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Abstract

This thesis presents studies of ultrafast carrier relaxation dynamics in charge density
wave (CDW) materials by means of femtosecond time-resolved optical spectroscopy. In
these experiments, a femtosecond pump pulse excites electrons via interband transitions,
thereby changing the optical properties of the material. The dynamics of relaxation pro-
cesses is then recorded by measuring the resulting photoinduced changes in the dielectric
function as a function of time after photoexcitation. Utilizing this technique, one can
therefore measure the non-equilibrium quasiparticle and phonon relaxation dynamics in

real time.

The motivation for this research was on one side the major progress that has been made
in the last couple of years in theoretical understanding of the relaxation phenomena in
systems with a narrow gap in the density of states. The Rothwarf-Taylor (RT) model,
developed for understanding the non-equilibrium dynamics in superconductors was orig-
inally used to interpret the relaxation phenomena in CDWs as well. On the other hand,
several arguments could be made against the simple RT model interpreted in CDWs.
Using femtosecond time-resolved optical spectroscopy, we systematically measured the
temperature and excitation intensity dependence of photoinduced reflectivity changes in
CDW materials Ko 3MoO3 and (TaSey)2I. We found that at low perturbations the quasi-
particle relaxation dynamics is excitation intensity independent, which speaks against

the validity of the RT model in CDW materials and calls for the models to be revisited.

The reason for choosing these particular two prototype CDW materials, i.e. Ky3MoOg
and (TaSe4)q2I, was to compare the ultrafast dynamics of weakly and strongly coupled
CDW systems. The aim was to understand their dynamics in order to gain further
complementary knowledge about these materials and the role of interaction strengths
in CDW physics. Surprisingly, we have shown that the temperature evolution of the

electronic and phonon responses in both systems were qualitatively the same.

We have also systematically explored for the first time the high perturbation physics in
both CDW materials and found that non-thermal melting of the CDW can be achieved.
The temperature evolution of the energy Fg,+ needed to induce CDW meltdown was also

studied. In fact, the uncharacteristically low value for Es,; in (TaSeq)q2I, as compared



to Ko.3MoOs3, was the only clue suggesting any qualitative difference between the two

systems.

Systematic studies, where the excitation intensity was changed by more than four orders
of magnitude, suggest that during the process of melting and sub-ps recovery of the
electronic modulation, the electronic and lattice systems are uncoupled. This could
explain why the order parameter recovery is so extremely fast (7 a~ 200 fs) in this
entire class of low-dimensional materials, because a frozen lattice and consequent 2kp
modulation would present a strong potential well driving ultrafast reformation of the

charge density modulation.

Finally, we grew a series of thin Kg3MoQOs films using pulsed laser deposition. The films
were characterized using various experimental techniques including femtosecond time-
resolved optical spectroscopy. We observed the amplitude mode along with zone-folding
phonons characteristic for Ko 3MoOs, proving existence of CDW domains. The system-
atic study of temperature and excitation intensity dependence of relaxation dynamics in
films revealed that there is no major difference between the CDW physics of Kg.3MoOs

in films or in bulk.

KEY WORDS: Carrier relaxation dynamics, femtosecond time-resolved optical

spectroscopy, charge density waves.

PACS: 78.47.3-, 71.45.Lr, 72.15.Nj
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Povzetek

V tem delu predstavljamo raziskavo ultrahitre relaksacijske dinamike nosilcev naboja
v materialih z valom gostote naboja (VGN) s pomocjo femtosekundne ¢asovno loéljive
spektroskopije. Pri tej tehniki s femtosekundnim wvzbujevalnim sunkom vzbudimo ele-
ktrone v visja stanja in s tem spremenimo opti¢ne lastnosti snovi. Dinamiki relaksa-
cijskih procesov nato sledimo s tem, da merimo fotoinducirane spremembe v dielektri¢ni
funkciji kot funkcijo ¢asa po fotovzbuditvi. Z uporabo te metode lahko torej merimo
dinamiko relaksacije kvazidelcev in kolektivnih eksitacij VGN ter fononov v realnem

casu.

