, 32]. The spin-transport model sug-
gests that a superdiffusive transport of majority spins from the area of exci-
tation leads to ultrafast demagnetization. But none of the theories have been
able to conclusively provide an answer to the mechanism of ultrafast angular
momentum dissipation.

The role of lattice in ultrafast demagnetization was discussed in many pre-
vious works [10, 11, 14, 21, 33–37]. But surprisingly, there is no systematic
studies performed on the role of lattice symmetry in ultrafast magnetization
dynamics. Such a study could provide more insights into the microscopic
mechanism of angular momentum conservation at ultrafast time scales. This
thesis is partly focused on finding solution to the question of the role of lattice
symmetry in the ultrafast demagnetization and its subsequent recovery.

Ultrafast demagnetization triggered using femtosecond optical pulses is
regarded as an incoherent phenomenon as magnetization is not known to re-
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Figure 1.2: Ultrafast demagnetization induced by a 60 fs laser pulse observed
in ferromagnetic nickel. The normalized magnetization remanence reduces in
sub-ps time scale followed by a slow recovery. Figure reproduced from [6] with
permission.

spond to a few femtoseconds-long optical fields. In contrast, electromagnetic
pulses in the terahertz (THz) frequency region can coherently interact with
spins to drive ultrafast dynamics. The picosecond-long magnetic fields of the
THz pulse provides Zeeman torque to the spins triggering coherent precession
about the effective magnetic field [38–40]. In addition to the precession, res-
onant spin nutation at THz frequencies has been observed recently [41]. The
nutation was described by phenomenological reformulation of the LLG equa-
tion known as inertial LLG equation which is consistent with a more realistic
inertial tensor [42]. However, the microscopic mechanism of inertial oscilla-
tions at ultrafast timescales is still not completely understood [43–67]. Part of
this thesis studies the inertial spin dynamics and its relation to the crystalline
structure of the material under investigation further exploring the role of lattice
in ultrafast spin dynamics.

The role of diffusive and super-diffusive spin transport in ultrafast demag-
netization has been well studied theoretically. But there are very limited num-
ber of experimental tools for studying ultrafast spin dynamics at nanometer
length scales. Transient grating measurements using ultrafast extreme ultra-
violet pulses from Free electron lasers is one such tool [68]. We employ this
technique on magnetic systems to create transient magnetization gratings and
explore its dynamics.

This thesis also investigates pump induced reflectivity dynamics in non-
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magnetic metals. We compare the terahertz and optically induced dynamics in
platinum and gold thin films, two metals that are neighbors in the periodic table
but having very different band structures. High density of electronic states of
platinum at Fermi level in contrast to the low density of electronic states of
gold provides an excellent platform to study the interaction of free electrons of
metals with different regions of electromagnetic spectrum.

The common theme of this thesis is coupling/interaction of different light
fields with the materials under investigation. Within each material, we explore
the interaction between different degrees of freedom.

1. Paper I: Interaction between spin and lattice in a ferromagnet driven by
near-infrared light.

2. Paper II: Interaction between spin and lattice in a ferromagnet driven
by terahertz light.

3. Paper III: Interaction between between thermal and magnetization dy-
namics driven and probed by extreme ultraviolet light.

4. Paper IV: Interaction between between electron and phonons with ter-
ahertz and near-infrared light.

Outline of the thesis

The thesis is divided into 8 chapters. Chapter 2 contains the theoretical tools
needed to understand the transient reflectivity and ultrafast magnetization ex-
periments. Chapter 3 describes the experimental setup used for this thesis
work. Chapter 4 (Paper I) is dedicated to the study of anisotropic ultrafast
spin dynamics in an epitaxial cobalt film. Chapter 5 (Paper II) studies the
terahertz magnetic field driven inertial spin dynamics in epitaxial cobalt films.
Chapter 6 (Paper III) describes the nanoscale magnetization transient gratings
created in CoGd alloy using extreme ultraviolet pulses. Chapter 7 (Paper IV)
deals with the effect of terahertz and optical pump on the reflectivity dynamics
of platinum and gold. Chapter 8 discusses the conclusion of this thesis and the
prospects of the experiments therein.
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2. Theory of measurements

This chapter focuses on the theory of transient reflectivity and transient magneto-
optical Kerr effect measurement. We also discuss a few models used in ex-
plaining pump-induced reflectivity and magnetization dynamics. The chapter
is divided into two major sections. Section 2.1 of the chapter deals with the
theory of transient reflectivity in metals induced by optical and terahertz exci-
tation. This includes the physical processes following ultrafast excitation and
the phenomenological two-temperature model. Section 2.2 deals with transient
magneto-optical Kerr effect which is used to probe the magnetization dynamics
of the material. This section includes the anisotropic magneto-optical Kerr ef-
fect, transient magneto-optical Kerr effect, its relation to the genuine magneti-
zation dynamics, and models used to explain incoherent and coherent magneti-
zation dynamics namely three-temperature model and Landau-Lifshitz-Gilbert
(LLG) equation respectively.

2.1 Transient reflectivity measurements

2.1.1 Transient reflectivity induced by optical and terahertz fields

Figure 2.1: Schematic representation of the distribution of electrons [69] just
after the absorption of pump photons of energy, hn by the electrons in the metal
(t = 0). The result is the non-thermal distribution of electrons. The Fermi energy
is denoted as EF .
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Figure 2.2: Schematic representation of Fermi-Dirac distribution (a) just after
the thermalization of hot electrons by electron-electron scattering (time t = tee).
The result is the thermal distribution of electrons characterized by an electronic
subsystem temperature, Te. The temperature of the electronic subsystem is more
than the lattice temperature (b) just after the electron-phonon relaxation time (t
= tel). The electron and lattice temperature is the same here. The Fermi energy
is denoted as EF .

Across this thesis, we use optical and terahertz pump beams to drive dy-
namics in metallic systems. This dynamics is measured as a transient reflec-
tivity change of the probe following the pump excitation. All the experiments
presented in this thesis are on metallic systems and hence we limit our dis-
cussion to the ultrafast pump-excitation of metals. The comparison of the dy-
namics induced by terahertz and optical radiations, which differs in frequency
by three orders of magnitude, is insightful in understanding the microscopic
mechanism of excitation.

A metallic system is composed of core electrons that are bound to the nu-
clei of atoms and of valence electrons which move freely between the nuclei
in the free electron gas approximation. The valence electrons which are free to
move form the electronic subsystem (electron gas) in a metal. The core elec-
trons together with the nuclei form the lattice subsystem in the metal. The core
electrons have binding energies usually far higher than those provided by visi-
ble/IR light or terahertz (THz) light, they don’t interact with the IR/THz part of
the electromagnetic spectrum. The free electrons are instead accelerated and
can absorb energy in this region which is then transferred to the lattice.

In our experiments, the ultrafast pump (IR/THz) impulsively deposits en-
ergy into the electronic subsystem of the metal. The lattice cannot absorb light
in the visible portion of electromagnetic spectrum [70] directly since the fre-
quencies of phonons are smaller compared to that of optical radiation (tens of
meV vs 1 eV). Even in the terahertz region, despite the phonon frequencies
matching the pump frequency, the pump is mostly absorbed by electrons due
to their high number density. This energy is deposited within the penetration
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depth of the radiation in the sample. For metals, the optical penetration depth
is tens of nm, whereas the THz penetration depth is hundreds of nm.

The electrons react to the pump excitation by interband or intraband tran-
sition and/or free carrier absorption. The result is a non-thermal distribution of
electrons just after the pump excitation. Figure 2.1 shows the electronic dis-
tribution just after the absorption of pump photons of energy, hn by electrons.
Table 2.1 summarizes the energy scales and timescales of various processes
happening after the excitation of the metallic sample by the ultrafast pulse.

After excitation, the electrons quickly thermalize through electron-electron
scattering. The electrons excited by optical pump interact in a negligible way
with the phonons before thermalization, since their energies are different by
two orders of magnitude. In contrast, the electrons excited by the THz ra-
diation lies very close to the Fermi level EF and is within the bandwidth of
phonons (tens of meV) indicating a possibility of immediate electron-phonon
coupling even before complete electron thermalization. Moreover, according
to the Landau’s Fermi liquid theory, THz pulse-excited electrons thermalize
significantly slower than those excited by the optical pulses (i.e.) relaxation
time, t µ (E�EF)�2. Thus, the route of electron thermalization is different for
the THz induced dynamics compared to the optically induced one. The subse-
quent dynamics that happens at picosecond timescales is not directly affected
by the pump frequency and depends only on the amount of energy deposited
by the pump.

Once thermal equilibrium among the hot electrons is reached, we can as-
sign a temperature, Te to the thermalized electrons. Figure 2.2(a) represents
the Fermi-Dirac distribution of electrons just after the thermalization. The
thermalized electron bath is localized within the ballistic range (in tens of nm)
quickly after the pump pulse leaves the system. At the same time, the lattice
subsystem is not heated up significantly since the pump doesn’t deposit energy
directly to lattice. Moreover, the heat capacity of electrons is much smaller
compared to that of the lattice. Thus, just after the pump pulse leaves the sys-
tem, we have a hot electronic subsystem with temperature Te and a relatively
cold lattice subsystem with temperature, Tl where Te > Tl.

2.1.2 Two-temperature model

The two-temperature model (2TM) is a phenomenological model which deals
with the heat exchange between two systems,each of which is in local thermal
equilibrium. This model was proposed by Kaganov, Lifshitz, and Tanatarov
[71] when investigating the departure from Ohm’s law at high current values.
Figure 2.3 is the schematic depiction of the 2TM during ultrafast pump excita-
tion.
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Process Energy/Velocity
scale

Timescale

Individual electron-electron scattering 1 eV 1 fs
Individual electron-phonon scattering tens of meV hundreds of fs
Ballistic transport 106 ms�1 tens of fs
Electronic diffusion 104 ms�1 1 ps
Lattice diffusion 102 ms�1 hundreds of ps

Table 2.1: The approximate energy (velocity) scales and time scales of various
processes that happen after the ultrafast laser pump irradiates the metallic sample.
The timescales of transport process are calculated as the time required for the
particles to transport heat out of the optical penetration depth, d0. Here the time
for diffusion, t=d0/v, where v is the velocity scale of the process.