Ena od motivacij, da smo se teh raziskav lotili, je bil ogromen napredek zadnjih let
pri teoreticnem razumevanju relaksacijskih pojavov v sistemih z majhno energijsko rezo
v gostoti stanj. Model Rothwarfa in Taylorja (RT), ki je bil razvit za razumevanje
neravnovesne dinamike v superprevodnikih, je bil namre¢ prvotno uporabljen tudi pri
razlagi neravnovesnih pojavov v snoveh z VGN. Po drugi strani pa je veliko opazanj, kot
npr. dve ¢asovni skali v snoveh z VGN, ki so temeljno razlicna med obema sistemoma. S
pomocjo femtosekundne casovno locljive spektroskopije smo kot funkcijo temperature in
moc¢i vzbujanja sistemati¢no merili spremembe v odbojnosti v Ko 3MoOs3 in (TaSey)sl.
Ugotovili smo, da je relaksacijska dinamika pri majhnih perturbacijah sistema neodvisna

od moci vzbujanja, kar govori proti veljavnosti modela RT.

Ko.3MoOs3 in (TaSey)2l smo izbrali z namenom, da bi primerjali §ibko in moé¢no sklo-
pljena sistema z VGN. Dodatno znanje o teh snoveh, predvsem boljSe razumevanje o
vlogi moci interakcij v fiziki VGN, smo zeleli pridobiti preko boljSega razumevanja re-
laksacijske dinamike. Proti pricakovanjem smo pokazali, da je temperaturna odvisnost

elektronskega in fononskega odziva v obeh sistemih kvalitativno enaka.

Prvi¢ do zdaj smo sistemati¢no raziskali tudi fiziko visokih vzbuditev v obeh snoveh
z VGN in ugotovili, da lahko uni¢cimo VGN povsem netermalno. Izmerili smo tudi
temperaturno odvisnost energije Esq, ki je potrebna za uni¢enje VGN in ugotovili,
da je neznacilno nizka Fgq v (TaSes)q2l edini namig o kvalitativni razliki med obema

sistemoma.

vii



Sistematicne raziskave, v sklopu katerih smo mo¢ vzbujanja spreminjali za ve¢ kot za
stiri rede velikosti, kazejo na to, da so v Casu na casovni skali pod ps, ko pride do
unicenja in ponovne vzpostavitve VGN, elektroni in mreza nesklopljeni. S tem bi lahko
pojasnili, zakaj poteka ponovna vzpostavitev parametra reda na tako hitri ¢asovni skali
(1 &~ 200 fs) v tej skupini nizkodimenzionalnih snovi. Nevzbujena mreza namre¢ ostane
modulirana z valovnim vektorjem 2kg, kar ustvari potencialno jamo, ki pospesi ponovno

vzpostavitev VGN.

Za zakljucek smo s pomocjo sunkovne laserske depozicije naredili celo serijo tankih
filmov Ky 3MoOs. Filme smo karakterizirali s pomocjo razli¢nih eksperimentalnih metod
vkljuéno s femtosekundno ¢asovno locljivo spektroskopijo. Poleg amplitudnega moda smo
izmerili ve¢ razli¢nih fononov, ki so karakteristi¢ni za Ky 3MoOg in s tem dokazali obsto]
domen z VGN. Sistemati¢na raziskava relaksacijske dinamike kot funkcije temperature
in moci vzbuditve je pokazala, da v primeru Kg3sMoOs3 ni bistvene razlike med fiziko
VGN v filmih in kristalu.

PREDMETNE OZNAKE: Relaksacijska dinamika nosilcev naboja, femtosekundna

casovno locljiva spektroskopija, val gostote naboja.

STVARNI VRSTILEC: 78.47.J-, 71.45.Lr, 72.15.Nj
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Chapter 1

Introduction

Throughout the history of humankind the development of technology has, hand in hand
with the development of new experimental techniques, led to exploration of phenomena
on ever shorter time scales. One of the frontiers was reached when in 1999 Ahmed
Zewail was awarded the Nobel Prize in Chemistry for ”showing that it is possible with
rapid laser techniques to see how atoms in a molecule move in a chemical reaction” [1].
At the same time, the power and utility of ultrafast femtosecond optical pump-probe

spectroscopies became clear and led to further discoveries in both physics and chemistry.

In femtosecond time-resolved techniques the sample under investigation is photoexcited
by a femtosecond optical pulse and the resulting relaxation dynamics is measured by fol-
lowing the dynamics of changes in the dielectric function (ultrafast optical spectroscopy),
the structural parameters (mainly ultrafast X-ray diffraction [2-5] and X-ray absorption
fine structure [6] and more recently also ultrafast electron diffraction [7-9]) or momentum
and energy dependence of the electron occupation number (time and angular resolved
photoelectron spectroscopy (TRARPES)[10, 11]) as a function of the time delay after
perturbation. The discovery of Ti:sapphire lasers and the subsequent development of
ultrafast lasers [12] has led to commercial lasers with pulse durations shorter than 10 fs.
Since the pulse duration determines the time resolution of the technique, typical time-
scales in condensed matter can be probed. Typical time-scales of interest range from
tens of femtoseconds in the case of electron-electron interactions, to tens of picoseconds
for electron-phonon, spin-lattice or phonon-phonon processes. Importantly, due to typi-
cal penetration depths on the order of 100 nm, one can consider the technique (with the
exception of TRARPES) to probe bulk properties. Also, one of the characteristics of the
approach is that the investigated system is driven out of the thermodynamic equilibrium

by the photoexcitation pulse, however since one of the qualities of the technique is high



Chapter 1: Introduction

sensitivity (relative changes of optical properties of the order of 10~7 can be measured),

studies close to equilibrium are possible.

The most extensively and successfully studied materials using different pump-probe
techniques include simple metals, semiconductors and semiconductor nanostructures
[13]. The success of these techniques in the past 20 years was mostly based on a well
known electronic band structure. However, the focus of attention in condensed matter
physics has switched to strongly correlated systems in the past decade or so, mostly
due to the heightened interest in these technologically important systems. This led to
significant progress in the field of ultrafast phenomena in strongly correlated systems,
even though their electronic structure is complicated and in general not agreed upon.
Systematic studies implementing pump-probe techniques on high temperature supercon-
ductors [14-18], colossal magneto-resistance compounds [19-22], low-dimensional charge
density waves [23, 24] and heavy fermions [25, 26] have shown that these techniques
can yield new, important and complementary (to the more conventional time-averaging
frequency-domain spectroscopies) information on the low energy electronic structure,
together with interaction strengths between various degrees of freedom (electronic, lat-
tice, spin, orbital). On top of that, recent studies of manganites [27], high temperature
superconductors [28] and low-dimensional charge density waves [29] have shown that
the technique can be used to nonthermally switch the electronic phase on a femtosecond

time scale, opening up new possibilities in technological applications.

The first time resolved measurements of the photoexcited relaxation dynamics on the
charge density wave (CDW) compounds were performed on the prototype quasi-1D
CDW semiconductor blue bronze Ko 3MoOs [23] (see Figure 1.1). These experiments
showed dramatic changes in the dynamics upon cooling through the CDW transition
temperature T:CSD = 183 K. Four distinct components have been observed in the pho-
toinduced reflectivity transient, all showing sensitivity to the CDW transition. The first
was an oscillatory component attributed to the coherently excited amplitude mode of
the CDW!. In addition, there were also two distinct fast decay components which were
well fitted by a double exponential decay with decay times 0.5 ps and 10 ps, respec-
tively. The fast decaying component displayed critical behavior near T2 tying it to the
dynamics of the CDW order parameter. Its temperature dependence was very similar
to the dynamics in cuprate superconductors, and was therefore attributed to the single
particle recombination dynamics, which is in the phonon bottleneck scenario governed
by the decay of phonons with energy higher than 2A, A being the magnitude of the
single particle gap in the density of states. The slowly decaying component was tenta-

tively attributed to the overdamped phase mode of the CDW since the damping constant

1See Section 2.5.
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FIGURE 1.1: The first published ultrafast measurements on a CDW material [23]. a)

shows the transient change of reflectivity of Ky 3sMoOg after being excited with an ultra-

fast laser pulse at different temperatures below and above the transition temperature

T, = 183 K. b) shows the data in a semi-logarithmic scale to emphasize bi-exponential

decay behavior. ¢) shows the oscillatory part of the signal which the authors recognized
as the oscillations of the amplitude of the CDW.

matched the width of the phase mode line. Finally, the long lived component was ob-
served with decay time much longer than 10 ns, which was attributed to photogenerated

in-gap localized states.

Since the first report [23] several experimental papers have been published on ultrafast
dynamics in a variety of CDW systems, adding experimental pieces to the CDW puzzle.
A brief chronological overview of the more interesting publications starts in 2002 when
Demsar et al. [24] showed that the dynamics in 1T-TaS, and 2H-TaSes display the same
qualitative behavior as the dynamics in Ko 3MoOs3 [23]. Mihailovic et al. [30] discussed
the use of CDW materials as THz optical modulators for femtosecond data storage
as they used a three-pulse experiment to show that the CDW amplitude mode can be

coherently enhanced or suppressed in 1T-TaS, crystals. The coherent control mechanism

3



Chapter 1: Introduction

was later shown to be general as it was also observed in Ky 3MoOs [31]. In 2004 Ren
et al. [32] revisited the original experiment [23] but used different probing wavelengths
to measure the dependence of different signal components. Besides from the optical-
like amplitude mode, they observed an acoustic mode which they suggested were the
oscillations of the transversal CDW phason? since its dispersion relation corresponded

to the theoretically predicted behavior for a phason [33].