Figure 2.3: Electronic and lattice subsystems with temperatures Te and Tl re-
spectively. Gel is the electron-lattice coupling factor. The laser source S(~r,t)
excites the electronic subsystem directly. The heat is transferred to the bulk of
the sample through heat diffusion and ballistic transport.

We use the two-temperature model to calculate the evolution of the elec-
tronic temperature and the lattice temperature after the laser irradiation. The
evolution of electronic temperature is coupled to the evolution of lattice tem-
perature through the electron-lattice coupling, Gel . The heat diffusion of the
electronic subsystem is also accounted in the model. The laser source term is
present only in the equation for electronic subsystem as the lattice does not
absorb energy directly. The coupled partial differential equations for the two-
temperature model is,

Ce(Te)
∂Te

∂ t
= —(ke(Te)—(Te))�Gel(Te �Tl)+S(~r, t) (2.1)
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Cl(Tl)
∂Tl

∂ t
= Gel(Te �Tl) (2.2)

Te : Electronic temperature (K)
Tl : Lattice temperature (K)
Ce : Electronic heat capacity (J/m3K)
Cl : Lattice heat capacity (J/m3K)
S(~r,t) : Laser power density (W/m3)
Gel : electron-phonon coupling factor (W/m3K)
ke : electronic heat conductivity (W/mK)

The two-temperature model was first used by Allen in the context of pi-
cosecond relaxation dynamics of metals [72] to calculate the energy relaxation
through electron-phonon scattering. The electronic heat capacity, Ce(Te) = gTe,
g is the coefficient of electronic heat capacity, makes the equation non-linear.
The equation for the evolution of Tl doesn’t contain any diffusion term since
we assume negligible heat diffusion through lattice at ultrafast time scales (see
Table 2.1). The lattice diffusion term has to be taken into account for de-
scribing the dynamics of the system up to nanosecond timescales. It is to
be noted that two-temperature model cannot reproduce experimental results
completely by itself. Although it gives the evolution of temperature of vari-
ous subsystems, the relationship between temperature change and reflectivity
change is non-trivial and requires knowledge of interband and intraband tran-
sitions of the material at probe wavelength. The assumptions considered for
two-temperature model, the validity of assumptions and its limitations are dis-
cussed in detail in Appendix A.

2.2 Transient magneto-optical measurements

The ultrafast optical pump-probe measurements conducted on 3d ferromag-
netic metals paved way to the discovery of ultrafast demagnetization. In 1996,
Beaurepaire et al.[6] observed incoherent sub-picosecond quenching of ferro-
magnetic order and its subsequent recovery. With the emergence of high-field
THz sources, coherent magnetization dynamics at ultrafast timescales has also
been observed[38, 39].

From the time of discovery of ultrafast demagnetization, there have been
many discussions on whether the measured magneto-optical signal is a genuine
magnetization signal or an optical artefact. [73]. In this section, we address
different artefacts that can occur in time-resolved anisotropic magneto-optical
Kerr effect measurements. We also discuss the theoretical models used to ex-
plain both incoherent and coherent ultrafast magnetization dynamics.
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2.2.1 Anisotropic magneto-optical Kerr effect

Figure 2.4: Schematic of longitudinal anisotropic MOKE. The incoming p-
polarized probe acquires rotation and ellipticity (qk and ek) upon reflection from
a magnetized material surface. The magnetization (M) is in the x-direction. The
material has a uniaxial anisotropy. The symmetry axis of the sample (easy axis
of magnetization) is at an angle f with respect to the x-axis. The rotation and
ellipticity of the reflected light is given in the inset.

We use Longitudinal Magneto-Optical Kerr Effect (LMOKE) to probe
magnetization dynamics. This section deals with the theory of LMOKE and
the effect of in-plane anisotropy in the interpretation of LMOKE data.
The magnetization of a thin film ferromagnetic material can be probed us-
ing the magneto-optical Kerr effect. Depending on the geometry of the mea-
surement, Kerr effect can be classified into three types, namely longitudinal,
transverse and the polar Kerr effect. They are respectively sensitive to Mx,
My and Mz components of magnetization vector M. The effect is observed as
magnetization dependent rotation (qk) and ellipticity (ek) of polarization axis.
The experimentally accessible quantity here is the Fresnel’s coefficients of re-
flection which is defined as the complex ratios between the reflected (r) and
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incident (i) electric field amplitudes,

rmn =
Er,m

Ei,n
, (2.3)

where indices m, n stands for the s or p polarization components of the in-
cident (reflected) light. Assuming the first-order magneto-optical Kerr effect
and material magnetized in the plane of air-material interface (Mz=0), we can
obtain the following expression for magnetization dependent Fresnel’s coeffi-
cients [74, 75],

C =

✓
rss rsp
rps rpp

◆
=

✓
rs aMx

�aMx rp +bMy

◆
, (2.4)

where a and b are complex numbers and rs and rp are the magnetization in-
dependent components of rss and rpp respectively. The polarization effects
due to MOKE is quantified as the ratio rsp/rp in case of p-polarized incident
light. The treatment for s-polarized light is similar. For analysis in this section,
we will be using p-polarized probe light. The rotation(qk) and ellipticity(ek)
acquired upon reflection in the case of magneto-optically isotropic material
medium is given as [74–76],

Q̃k = qk + iek =
rsp

rp
= ãMx, (2.5)

where Q̃k is the complex Kerr angle, ã =�inQ cosqi tanqr/[(ncosqi�cosqr)
(ncosqr +cosqi)]. n is the refractive index, Q is the isotropic magneto-optical
coupling factor, qi and qr are the incident and refracted angles respectively.1

Thus in case of magneto-optical isotropy, we can define the ratio rsp/rp as
longitudinal MOKE, as it is the modification of polarization of incident probe
light due to the longitudinal magnetization component (Mx) only [76].
Figure 2.4 shows the geometry of measurement for the anisotropic MOKE.
To understand the effect of magneto-optical anisotropy, we will consider a
medium with uniaxial anisotropy. This medium has two different magneto-
optical coupling factors namely Qk and Q? along the symmetry axis and per-
pendicular to the axis respectively.
Thus the expression for polarization modification of incident light (Eq. 2.5)
changes as [76],

Q̃k = qk + iek =
rsp

rp
= ã 0[(1+k sin2 f)Mx �k cosf sinfMy], (2.6)

1n and Q are complex numbers.
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where ã 0 = �inQk cosqi tanqr/[(ncosqi � cosqr)(ncosqr + cosqi)] and k =
(Qk �Q?)/Qk and f is the angle between the symmetry axis (easy axis of
magnetization here) and the plane of incidence.
Thus we can infer that, in the case of material with magneto-optical anisotropy,
transverse magnetization component My also contributes to the ratio rsp/rp
with the longitudinal magnetization component Mx. However, it is to be noted
that when sample is oriented with easy axis along the plane of incidence (f=0
degrees, 180 degrees) or with hard axis along the plane of incidence (f=90
degrees, 270 degrees), the magneto-optical signal measured is purely longitu-
dinal.

2.2.2 Genuine magnetization dynamics

The basis of static MOKE is the proportionality between complex Kerr an-
gle and the static magnetization of the material as given in Eq. 2.5. In case
of dynamic measurements, we need to verify the proportionality between the
pump-induced change in complex Kerr angle and the pump-induced change
in magnetization. After the pump pulse excite the system, we probe the tran-
sient magneto-optical response of the material. Phenomenologically, we can
express the time dependent complex Kerr angle (Q̃k) as following [77],

Q̃k(t) = N(t)+ Â
i=x,y,z

ãFi(t)Mi(t), (2.7)

where N(t) is the non-magnetic contribution from nonlinear optical effects,
ãFi(t) is the time dependent Fresnel’s coefficients and Mi(t) is the time de-
pendent magnetization components in different directions as specified in the
equation. The non-magnetic term has the same symmetry upon magnetiza-
tion reversal, whereas the magnetic contribution has the opposite symmetry.
Non-magnetic contributions can be eliminated by measuring the complex Kerr
angle under two opposite magnetization directions. Simplifying the equation
even more by assuming magnetization only in x-direction (as in the case of
isotropic LMOKE), we can express the above equation as, (Here the subscript
for ãF (t) and M(t) was dropped for simplicity)

Q̃k(t) = ãF(t)M(t), (2.8)

When the complex Fresnel’s coefficient is time independent, then the relative
change of complex Kerr angle represents the genuine magnetization dynamics.

DQ̃k(t)
Q̃k0

=
DM(t)

M0
, (2.9)
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where Q̃k0 = Q̃k(t = 0) and M0 = M(t = 0). But when the complex Fresnel’s
coefficient is time dependent, then the change in complex Kerr angle no longer
reflects genuine magnetization. These effects were verified by multiple exper-
iments [73, 78, 79]. When we take the differential of Eq. 2.8 and calculate the
relative change of complex Kerr angle we obtain,

DQ̃k(t)
Q̃k0

=
DM(t)

M0
+

DãF(t)
ãF0

, (2.10)

Separating the real and imaginary parts of the complex Kerr response we get,

Dqk(t)
qk0

=
DM(t)

M0
+

Dar
F(t)

ar
F0

, (2.11)

Dek(t)
ek0

=
DM(t)

M0
+

Da i
F(t)

a i
F0

, (2.12)

where ãF(t) = ar
F(t)+ ia i

F(t). We can obtain the following relation from the
above equations,

DQ̃k(t)
Q̃k0

=
DM(t)

M0
=) Dqk(t)

qk0
=

Dek(t)
ek0

, (2.13)

When the transient magneto-optical effects corresponds to genuine magneti-
zation dynamics, we see similarity in the temporal profile of relative variation
of Kerr rotation and ellipticity. But it does not always hold good the other
way round. The transient Kerr rotation and ellipticity can be the same when
the temporal profile of the relative change of real and imaginary parts of Fres-
nel’s coefficients are equal and are larger compared to the relative change of
magnetization. That is, Dar

F(t)/ar
F0 = Da i

F(t)/a i
F0 >> DM(t)/M0.