This is roughly where the research presented in this thesis sets in. At that point, several
open questions about the CDW dynamics had yet to be resolved, e.g. one of the most
interesting puzzles was why the time-scale of the initial electronic relaxation in different
CDW materials was about one order of magnitude faster than in superconductors. Also,
the low temperature (7' < 50 K) and excitation intensity dependent measurements
were still missing. On top of that, there were questions about the initial theoretical
description of the CDW relaxation [23], e.g. 2A is comparable to the phonon cut-off
frequency, in some compounds even much larger. The tentative assigment of the phase
mode to the picosecond relaxation component in the original work [23] also presented
a challenge - even if the phase mode had been observed, it was unclear how an IR
active mode would cause the measured reflectivity change. On the other hand, our
laser system (described in Chapter 3) was much improved since the original report
[23], providing much better signal to noise ratio and enabling us to reach orders of
magnitude higher laser pulse energies. This, combined with further progress in the theory
describing the relaxation in gapped systems [34], led us to expand our research efforts to
resolve some of the open questions. Using femtosecond time-resolved optical spectroscopy,
we systematically measured the temperature and excitation intensity dependence of
photoinduced reectivity changes in CDW materials Ky 3MoOs and (TaSeyq)2l. Due to
high signal to noise ratio, we were able to systematically measure for the first time the
CDW dynamics in K9 3MoOj3 at near equilibrium conditions in a temperature range from
4 K —300 K [35]. The most important observation from these measurements was the lack
of excitation intensity dependence in the relaxation dynamics over orders of magnitude
in excitation intensity. This result was inconsistent with the theoretical predictions [36].
We also for the first time systematically explored the relaxation dynamics in the high
perturbation regime [29]. This study provided us with several important findings. We
learned that the CDW can be nonthermally melted, we measured the energy required
to induce the CDW meltdown and perhaps most importantly, we observed that the
electron and lattice systems seem to be uncoupled on very short time scales [29, 35].
Our research continued with a similar study of the quasi one-dimensional CDW system
(TaSeq)oI, which is often discussed in the framework of the strong coupling theory [37].

Our motivation was to learn more about the role of electron-phonon coupling strength

2See Section 2.5
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in CDW phenomena. We managed to obtain only limited evidence for the difference
between the two CDW systems which will be discussed in Chapter 5. At the same time,
a lot of effort was put into growing thin Ky 3MoOg films which would enable one to gain
complementary or new information about the CDW relaxation dynamics by probing the
ultrafast dynamics with electron or THz pulses (see Section 4.4.1). So far we investigated
several films by means of femtosecond time-resolved optical spectroscopy and the results
suggest that we managed to grow polycrystalline films that qualitatively display very

similar relaxation dynamics as bulk (see Section 4.4.3).

In parallel with our research, there were several interesting publications by other groups
that were consistent with our conclusions. Toda et al. [38] focused their attention to the
phonon spectrum of the 2D CDW material 1T-TaSs, which contains zone-folded modes
in addition to the amplitude mode. They observed that while the amplitude mode
appeared instantaneously after perturbation, the strongest zone-folded mode showed a
gradual increase. Their temperature dependences indicated that the rise time of the
zone-folded mode was strongly correlated to the decay of both amplitude mode and sin-
gle particle relaxation®. The same group also expanded their research interest on NbSes
[39] which is a very interesting material to explore CDW physics since NbSes crystallizes
in the form of whiskers which then naturally form ring, M&bius and figure-of-eight ge-
ometries. They were able to show that the single particle relaxation time divergence is
quenched in quasi-one-dimensional ring crystals (as opposed to whiskers) and proposed
an explanation in terms of the enhanced phase fluctuation in the closed-loop topology
(see Figure 1.2). They also proposed an interesting suggestion that there were two dis-
tinct CDW phases in NbSes and tested their claim by measuring the transient response
using different photon energies [40]. Their results suggested that specific signal compo-
nents couple differently to different probe wavelengths. Consequently they successfully
found the photon energy range where just a single phase was probed. In 2007 K¢3MoOs3
was again studied using time-resolved spectroscopy, ellipsometry, and polarized Raman
spectroscopy [41]. In addition to the amplitude mode observed before [23], two ad-
ditional phonons were observed and attributed to zone folding modes associated with
the CDW transition. Photoexcitation intensity dependence was also measured and it
showed that the single particle (incoherent electronic signal) and amplitude mode signal
components scale differently with excitation fluence. This made it questionable whether
displacive excitation of coherent phonons is indeed the generating mechanism for the
observed amplitude mode. Instead, a phenomenological model was proposed in which
the ultrafast decay of the photo excited quasiparticles is responsible for transferring

the energy to the coherent excitation. The frequency-dependent experiments were also