The transient change of Fresnel’s coefficient can be related to the change
in diagonal component of dielectric tensor whereas the transient magnetization
change can be associated with the change in the off-diagonal components. The
simultaneous measurement of transient reflectivity and transient transmittivity
gives us an idea about the dynamics of the diagonal components of the dielec-
tric tensor. Thus we can distinguish the dynamics of diagonal and off-diagonal
components of dielctric tensor, by measuring simultaneously the transient re-
flectivity, transient transmittivity, transient Kerr rotation and transient Kerr el-
lipticity [80]. Thus we arrive at a practical relation which tells whether the
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transient magneto-optical signal reflects the genuine magnetization dynamics
[77].

DQ̃k(t)
Q̃k0

=
DM(t)

M0
() Dqk(t)

qk0
=

Dek(t)
ek0

>>
DR(t)

R0
,
DT (t)

T0
(2.14)

where DR(t)/R0, DT (t)/T0 are the transient reflectivity and transient trans-
mittivity signals.

2.2.3 Three-temperature model

The three-temperature model (3TM) is an extension to the two-temperature
model described in section 2.1.2. The spin-system is the third subsystem and
the demagnetization is modelled as the change in spin temperature (Ts) due to
the electronic excitation by the laser pump. This model was used to explain
the experimental data from the first ultrafast demagnetization experiment [6].
Figure 2.5 is the schematic depiction of the 3TM with electronic, lattice and
spin subsystems.

Figure 2.5: Three subsystems, electronic (Te), lattice (Tl) and spin (Ts) are in-
dividually at thermal equilibrium. The energy is exchanged between the subsys-
tems through the subsystem coupling factors. The pump directly interacts with
the electronic subsystem. The transport phenomena driven by the electronic tem-
perature gradient drives the heat into the bulk of the material.

Ce(Te)
∂Te

∂ t
= —(ke(Te)—(Te))�Gel(Te �Tl)�Ges(Te �Ts)+S(~r, t) (2.15)
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Cl(Tl)
∂Tl

∂ t
= Gel(Te �Tl)+Gls(Ts �Tl) (2.16)

Cs(Ts)
∂Ts

∂ t
= Ges(Te �Ts)+Gls(Tl �Ts) (2.17)

where Ges, Gel , Gls are respectively electron-spin, electron-lattice and spin-
lattice coupling factors. Ts is the temperature of spin-subsystem and Cs is the
specific heat of spin subsystem. All other quantities are defined similar to the
Equations 2.1, 2.2.

The microscopic mechanism of electron-lattice coupling (Gel) and spin-
lattice coupling (Gls) has been studied previously [69, 81, 82]. The electron-
spin coupling (Ges) used in the three-temperature model is a phenomenological
factor with no direct microscopic coupling mechanism associated with it. A
limitation of the model is that, it is defined solely based on the energy ex-
change, neglecting the angular momentum exchange between the reservoirs.
Additionally, the spin heat capacity Cs is small that it is often approximated as
zero implying that the dominant energy flow is between electronic subsystem
and lattice subsystem. In this context, Microscopic three-temperature model
(M3TM) was proposed [21] to explain the ultrafast demagnetization including
the angular momentum exchange between the reservoirs based on electronic
and lattice temperatures. This model uses the two-temperature model for the
evolution of electronic and lattice temperatures. The change of magnetization
is calculated from Te(t),Tl(t) and a few material specific parameters calculated
using ab-initio methods. In later part of this thesis (Chapter 4), we employ
a similar approach and model anisotropic magnetization dynamics using two-
temperature model with Gel calculated using ab-initio methods.

2.2.4 Landau-Lifshitz-Gilbert equation

THz pump driven spin dynamics, unlike optically driven one has in addition
to the incoherent demagnetization also the coherent magnetization response
indicating that spins can follow the magnetic field of THz radiation. The co-
herent magnetization dynamics following THz pump can be modelled using
Landau-Lifshitz-Gilbert (LLG) equation,

dM
dt

=�|g|M⇥
 

Heff �
a

|g|Ms

dM
dt

!
(2.18)

where |g|/2p = 28 GHz/T is the gyromagnetic ratio, He f f is the effective mag-
netic field which comprises of HT Hz, demagnetizing field, anisotropy field and
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the external bias field, a is the Gilbert damping parameter, and Ms is the sat-
uration magnetization of the sample. The first term on the right hand side of
the equation is the coherent precession of magnetization about the effective
field and the second term is the damping of the precessional dynamics. From
the equation, we can infer that the coherent precession of M about He f f cannot
happen if they are parallel to each other. At ultrafast time scales, in the absence
of strong anisotropy fields, He f f is dominated by strong magnetic field HT Hz.
The physical mechanism behind the coherent precession is the Zeeman torque
(M ⇥ HT Hz) provided by the THz magnetic field.

LLG equation has been very successful in explaining magnetization dy-
namics that happen in time scale of 0.1 ns or longer. Ferromagnetic resonance
and its subsequent damping that occurs in a similar time scale was explained
using LLG equation. THz pump driven coherent precession that happens at
the ultrafast time scale of THz pump could also be explained using LLG equa-
tion. Despite its success, the formulation of LLG equation is fraught with
some issues. While deriving the equation, Gilbert assumed a ferromagnetic
system with an ad hoc inertia tensor with two diagonal components set to zero
[83]. This non-physical tensor caused inertial terms to vanish from the equa-
tion of motion. Recent experiments [41, 65] and theoretical works [43, 44]
suggest that this approach of ignoring the inertial term is questionable at ultra-
fast timescales. Following this, LLG equation was reformulated to include the
effect of inertia in the so-called Inertial LLG equation (iLLG),

dM
dt

=�|g|M⇥
 

Heff �
a

|g|Ms

 
dM
dt

+ t d2M
dt2

!!
(2.19)

In addition to the precession and damping terms of LLG equation, iLLG
equation has second derivative of magnetization with respect to time. Here t
is the angular momentum relaxation time of the inertial dynamics. Figure 2.6
shows the comparison of magnetization dynamics with and without the iner-
tial term. Panel (a) shows the dynamics without inertial term calculated using
equation 2.18. The precession of magnetization about effective field He f f and
its subsequent damping is seen in the schematic. This is the FMR which has
a frequency of around 20 GHz. Panel (b) shows the dynamics including the
inertial term calculated using equation 2.19 from the experiment by Neeraj et
al [41]. In addition to the 20 GHz FMR oscillation it has a high frequency os-
cillation of 0.6 THz called nutation. This term manifests in the magnetization
dynamics as the wiggling of the spin in a plane perpendicular to the plane of
precession as shown in panel (b).
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Figure 2.6: (a) Schematic of precession of a spin about an effective field He f f
and its subsequent relaxation. Bottom panel is the LLG calculations with fre-
quency of magnetic field on x-axis and susceptibility on y-axis. The calculations
show a FMR peak at around 20 GHz (b) Schematic of precession of a spin about
an effective field He f f accompanied with nutation and its subsequent relaxation.
Bottom panel is the iLLG calculations with frequency of magnetic field on x-
axis and susceptibility on y-axis. The calculations show a FMR peak at around
20 GHz and a nutation peak 0.6 THz. Black (red) arrows denote the direction of
precession (nutation). Figure reproduced from reference [41] with permission.
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3. Experimental techniques

We have used mainly three experimental techniques to measure magnetic and
optical dynamics in metallic thin films, namely the optical pump-probe, the
terahertz (THz) pump-optical probe, and extreme ultraviolet (EUV) transient
grating methods. In this chapter, we discuss the experimental setups together
with the physical mechanism of probing the pump-driven dynamics.

Laboratory-based optical pump-probe and THz pump-optical probe setup
are explained respectively in Sections 3.1 and 3.2. The magneto-optical Kerr
effect which is used to probe magnetization dynamics is explained in Section
3.3. The EUV transient grating experimental setup based on external facility
FERMI Free Electron Laser (FEL), Trieste, Italy is explained in Section 3.4.

3.1 Optical pump-probe setup

The laser source used in this thesis is Astrella ultrafast amplifier laser system
from Coherent Inc. This laser system delivers high energy (7mJ) ultrashort
pulses (35 fs FWHM specified) centered around 800 nm at 1 kHz repetition
rate (see Appendix B for more details). The temporal and spectral profile of
the pump/probe pulse of the setup is given in the Figure 3.1.

Figure 3.2 shows the schematic of the optical pump-probe setup used in
our laboratory. The ultrashort pulses delivered by the laser amplifier is demag-
nified using a reflective telescope and is later split to two paths with a beam
splitter BS. The beam splitter reflects 90% of the incident light and this is used
as the pump. The transmitted 10% is sent to a retroreflector placed on a motor-
ized delay stage and later to the sample for stroboscopic measurements. The
reflected pump beam is modulated with a mechanical chopper at half the laser
repetition rate (500 Hz) to facilitate pump on-pump off measurements. The
pump then goes through a series of optics that controls the intensity and po-
larization finally impinging the sample at an angle close to normal incidence.
The probe is incident on the sample at an angle of 45 degrees with respect to
the normal. The geometry of the experimental setup is chosen in such a way as
to reduce coherent artefacts formed at ultrafast time scales due to pump-probe
interference which is typical in a degenerate pump-probe experiment (see Ap-
pendix C). The probe beam after its interaction with the sample is redirected
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Figure 3.1: Temporal and spectral characterization of the pulse (a) Intensity au-
tocorrelator trace showing the temporal profile of the pulse with autocorrelation
width of 80 fs (b) Spectral profile of the pulse centered around wavelength 800
nm with a bandwidth of approximately 20 nm

to the detection setup which measures the polarization rotation by the means
of a half wave plate, wollaston prism and a pair of balanced photodiodes. We
can also measure ellipticity of the probe polarization by replacing half wave
plate before the detection box with a quarter wave plate. For performing time-
resolved magneto-optic measurements that occupies a significant part of this
thesis, we need to have a well-defined magnetization state of the sample. This
is achieved by saturating the sample by placing it in between the poles of an
electromagnet as shown in the figure. More details about time-resolved mag-
neto optic measurements are presented in the last section of this chapter. An-
other feature of the setup is the capability to pump and (or) probe at 400 nm
wavelength. We employ a 10 micrometer-thick non-linear optical crystal Beta-
barium borate (BBO) that generates the second harmonic of the fundamental
laser frequency for this purpose. The use of different wavelengths for pumping
and probing the dynamics also helps in eliminating the coherent artefacts due
to the pump-probe interference.

3.2 THz pump–optical probe setup

We generate large amplitude, broadband THz pulses required for the THz
pump-optical probe experiment in a table-top setup using organic crystals with
high second-order optical non-linearity. In our setup, ionic crystal DSTMS
and non-ionic crystal OH1 are used to generate THz radiation via optical recti-
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Figure 3.2: Optical pump probe experiment setup. The sample is mounted
with an electromagnet in order to perform time-resolved magneto-optic measure-
ments. The pump and probe wavelength is 800 nm with a possibility to have 400
nm radiation as both pump and/or probe The signal detection is done with the
help of a balanced detector and lock-in amplifier. The optics used in the setup are
explained in the legend given on the top left hand side of the figure [84]
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fication of femtosecond optical pump pulses [85]. Optimal phase matching in
DSTMS and OH1 is achieved when pumped with pulses of wavelength 1560
nm and 1300 nm respectively. These wavelengths are generated using an op-
tical parametric amplifier (OPA) by down converting the 800 nm output from
the Laser amplifier system.

In order to detect the generated THz pulse, we employ a coherent detection
method called electro-optic sampling based, on birefringence of non-linear op-
tical crystals like Gallium Phosphide (GaP) [86]. The THz pump pulse induces
a birefringence in the crystal which rotates the polarization of the incident
probe beam. This change in polarization proportional to THz electric field
strength is measured using balanced detection technique.

Figure 3.3 shows the schematic of THz generation and its subsequent de-
tection used in our laboratory. The 800 nm pulse from laser amplifier is inci-
dent on a beam splitter, which reflects 90% of the incident radiation into an op-
tical parametric amplifier (OPA) for down-conversion to produce pump wave-
lengths needed for THz generation. The transmitted 10% is sent to retrore-
flecting mirrors (RR) mounted on a motorized delay stage which is later used
as probe for both pump-probe measurements and electro-optic sampling. The
output of OPA is modulated with a mechanical chopper to half the repetition
rate (500 Hz) of laser amplifier. The pump pulse is then incident upon the
organic crystal OH1/DSTMS which in turn generates THz radiation by opti-
cal rectification of the ultrashort pump pulse. We use gold mirrors to collect,
collimate and focus the THz radiation owing to their frequency independent
high reflectance across the bandwidth of the generated THz pulse. Parabolic
mirror (PM1) collects the THz emitted from the organic crystal and redirects
it to the flat gold mirror (GM). This mirror in turn reflects the incident THz
to the parabolic mirror PM2. The distance between parabolic mirrors PM1
and PM2 is equal to the sum of their focal lengths (with focal lengths fPM1
< fPM2) making them into a telescopic beam expander system. The expanded
beam is focused into the electro-optic sampling crystal GaP using PM3 for the
coherent detection of THz radiation. The parabolic mirror PM3 used for THz
focusing has a small hole of diameter 3 mm in the center in order to let the
800 nm pulse from the delay stage to pass through for colinear probing of THz
radiation and THz-driven dynamics. The THz pump induces birefringence in
the GaP crystal causing the 800 nm probe to rotate the polarization in complex
plane. This rotation is detected with the help of a Quarter-wave plate (QWP),
Wollaston prism (WP) and a pair of balanced photodiodes. It is to be noted
that the generation and detection of THz pulse is performed within a Nitrogen
purged box in order to reduce the humidity that absorbs THz radiation.

Figure 3.4 (a) and (b) shows the electro-optic sampling of THz radiation
generated by OH1 crystal and DSTMS crystal respectively. The respective
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Figure 3.4: Electro-optic sampling signal of THz radiation generated from (a)
OH1 crystal and (b) DSTMS crystal. x-axis is the time delay in picoseconds and
y-axis is the THz electric field amplitude in MV/cm. Inset: Fourier transform of
respective signals. x-axis is frequency in terahertz and y-axis is the amplitude in
arbitrary units.

insets shows the Fourier transform of the time-domain signal. We have used
a 50-micrometer-thick GaP crystal for electro-optic sampling and this creates
some measurement artifacts in the form of back-reflections. In the figures
reported here, we have zero-padded after the main pulse to remove these arte-
facts.

The difference between THz generated by OH1 crystal and DSTMS crys-
tal is mainly in the time-duration of the pulses and correspondingly the band-
width. THz pulse from OH1 is approximately 1.5 ps in duration, whereas that
in DSTMS is around 1 ps. The Fourier transform shows that OH1 emits in the
frequency range 1-2.5 THz, whereas DSTMS emits in the range 2-5 THz.

We can estimate the THz electric field strength from the probe intensity
modulation in the balanced detection setup. The THz electric field, ET Hz is
given by [88],

ET Hz =
sin�1 (DI

I )l0

2pn3
0r41tcryL

(3.1)

where n0=3.193 is the refractive index of GaP at 800 nm, L=0.05 mm the
thickness of the crystal, l0 = 800 nm is the probe wavelength, r41=0.88 pm/V
the electro-optic coefficient, and tcry is the Fresnel coefficient for reflective loss
at the GaP crystal. The value DI corresponds to the difference of signals (I1 �
I2), while I is the sum of signals (I1+ I2) detected by the balanced photodiodes
D1 and D2.
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OH1 crystal can produce electric field strengths up to 1 MV/cm when
pumped with an incident fluence of 2 mJ/cm2, whereas DSTMS crystal can
produce fields slightly exceeding 1 MV/cm for the same fluence. In order to
do THz pump-optical probe experiments, we mark the location of THz pulse
focus with a continuous wave laser and then replace GaP crystal with the sam-
ple.

3.3 Magneto-optical Kerr effect setup/detection

We employ magneto-optical Kerr effect (MOKE) to measure the static mag-
netization and magnetization dynamics of ferromagnetic thin films. The in-
teraction of the polarization of probe beam with the magnetization results in
the rotation of incident polarization in the complex plane. This rotation, when
measured, provides indirect information about the sample magnetization (M)
and its dynamics.

Figure 3.5 shows the common geometries used to measure MOKE, each
giving information about different vectorial components of M. Figure 3.5 (a)
is the longitudinal MOKE where M is parallel to both the sample plane as well
as plane of incidence. This geometry measures the in-plane component of
magnetization parallel to M (Mx). A larger angle of incidence (qi) is preferred
in this geometry as it measures the projection of magnetization in the direction
of incident probe. Figure 3.5 (b) is the transverse MOKE that measures in-
plane magnetization perpendicular to M (My). In this case plane of incidence
is perpendicular to sample magnetization. Figure 3.5 (c) is the polar MOKE
that measures the out-of-plane component of magnetization (Mz) and thus a
smaller angle of incidence is preferred in this geometry. For most part of this
thesis, we will be measuring the in-plane component of magnetization with the
longitudinal MOKE geometry.

There are two major schemes of detection used generally for polariza-
tion analysis of the probe: crossed-polarizer scheme and balanced detection
scheme. In the former method, the reflected light from the sample is sent to
the analyzer whose pass axis is orthogonal to the incident probe polarization.
When the sample is not magnetized, there is no magneto-optical rotation of po-
larization, and the incident polarization is largely reduced by the analyzer and
we measure minimal photocurrent at the diodes. However, when the sample is
magnetized, the polarization of the reflected beam is rotated by a small angle
and the photodiode reads photocurrent proportional to the polarization rota-
tion. This scheme requires only one detector for measurement, however it is
not preferred due to its lower sensitivity and higher non-magnetic background.

In the balanced detection scheme, the reflected probe goes through a half
wave plate and a wollaston prism. The wollaston prism separates the polar-
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Figure 3.5: Geometries for measuring MOKE. Plane of incidence is marked
by blue with angle of incidence qi. The sample magnetization is denoted as M
(a) Longitudinal MOKE - M is parallel to the sample plane as well as plane of
incidence (b) Transverse MOKE - M is parallel to the sample but perpendicular
to the plane of incidence (c) Polar MOKE - M is perpendicular to the sample
plane but parallel to the plane of incidence

ization in to s and p-components, both of which are detected by two identical
silicon photodiodes. The differential signal from the diodes is then measured
using a lock-in amplifier. The half-wave plate before the wollaston prism is
used to equalize the intensity of light at two diodes such that the differential
signal is zero when the sample is not magnetized. We could also use a quarter
wave plate to balance the signal between the diodes. In that case, we would be
measuring the Kerr ellipticity of the material which provides information about
the birefringence of the sample. Balance detection is usually preferred since
it is more sensitive due to the common mode noise rejection of differential
detection. In order to measure a magneto-optic hysteresis loop, we sweep the
field from negative saturation field to positive saturation field and back. Fig-
ure 3.6 shows the magneto-optic hysteresis loop of an epitaxial cobalt sample
(easy axis) measured using balanced detector. The bias field Hext is continu-
ously swept from -100 mT to 100 mT and back and the resulting Kerr rotation
is plotted. This magneto-optic loop is very similar to the M-H hysteresis loop
measured using other techniques like Vibrating Sample Magnetometry (VSM)
indicating that Kerr rotation is directly proportional to the sample magnetiza-
tion and hence a good probe for static magnetization measurements. In order to
normalize the measured signal to units of rotation (as given in Figure 3.6), we
analyze how differential signal is related to Kerr rotation using Jones matrices
approach.

Let us assume p-polarized incident probe. The electric field,~E of the probe
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can be represented as, 
Es
Ep

�
=


0
1

�

The complex reflection from the sample can be characterized by the matrix C,

C =


rss rsp
rps rpp

�

Assuming that there is no transverse or polar components to magnetization
(My = Mz = 0, Mx 6= 0), but only longitudinal component, the matrix C can be
written as

C = rp


l Q̃k

�Q̃k 1

�

rs and rp are the magnetization independent components of rss and rpp, l =
rs/rp and Q̃k is complex Kerr angle for p-polarized light.

Q̃k = rsp/rp = qk + iek

where the real part, qk is the Kerr rotation and imaginary part, ek is the Kerr
ellipticity. Kerr rotation detected as the difference in reflectivity of s and p
components of polarization is given by,

IROT = Ip � Is

=
R
2

 ����
�
1 0

�✓1 1
1 �1

◆✓
Q̃k
1

◆����
2

�
����
�
0 1

�✓1 1
1 �1

◆✓
Q̃k
1

◆����
2
!

= 2Rqk
(3.2)

where R =|rp|2. The ellipticity measurement requires a quarter wave plate in
front of the Wollaston prism with its axis oriented at 45 degrees with respect
to the horizontal axis. Ellipticity is the difference in reflectivity of right and
left circular polarization components indicative of birefringence of the sample
[77].

IELLI = I+ � I�

=
R
4

 ����
�
1 0

�✓1 + i 1 � i
1 � i 1 + i

◆✓
Q̃k
1

◆����
2

�
����
�
0 1

�✓1 + i 1 � i
1 � i 1 + i

◆✓
Q̃k
1

◆����
2
!

= 2Rek
(3.3)
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Figure 3.6: MOKE loops measured on epitaxial cobalt. The external magnetic
field is changed from -100 to 100 mT and back to observe the hysteresis. The
y-axis is normalized and is given in units mrad.

The above equations indicate that the differential signals measured are pro-
portional to Kerr rotation (qk) and ellipticity (ek). The differential signals can
be converted to the corresponding Kerr rotation (ellipticity) values by normal-
izing the y-axis values by 2R which is the sum of signal received in both diodes
(i.e.) Ip + Is (I++ I�) considering linear magneto-optic Kerr effect. After nor-
malizing with the total signal, we obtain magneto-optic Kerr signal in millira-
dians as shown in Figure 3.6.

Magneto-optic Kerr effect can be used as a probe to measure magnetization
dynamics in a pump-probe geometry. The setups shown in Figure 3.2 and
Figure 3.3 measures magnetization dynamics in this manner known as time-
resolved magneto-optic Kerr effect (TR-MOKE). In order to do TR-MOKE,
we saturate the sample magnetization in one direction using an external bias
field H+ followed by a pump-probe experiment to monitor the pump-driven
dynamics. This measurement is repeated with sample magnetization saturated
in the opposite direction using external field H� (equal to H+ in magnitude).
The difference removes most of the optical artefacts and gives magnetic signal.
This is shown in the Figure 3.7 (a). The time trace denoted by red circles
and blue circles are respectively the dynamics observed after saturating the
sample with H+ and H�. The difference between the traces gives the pure
magnetic signal which is shown with green circles. Figure 3.7 (b) shows the
same magnetization signal (green circles) normalized with respect to the static
magneto-optic hysteresis. It also shows the normalized change in reflectivity
of incident probe polarization upon pumping which is of purely optical origin.
The y-axis for the respective signals are marked with a circle and arrow. Here,
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the magneto-optic signal is 2 orders of magnitude larger as compared to the
the optical signal indicating a genuine magnetization dynamics.

Figure 3.7: Time-resolved magneto-optical Kerr effect (a) Time evolution of
magneto-optic signal after excitation with an optical pump at time = 0 ps. The
time trace when the magnetization is saturated in positive and negative directions
shown to demonstrate polarization rotation not related to magnetization dynamics
is possible in the experiment. The difference (given in green) is the pure magneti-
zation signal (b) Difference in left panel normalized with the static magneto-optic
Kerr effect to get the change of Kerr rotation in percentage (green circles) with
y-axis on the left side and transient reflectivity normalized using static reflectivity
with y-axis on right side (orange circles).

The time-dependent Kerr rotation, DIq (t) and time dependent ellipticity,
DIe(t) are calculated from Equations 3.2 and 3.3.

DIq (t) = 2R0Dq(t)+2DR(t)q0 (3.4)

DIe(t) = 2R0De(t)+2DR(t)e0 (3.5)

Generally DR(t)<< Dq(t) in ferromagnetic metals as shown in Figure 3.7(b).
The measured time-dependent Kerr rotation and ellipticity can be used to

calculate the time dependence of complex Kerr angle, Q̃k.

DQ̃k(t) =
q

Dq 2(t)+De2(t) (3.6)

We have shown in Chapter 2 that the change in QK truly represents change
in magnetization (i.e.) DQK µ DM under certain conditions (equation 2.14).
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Time-resolved magneto optic Kerr effect driven by optical pump contains
only incoherent ultrafast demagnetization signal as shown in Figure 3.7. In
contrast to this, THz pump can induce both incoherent and coherent magne-
tization dynamics depending on the pump polarization. Figure 3.8 shows the
coherent and incoherent magnetization responses of epitaxial cobalt following
THz excitation. We observe an incoherent magnetization response in the form
of ultrafast demagnetization when the THz magnetic field (HT Hz) is parallel
to sample magnetization (MkHT Hz). This is denoted by orange circles in the
figure. Coherent magnetization dynamics is triggered when HT Hz is perpen-
dicular to M and it is denoted by blue circles. The coherent dynamics follow
the time integral of THz magnetic field (shown in dashed gray lines) and both
of them are completely in-phase.

Figure 3.8: THz pump driven spin dynamics in epitaxial cobalt sample. The
dashed grey lines show the integral of the THz magnetic field. The blue cir-
cles and orange circle denote coherent and incoherent magnetization dynamics
respectively. Coherent dynamics is triggered when sample magnetization is per-
pendicular to THz magnetic field and incoherent dynamics is triggered when
sample magnetization is parallel to THz magnetic field.

3.4 Extreme ultraviolet transient grating experiment

Transient grating experiments are a sub-class of four wave mixing character-
ized by 4 electromagnetic waves interacting at the sample surface. In a typical
transient grating, unlike a pump-probe experiment, the pump is split into two
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paths and these two pump beams are made to interfere at the sample surface to
form a transient grating. A probe beam is then send to the sample in a strobo-
scopic fashion to monitor the decay of grating via diffraction. When there is
no transient grating at the sample surface, probe transmits straight through the
sample, while in the presence of transient grating it diffracts according to the
grating period. The intensity of the probe diffraction spot is measured in order
to understand the decay of transient grating. This method of measuring dy-
namics has mainly two advantages compared to the conventional pump-probe
experiments. There is no background signal on the detectors before the forma-
tion of transient grating improving the signal to noise ratio of the experiment.
More importantly, optical pump-probe measurements can measure the dynam-
ics only at zero momentum transfer, whereas transient grating experiments can
measure the dynamics at a finite momentum transfer offering an opportunity
to study ultrafast dynamics on a finer spatial scale.

The momentum transfer (transient grating vector) is given by,

k = (4p/lpump)sin(2q/2) = 2p/L (3.7)

where lpump is the wavelength of pump beams, 2q is the crossing angle be-
tween the pumps and L is the period of the transient grating. From the ex-
pression it is clear that higher momentum transfers can be reached by reducing
the wavelength of the pump beams and (or) by increasing the crossing angle.
However, the momentum transfer attainable with an optical transient grating is
still close to zero.

In order to reach higher momentum transfer, we make use of the extreme
ultraviolet pulses from free electron laser facility, FERMI (acronym for Free
Electron laser Radiation for Multidisciplinary Investigations), Trieste, Italy.
FERMI is a unique free electron laser that produces ultrashort (10-100 fs),
high-brilliance EUV pulses when triggered by an external seed laser. This al-
lows the generation of fully coherent, stable EUV pulses in the wavelength
range 4-100 nm, which are tunable in power, temporal duration and polariza-
tion.

The EIS-TIMER beamline of FERMI is designed to perform extreme ul-
traviolet transient grating measurements where the period of transient grating
can be varied from hundreds of nanometers to less than 10 nm [89–91]. In
this beamline, two non-colinear EUV pump pulses create a transient grating
at the surface of the sample, which is probed by a time delayed EUV pulse
via diffraction. The scheme of EIS-TIMER beamline is shown in the Fig-
ure 3.9. The beam from the FEL is deflected towards the TIMER beamline
with a switching plane mirror (SM). This beam is split by plane mirror M1, a
wavefront-division beam splitter that reflects half of the beam diameter to the
delay line via M3 and M4. The rest half of the beam travels towards the mirror
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Figure 3.9: Extreme ultraviolet (EUV) transient grating experiment at the beam-
line EIS-TIMER, FERMI. Both the pump beams (pump A and pump B) and
probe are EUV pulses. The diffracted signal from the transient grating is de-
tected by a CCD camera. The crossing angle between pumps is denoted as 2q
and the diffraction angle of the probe signal is denoted as qsig.The sample is kept
in a bias magnetic field Hext for investigating magnetization dynamics.

M2 and gets further split into two by M2. The reflected and transmitted halves
of the beam are respectively pump A and pump B, which are focused at the
sample position with the help of toroidal mirrors FMA and FMB. The beam
that passes through the delay line acts as probe and is focused at the sample
using FMpr. It is to be noted that all the three beams are co-planar lying in the
plane parallel to the laboratory. The crossing angle between the two pumps are
denoted as 2q and the diffraction angle of the probe is denoted as qsig. The
probe diffracted at the transient grating is detected by a CCD camera. In this
figure the sample is placed in an external magnetic field Hext for measuring
nanoscale magnetic transient gratings.

The technical challenges do not allow the setup to have continuous tuning
of crossing angles. The currently available crossing angles for the setup are
18.4, 27.6, 79, and 105 degrees. Additionally the delay line of the probe beam
requires specialized multilayer mirrors for reflecting at 45 degrees incidence
imposing some constraints in the available probe wavelengths. Pump wave-
length is chosen in such a way as to meet the transient grating phase matching
condition for Bragg diffraction, lpump = 3lprobe. By scanning all the available
crossing angles and probe wavelengths, one could get momentum transfers in
the range 0.3-1.1 nm�1 from this setup.

Figure 3.10 shows the geometry of a typical transient grating experiment.
The pumps A and B cross the sample at an angle 2q , creating a grating of
period L. A time delayed probe beam diffracts at this grating at an angle
qsig to the CCD detector. The sample is a metallic thin film fabricated on a
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Figure 3.10: Geometry of transient grating experiment. The pump crossing an-
gle is 2q and the probe diffraction angle is qsig. The white a gray patches denote
the maxima and minima of transient grating with period L. The sample is fab-
ricated on a thin membrane to reduce the transmission losses of the diffracted
probe.

thin membrane made of silicon nitride to reduce the transmission losses of
diffracted probe beam.
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4. Anisotropic ultrafast spin
dynamics in epitaxial cobalt

The observation of ultrafast demagnetization in ferromagnets triggered by fem-
tosecond optical pulses raised an important question regarding the mechanism
of angular momentum dissipation at ultrafast timescales [6]. The role of lat-
tice as a sink to the angular momentum has been proposed by earlier works
with Elliott-Yafet-type spin-flip scattering as the dissipation mechanism. How-
ever, the efficiency of this mechanism in angular momentum dissipation is still
widely debated [10, 11, 34, 35, 92]. Surprisingly, there are only very few ex-
perimental studies on epitaxial systems that allows accurate testing of various
theoretical models [33, 36, 37, 73, 93]. Recently, femtosecond X-ray diffrac-
tion has been employed to study lattice dynamics following ultrafast demagne-
tization in epitaxial iron thin film [33]. This experiment suggested the possibil-
ity of ultrafast analog of Einstein-de Haas effect, where angular momentum is
dissipated via coherent mechanical rotation of the sample mediated by the gen-
eration of terahertz frequency transverse acoustic phonons. Nevertheless, the
complete understanding of the role of lattice structure and magnetocrystalline
anisotropy in ultrafast magnetization dynamics is still lacking.

In Paper I, we investigate the ultrafast spin dynamics in an epitaxial hcp-
(11̄00) cobalt thin film. We performed time-resolved magneto-optical Kerr
effect measurements by saturating the sample magnetization along either the
easy axis of magnetization or the hard axis one. We extracted the demagne-
tization and recovery times for both orientations and found that the dynamics
along the easy magnetization axis is slower by an average 33% when com-
pared to the hard axis magnetization dynamics. We thus observed the effect of
anisotropy in both ultrafast demagnetization and the fast recovery of magneti-
zation. We also observed a similar anisotropy in the Gilbert damping param-
eter at the much slower timescale of ferromagnetic resonance. We attribute
the observed evidence to the anisotropy of the electron-phonon coupling in
presence of spin-orbit interaction, supported by ab initio calculations. Our
results highlight the important and previously undisclosed role of anisotropic
electron-phonon coupling in ultrafast magnetism.
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5. Inertial spin dynamics: the role
of magneto-crystalline anisotropy

Magnetization dynamics occurring at timescales of tens of picoseconds or
slower is well described by the textbook Landau-Lifshitz-Gilbert (LLG) equa-
tion. However, the pioneering work of Beaurepaire et al. [6] demonstrated the
possibility of sub-picoscond magnetization dynamics beyond the description
of the LLG equation, paving the way for ultrafast magnetism research. A re-
cent theoretical study showed that from a classical mechanics point of view,
the LLG equation assumes an unphysical inertial tensor [42]. This was already
suggested by Gilbert himself in his review work on the damping of magneti-
zation dynamics in ferromagnets [83]. A re-derivation of the LLG equation
with a realistic inertial tensor results in a slightly modified form called in-
ertial Landau-Lifshitz-Gilbert equation (iLLG), which contains an extra term
proportional to the second-order temporal derivative of magnetization. This
equation predicts the occurrence of a spin nutation at a frequency much higher
than ferromagnetic resonance (FMR) one. Recently, Neeraj et al. [41] veri-
fied this prediction and observed a nutation resonance in the 1 THz frequency
range. Despite the novel experimental evidence, and the significant theoreti-
cal progress to understand the microscopic origin of inertia of spin [43–54], a
complete picture of how different material parameters affects inertial dynamics
is still missing.

In Paper II, we investigate the spin dynamics driven by terahertz mag-
netic fields in epitaxial cobalt thin films in its three crystalline phases, namely
face-centered cubic, body-centered cubic and hexagonally close packed, with
distinct magneto-crystalline anisotropy. The terahertz magnetic field generates
a torque on the magnetization which causes it to precess for about 1 ps, with
a sub-picosecond temporal lag from the driving force. Then, the magnetiza-
tion undergoes natural damped oscillations in the THz range at a characteristic
frequency of the crystalline phase, containing higher order harmonics of the
fundamental. We describe the experimental observations solving the iLLG
equation. Using the results from the relativistic theory of magnetic inertia, we
find that the angular momentum relaxation time h is the only material parame-
ter needed to describe all the experimental evidence. Our experiments suggest
a correlation between h and the strength of the magneto-crystalline anisotropy.
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6. Nanoscale transient mag-
netization gratings created and
probed by femtosecond extreme
ultraviolet pulses

With the advent of X-ray free electron lasers, it is now possible to investi-
gate femtosecond magnetization dynamics with nanometer spatial resolution
[94–98]. Ultrafast spin transport phenomena including super-diffusive spin
currents, partially responsible for ultrafast demagnetization, can be studied ex-
perimentally performing ultrafast X-ray pump-probe experiments. A recent
instrumental advancement in this regard is the extreme ultraviolet (XUV) tran-
sient grating technique [68, 90] developed at the FERMI free electron laser in
Trieste, Italy, which has a temporal resolution of the order of 10 fs and a spatial
resolution of the order of 10 nm.

In Paper III, we describe the transient magnetization grating experiment
performed at FERMI. We use femtosecond XUV radiation to create nanoscale
magnetization gratings with periods as short as 44 nm on a CoGd alloy thin
film. The resulting magnetization dynamics is monitored using a resonant
XUV probe at the M-edge of cobalt exploiting magnetic diffraction. We study
the magnetic field dependence of the diffracted probe intensity and find strong
signal when the sample is saturated, and a negligible effect it is not, implying
a predominantly magnetic origin of the signal. We observe an ultrafast demag-
netization in the first 50 fs followed by a fast recovery lasting approximately
500 fs, i.e. in the typical timescale of electron-phonon coupling. The sub-
sequent slow relaxation of magnetization at time scales > 10 ps is consistent
with thermal diffusion, which we find to be dependent on the transient grat-
ing period. This approach opens up avenues to study ultrafast magnetization
dynamics on nanometer length scales approaching the exchange length.
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7. Ultrafast electron dynamics
in platinum and gold thin films
driven by optical and terahertz
fields

Optically-induced ultrafast dynamics in metals is usually discussed using a
phenomenological two-temperature model [99]. According to this model, ul-
trafast optical pulses directly excite energetic electrons (⇠ 1 eV), which ther-
malize within tens of femtoseconds via electron-electron collisions to a Fermi-
Dirac distribution at a higher temperature than the initial one. At later times,
they thermalize with the lattice with characteristic times of hundreds of fem-
toseconds to a few picoseconds [100–103]. This model is in principle applica-
ble to dynamics driven by THz radiation as well, since it does not rely on the
specific mechanism of excitation but only on the total energy deposited. How-
ever, the thermalization of low energy electrons (⇠ 1 meV) is much slower and
not completely described by the so-called Fermi liquid model, unlike the case
of optically excited electrons [104]. Moreover, the much larger pondermotive
energy of THz fields compared to the one of optical fields can also result in
nonlinear and non-thermal electron dynamics [105]. Thus, a comparison of
dynamics driven by terahertz and optical fields could provide insight into the
thermalization of electrons [106, 107].

In Paper IV, we investigate the ultrafast electron dynamics triggered by ter-
ahertz and optical pumps in platinum and gold thin films. We employ the tran-
sient optical reflectivity of a time-delayed 800 nm probe pulse to monitor the
pump induced dynamics. The response of the platinum film to the THz pulse
is similar to the optically-induced response of both platinum and gold. On the
other hand, gold exhibits negligible THz pulse-induced reflectivity change. For
platinum, we estimate a 20% larger electron-phonon coupling for THz-driven
dynamics when compared to the optical excitation, which can be attributed to
non-thermal electron-phonon coupling in the THz range. Finally, we explain
the substantially different terahertz response of gold as due to the field emis-
sion of electrons via Fowler-Nordheim tunneling. These results provide insight
into ultrafast processes relevant for electro- and magneto-optical applications.
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8. Conclusion and Outlook

8.1 Conclusion

One of the major ideas behind this thesis was the study of ultrafast magne-
tization dynamics in crystalline materials with well-defined lattice structures.
This approach enabled us to understand fundamental mechanism of interac-
tion between different degrees of freedom in materials and allowed us to test
theoretical models with greater accuracy. Two experiments included in this
thesis, namely the optical pump-probe experiment on epitaxial hcp cobalt and
THz pump-optical probe on different lattice structures of cobalt, bear testi-
mony to this idea. The former experiment showed the role played by magneto-
crystalline aniostropy in the ultrafast magnetization dynamics. We could ob-
serve an anisotropy in ultrafast demagnetization time and its subsequent re-
covery time depending on the relative orientation of sample magnetization
with respect to the lattice structure. We attributed it to the magneto-crystalline
anisotropy of electron-phonon coupling, supported by ab initio calculations.
The latter experiment using the terahertz pump could drive resonant spin nu-
tation which was damped at picosecond timescales, and whose frequencies
depended on the lattice structure. These two experiments together provided
insights into the mechanism of angular momentum relaxation from spin sys-
tem to lattice during both coherent and incoherent ultrafast magnetization dy-
namics. In order to understand other channels of ultrafast angular momentum
relaxation such as spin diffusion, we extended the application of the technique
of transient grating measurements to magnetic systems. By creating transient
gratings using extreme ultraviolet pulses we could access the length scales of
nanoscale spin transport. The work presented in this thesis would serve as a
precursor to the future experiments aimed at understanding non-equilibrium
spin transport phenomena and its role in ultrafast magnetization dynamics. As
an apparent detour from the major theme of this thesis, we also explored ul-
trafast electron dynamics in non-magnetic metals, platinum and gold. The ex-
citation of electrons close to the Fermi level in these materials provided many
exciting results such as nonthermal electron-phonon coupling in platinum and
field emission of electrons in gold.
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8.2 Outlook

The study of ultrafast magnetization dynamics in epitaxial model systems is
far from complete, and has much potential both fundamentally and techno-
logically. The direct extension of the work on anisotropic spin dynamics on
epitaxial cobalt would be to further explore the anisotropy at ultrafast demag-
netization timescales. This has been demonstrated in our current work for only
high fluence excitation due to our limited pulse duration of about 50 fs. Im-
provement in pulse duration to sub 20 fs will enable us to systematically study
the role of anisotropy in this time scale. Another interesting idea would be to
study the role of anisotropy in similar systems at the timescales of Gilbert
damping. We have reported preliminary evidence of anisotropy of Gilbert
damping in Paper I. Further study would be instrumental in unified under-
standing of magnetization dynamics happening at different timescales ranging
from tens of femtoseconds to a few nanoseconds.

Further understanding of inertial spin dynamics requires experiments in-
vestigating temperature dependence and magnetic field dependence of nuta-
tion dynamics. This, combined with careful theoretical modelling, could pro-
vide conclusive evidence regarding the role of electron-phonon and electron-
magnon scattering channels in ultrafast spin dynamics. Additionally, numer-
ical simulation of iLLG equations with the parameters obtained from our ex-
periment would be insightful in understanding the role of inertia on technolog-
ically relevant processes like magnetization switching.

Nanoscale transient magnetization grating measurements hold prospects
aiding the understanding of spin transport at different length scales. We already
have performed experiments on CoGd alloys, CoPt and CoNi multilayers with
grating period from 26-130 nm, using both resonant and off-resonant probe
wavelengths. Further experiments aimed at exciting coherent magnons with
finite momentum transfer, discerning pure magnetization signal with polariza-
tion analysis of the probe, and creating periodic magnetization patterns with
polarization grating are currently underway. In the context of understanding
the fundamental mechanism of ultrafast magnetism, one prospective exper-
iment would be comparing the contribution competing mechanisms namely
spin-flip scattering and spin transport to ultrafast angular momentum relax-
ation.

Electron and lattice dynamics in non-magnetic metals, although much stud-
ied, still lacks understanding in many fundamental aspects. The dependence of
the electron-phonon coupling on temperature has been proposed theoretically,
but there is no consistent experimental evidence in this regard. This would be
an obvious area to explore and the results would be invaluable to many sub-
disciplines of condensed matter physics and chemistry. Furthermore, dynam-
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ics of metals at finite momentum transfer is relatively unexplored and would
be essential for the complete understanding of non-equilibrium dynamics. We
have already proposed experiments using EUV transient gratings in order to
study this and received favorable reviews.

The terahertz induced field emission in thin films made of gold would be
of great interest to many disciplines of research especially strong field physics,
material physics and plasmonics. The simultaneous monitoring of reflectivity
change and field emission using photodetector and electron detectors would
be a novel tool to understand the transient changes in the material following
field emission of electrons. It also has immense potential in the technology as
a coherent electron source and a possible method to characterize strong local
THz fields.
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Appendices





A. Two-temperature model

A.1 Assumptions of the model

The electron phonon coupling factor, G (Gel in 2.1 and 2.2) [108],

G = (p2menes2)/6teTe (A.1)

where me and ne are non-relativistic mass of electron and density of free elec-
trons respectively; s is the speed of sound and te is the electron momentum
relaxation time as given by the electrical conductivity of the material. The
electron-phonon coupling is taken as a constant independent of Te [108] since
te µ Te

�1

There are a few assumptions considered in the two temperature model. Local
thermal equilibrium is assumed in both the electronic subsystem and the lattice
subsystem. The initial excitation creates a highly non-equilibrium distribution
of hot electrons. The electron-electron collisions in the electronic subsystem
thermalizes it to a Fermi-Dirac distribution characterized by the electronic tem-
perature (Te). The anharmonic collisions between phonons equilibrates to a
Bose-Einstein distribution within the lattice subsystem with a characteristic
temperature (lattice temperature Tl). It is also assumed that the electron ther-
malization time (tee) is much faster than the electron- phonon relaxation time
(tel). In general, these assumptions hold good for moderate to high excitation
densities in metals [109].

A.2 Validity of the assumptions

A.2.1 Electron thermalization time

Agranat and coworkers [110] checked the validity of assumptions of two tem-
perature model. The hot electron thermalization time tee is,

tee =
1

vFkF

EF
2

hE �EFi2 (A.2)

where vF is the Fermi velocity, kF is the Fermi wave vector, EF is the Fermi
energy and hEi is mean electron energy in the metal determined from the exci-
tation fluence. For platinum, vF = 8.7⇥107 cms�1, kF = 3.26⇥108 cm�1, and
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EF = 5.64 eV. We can realistically assume a mean electron energy difference
of 0.086 eV (1000 K in terms of electron temperature Te) from the Fermi level.
This will give electron thermalization time (tee) of around 150 fs. We can then
assign a temperature to the electronic subsystem as they have thermalized to
Fermi-Dirac distribution.

A.2.2 Electron-phonon relaxation time

The electron subsystem after thermalization can be characterized by electronic
temperature (Te) which is larger than the lattice temperature (Tl). This is due
to the fact that Ce < Cl even at moderate excitation densities. Allen [72] cal-
culated the electron-phonon energy exchange rate at high temperature limit,
where the lattice temperature (Tl) is greater than Debye temperature, qD. The
electron-phonon relaxation (tel) time is estimated to be of the order of a few
picoseconds for moderately high excitation densities (Te,max⇡ 1000K) [101].

A.2.3 Phonon equilibration time

The phonon subsystem acheives equilibrium through scattering by the anhar-
monic potential. The thermalization time of phonons tl is [110],

tl = lph/vs (A.3)

where lph is the phonon mean free path and vs is the speed of sound in the ma-
terial. tl was estimated to be of the order of tens of picoseconds. This is longer
than the electron-phonon relaxation time. But if the lattice temperature rise is
relatively small (< 100 K), we can assume that the deviation from equilibrium
conditions to be equally small. Thus still we can assume a quasi-equilibrium
distribution of phonons with a well defined temperature (Tl).

A.3 Limitations of the model

Despite of the success of this phenomenological treatment of heat exchange
mechanism in coupled systems, it had many pitfalls. Most of these failures
were due to the breakdown of the assumption, tee < tel . It was observed in the
time resolved photo-emission experiment that the electron thermalization time
(tee) in gold was around 800 fs [102, 103] which is comparable to its electron-
phonon coupling time (⇡ 2ps). At low temperature limit, two-temperature
model (2TM) predicted the increase of electron-phonon relaxation time with
cooling down. This was not observed. This led to the conclusion that the as-
sumptions of 2TM does not hold good in the limit of low temperature measure-
ments [104]. It also fails when the excitation density is low. These limitations
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have led to numerous other models based on solving Boltzmann equations on
non-thermal electrons [36, 104, 111]. Recently, it has been shown that the
assumption of electron-phonon coupling G as a constant independent of elec-
tronic temperature is also questionable at high temperature limits necessitating
ab-initio calculations for estimating the temperature dependence of electron-
phonon coupling [112].
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B. Chirped pulse amplification

B.1 Introduction

The configuration of the chirped pulse amplifier (CPA) is given in Figure B.1.
CPA consists of a stretcher, a regenerative amplifier (REGEN) and a compres-
sor. The stretcher stretches the ultra-short pulse from the oscillator by a few
orders of magnitude (sub-picosecond pulse to hundreds of picoseconds). This
reduces the peak power of the pulse. The amplification of the pulse is done
with the REGEN. The amplified pulse is then compressed to sub-picosecond
duration with the compressor. The need of chirped pulse amplification is il-
lustrated in the first section. Various components of CPA is described in the
following section.

B.2 Kerr induced self-focusing

Kerr induced self focusing is a non-linear optical effect which is a major lim-
iting factor in the amplification of femtosecond laser pulses. Self focusing
here is induced by the gradient in refractive index caused by the high-intensity
pulses. The intensity dependent refractive index n(I) is given by,

n(I) = n0 +n2I, (B.1)

where n0 is the linear refractive index, n1 is the non-linear refractive index and
I is the intensity. Since n2 is positive in many materials, the laser beam creates
a higher refractive index towards its center and tend to collapse itself creating
a high intensity in the crystal. This usually damages the crystal.

B.3 Chirped pulse amplification

B.3.1 Stretcher

The first component in CPA is stretcher. Figure B.2 shows the schematic of the
stretcher. Group velocity dispersion (GVD) of different spectral components in
an ultrashort pulse leads to the temporal broadening of the pulse. This process
can be achieved with the help of a pair of gratings and a telescope [113]. This
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Figure B.2: Schematic representation of the stretcher. It uses gratings with pos-
itive GVD to broaden the femtosecond long seed pulse from the oscillator to
hundreds of picoseconds.

makes the pulse positively chirped (the red component of the spectra travels
faster than the blue component in the stretcher) and thus it broadens the pulse
in time. This brings down the peak power of the pulse. The same technique can
be implemented with prisms or with the combination of prisms and gratings.
Though the underlying process is the same, the gratings have much higher
GVD while prisms are optically more efficient.

B.3.2 Regenerative amplifier

The configuration of REGEN is illustrated in Figure B.1. The basic configura-
tion consists of two pockels cells, Ti-Sapphire gain medium, thin film polarizer
and quarter wave plates. The optical components in the cavity are used to ma-
nipulate the polarization state for trapping the seed in the cavity.

• Pockels cell (PC): It functions as electro-optical Q switch. It can act as
a quarter wave plate or a half wave plate depending on the voltage pro-
vided (phase retardation is directly proportional to the voltage applied).

• Quarter wave plate: It changes linear polarized light to circular polariza-
tion by introducing a 90°phase delay between the orthogonal polariza-
tions.
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Figure B.3: The plot of the buildup voltage in REGEN as a function of time.
The plot reperesents the amplification of the seed pulse in time as it goes back
and forth in the amplifier. The buildup voltage for last 5 round trips (5 positive
peaks) in the amplifier are visible in the plot. The voltage buildup of first few
round trips are very small to see in the plot.
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• Thin film polarizer: At Brewster’s angle it reflects the polarization per-
pendicular to the plane of reflection and transmits the polarization which
is parallel to the plane of reflection.

REGEN is pumped with a pump laser. This pump pulse creates population
inversion in the gain medium. The regenerative amplifier picks a seed pulse
from the train of mode-locked pulses from the oscillator. This pulse goes back
and forth in the amplifier through the Ti-Sapphire crystal (typically around 10-
20 times). Each pass through the crystal amplifies the seed pulse. The pulse
energy typically gets amplified by 6 orders of magnitude making the nJ pulses
from oscillator to mJ pulses. The pump pulse duration here is 150 ns. The
seed pulse depletes the population inversion created by the pump pulse in the
process of amplification. Figure B.3 shows the amplification of seed pulse
as the build up voltage of REGEN. The seed pulse exits REGEN when the
amplified pulse energy maximizes.

The process of amplification in REGEN is as follows. The seed pulse
enters the cavity at Brewster’s angle. The polarization of the seed pulse is per-
pendicular to the plane of drawing. The seed pulse goes through PC1 (initially
switched off). Then it goes through the quarter wave plate once before reflec-
tion from M1 and once after reflection. This changes the polarization of the
seed pulse by 90°. The change of polarization permits the pulse to go through
the crystal and thereby get amplified by stimulated emission. The pockels cell
PC2 is also initially switched off.

The seed gets reflected from M2 and goes back to M1. If PC1 is still
switched off, the polarization of light again changes by 90°and gets reflected
from crystal surface thereby exiting the cavity. But if PC1 (acting as a quarter
wave plate) is switched on in the mean time, the polarization of light rotates by
180°effectively unchanging the polarization. Then the seed pulse gets trapped
in cavity till a further change in the polarization configuration of optics in the
cavity. When the maximum pulse energy is reached, the pockels cell (PC2) is
switched on as a quarter wave plate. This changes the polarization by 90°(by
passing through PC2 twice, once before reflection from M2 and once after
reflection). Then the amplified seed exits the cavity by reflecting off from
the thin film polarizer. The amplified beam then proceeds to the compressor.
The switching of pockels cells is precisely controlled by Synchronization and
Delay Generator.

B.3.3 Compressor

The final component in the CPA is the compressor. Figure B.4 is the schematic
representation of the compressor. The amplified pulse from REGEN enters the
compressor. It compresses the pulse back to sub-picosecond duration. This is
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Figure B.4: Schematic representation of the compressor. It uses gratings with
negative GVD to compress the amplified long pulse from the REGEN to fem-
toseconds duration. The output of compressor is the amplified femtosecond
pulse.

done with the help of a pair of gratings with negative GVD. This introduces a
negative chirp equal in magnitude to that of the positive chirp introduced by
the stretcher. Thus the blue spectral component travels faster than the red one,
resulting in a sub-picosecond pulse. The maximum compression that can be
achieved is dependent on bandwidth of the amplified pulse.

B.4 Astrella laser amplifier system

Astrella ultrafast amplifier laser system from Coherent Inc. used in our lab-
oratory is an example of a modern commercial laser CPA system. It delivers
pulses of duration 35 fs (specified full width half maximum) at a pulse energy
of 7 mJ and repetition rate 1 kHz. The central wavelength is around 800 nm
with a nominal bandwidth of 30 nm. It is a mode-locked amplified Titanium-
Sapphire laser comprising of 4 modules [114].

• Vitara seed laser

• Revolution pump laser

• Regenerative amplifier or REGEN

• Stretcher/Compressor
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The coherent vitara (S series) serves as the seed laser for the Astrella
system. This module includes a mode-locked Ti:Sapphire oscillator cavity
pumped by coherent verdi - G series. Verdi is a diode pumped, continuous
wave, frequency doubled Nd:YVO laser (532 nm) [115], with a maximum
power output of 5 W. The Vitara oscillator produces pulses with an average
power >325 mW, repetition rate of 80 MHz and a bandwidth (FWHM) >70
nm. The Revolution provides the pump power to the amplifier module. It is
a diode pumped, Q switched Nd:YLF laser with a second harmonic generator
[116]. It operates at 527 nm wavelength and has a repetition rate of 1 KHz. It
has a maximum power output of 38 W. The REGEN is based on the Coherent
Legend Elite platform. The Revolution module pumps the amplifier with the
seed from Vitara system. The amplification is controlled by the pockels cells of
REGEN. There is also a Synchronization and Delay Generator (SDG Elite) to
control the precise timing of the pockels cells. The stretcher/compressor unit
is used for chirped pulse amplification as mentioned in the previous sections.
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C. Optical artefacts in degenerate
pump-probe experiments

C.1 Introduction

A simplified treatment of the theory of pump-probe measurements is given in
this section. We assume the reflectivity of the sample to be a linear function
of pump intensity. Let r(t) be the impulse response function of the reflectivity
of the sample under consideration. Then the transient change of reflectivity
induced by a pump laser pulse is given by DR(t),

DR(t) =
Z •

�•
dt1Ipump(t � t1)r(t1), (C.1)

where Ipump(t) is the pump pulse intensity. We measure the transient reflec-
tivity signal as the intensity change of the interrogating probe pulse, Iprobe(t).
This is proportional to the convolution of the probe intensity and the transient
reflectivity of the sample.

DIprobe(t) µ
Z •

�•
dt2Iprobe(t � t2)DR(t2), (C.2)

where t is the delay between pump and the probe pulses. Substituting for
transient reflectivity change in above equation yields us the change of probe
intensity as a function of pump-probe delay(t),

DIprobe(t) µ
Z •

�•
dt1r(t1)C(t � t1), (C.3)

where

C(t) =
Z •

�•
dt2Iprobe(t � t2)Ipump(t2), (C.4)

C(t) is the cross-correlation of the pump and probe pulse intensity profiles.
Thus the pump-probe reflectivity signal is given by the convolution of impulse
response of the system with intensity cross-correlation of pump and probe
pulses. This treatment breaks down when we have a degenerate pump-probe
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measurement where the pump and probe wavelengths are the same. The in-
terference between pump and probe pulses is a major concern in this case.
This interference causes coherent artefacts to appear for delays t less than the
pump/probe laser pulse width. Due to the interference, a transient grating pat-
tern is formed on the sample surface. Consequently the heating is not uniform
in the plane of the sample. At the interference maxima, the sample gets more
heated and at the interference minima the heating is less. This results in a pe-
riodic modulation of the refractive index of sample surface. The pump beam
can diffracted from the grating thus formed and propogate along the probe.
This results in the coherent artefact near time zero (time of maximal pump-
probe overlap). The coherent artefact formed during a degenerate pump-probe
experiment on silicon is given in the Figure C.1.

C.2 Coherent artefact

The interference between the pump and probe pulses creates a transient grating
defined by the propogation vectors of pump (kpump) and probe (kprobe) pulses.
The angle between the pump and probe is the grating angle, qG. The transient
grating wave vector is given as [117]:

kgrating = kpump �kprobe (C.5)

The grating reflects the pump beam in the directions dictated by the grating
equation,

d(sinqm � sinqpump) = ml (C.6)

where d = 2p/kgrating is the period of the grating and qpump is the angle sub-
tended by the pump to the surface normal and m is the order of diffraction with
qm being the diffraction angle. The geometry of transient grating formation
is given in Figure C.2. The blue rays give the directions for various orders of
diffraction.

C.3 Elimination of coherent artefact

There are multiple ways to reduce/eliminate the coherent artefact in pump-
probe experiments.

• Orthogonal polarization for pump and probe beam: This will reduce the
interference contrast. The limitation however is the extinction ratio of
the polarizers used.

• Pump-probe power ratio: Increasing the pump-probe power ratio will
reduce the interference contrast.
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Figure C.1: Coherent artefact formed in the transient reflectivity measurement
of silicon. The oscillations near time delay 1 ps corresponds to the pump-probe
interference. For more details, refer to the text.

Figure C.2: Schematic representation of the transient grating formed during de-
generate pump-probe measurements. The thick red line represents the pump and
the thin red line represents the probe. The closely spaced red lines in the sam-
ple represent the transient grating pattern formed on the sample surface. The
symbols used are explained in the text above.
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• Grating angle, qG: The transient grating period, L= lpump/(2sin(qG/2)).
The grating period is zero for co-linear pump probe experiments. If the
pump and probe travels in the same direction, then there is no grating
formed. The grating period can be as large as 400 nm (for lpump = 800
nm) for large values of qG.

The coherent artefact can be analyzed to find out the characteristics of
pump pulse like pulse duration, coherence length etc. Non-degenerate pump
probe experiments (where pump and probe wavelengths are different) don’t
have this problem as there is no interference in that case.
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Licentiate thesis contribution

This dissertation is based in part on the author’s licentiate dissertation (de-
fended on December 16, 2019). The literature review and the analytical de-
scription of have been updated (in chapters 1, 2 and 3). Of the papers included
in this dissertation, only part of Paper I and preliminary study of Paper II
were part of the licentiate. In each chapter, the contribution from the licentiate
thesis is as follows:

1. Chapter 1: This chapter was included in the license; for this dissertation
it has been reviewed and updated.

2. Chapter 2: The description of the theory was included in the licentiate.
It has been modified for this dissertation. Part of the text in chapter 2.2
is new.

3. Chapter 3: The chapter on experimental setup has been modified and
new experimental setups and sections were added to the chapter from
Licentiate (3.2-3.4)

Chapters 4-8 do not have any contributions from Licentiate thesis.
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