30ne can observe this also in Ko.3MoOs, however it is our conclusion that the observed phenomenon
in both materials is due to beating of two modes that are close to each other (see Chapter 4).
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in line with the proposed generation mechanism as the transient reflectivity response
was found to be consistent with the equilibrium absorption determined by ellipsometry
measurements. The second conclusion from the wavelength-dependent experiments was
that the generation of coherent amplitudons and quasiparticles is strongly enhanced for
wavelengths in the vicinity of the interband plasmon, suggesting an efficient coupling
of the charge excitations to the interband plasmon excitations. In 2008 Yusupov et al.
[42] investigated for the first time the evolution of the CDW gap and the coupling of the
amplitude mode and single-particle excitations with phonons in the 1d- and 2d-ordered
states of three tritellurides: HoTes, DyTes and ThTes. The data from all three different
componds were qualitatively similar to the data for other CDW compounds although

one should note the high signal to noise ratio in these experiments.

sf (@ :‘

- | :

6 \ 3 :
7 | ‘ !
o 5 F H
= 4F . :
S & E /

E o
of *°*° * -~ TR "
20 30 40 50 60 20 30 40 50 60

Temperature [K] Temperature [K]

FIGURE 1.2: Comparison of the temperature dependencies of the relaxation times in
(a) whisker and (b) closed loop topologies show that CDW is suppressed in the latter
case [39].

The other experimental technique that further elucidated the nature of the femtosec-
ond dynamics in CDW materials combined ultrafast laser sources with angular resolved
photoelectron spectroscopy (ARPES). So called time resolved ARPES is especially pow-
erful since it directly monitors the temporal evolution of the electronic distribution after
photoexcitation with an optical pulse. Perffeti et al. [10, 11] measured the transient
ARPES spectra in 1T-TaS, after an intense infrared excitation pulse induced an insula-
tor to metal transition and the excitation of a coherent phonon mode (see Figure 1.3).
Their measurements confirm the original assignment of the amplitude mode [24]. On
the other hand, the measurements also show that upon photoexcitation of the insulating
phase the electronic gap quasi-instantaneously collapses and subsequently recovers on
a subpicosecond timescale. Very recently, Schmitt et al. did a similar experiment in
TbTes [43]. They drove a transient charge density wave melting, excited collective vi-
brations, and observed them through their time-, frequency-, and momentum-dependent

influence on the electronic structure. The technique enabled the authors to identify the

6
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FIGURE 1.3: (a) Time resolved ARPES spectra of 1T-TaSs measured in Ref [10] as

a function of pump-probe delay and binding energy. (b) Two spectra acquired on a

maximum and minimum of one CDW oscillation period display a rigid shift with respect
to each other.

role of the observed collective vibration in the transition and to document the transition
in real time. More importantly, both time resolved ARPES studies provided an explicit
link between the amplitude mode and CDW gap modulation via momentum-dependent

analysis?®.

1.1 Scope of the Dissertation

In Chapter 2 we present the basic phenomenology of the physics of charge density waves.

In Chapter 3 we present the pump-probe technique, we describe the two experimental
set-ups used in our measurements and we discuss the heating effects that are commonly
experienced in these type of experiments. In the last part of Chapter 3, fitting of ultrafast

transients is discussed.

In Chapter 4 we present a series of experiments on the prototype CDW materials
Ko 3MoOg3 and Rbg 3sMoOj3 divided into three parts. First, the data obtained on K¢ 3MoOj3
and Rbg 3MoOs3 crystals in the low perturbation regime are presented and discussed. The
lack of excitation intensity is observed at T' = 4 K over several orders of magnitude, to-
gether with the lack of relaxation dynamics dependence on external field. The results
suggest that the strong bottleneck description of the dynamics and the assignment of the
10 ps relaxation time to the phase mode need to be reconsidered. The data obtained on
Ko.3MoOs3 crystals in the high perturbation regime are presented and discussed in the
second part of Chapter 4. It is shown that the CDW can be nonthermally melted and

“In a nesting-driven CDW, the electrons are most susceptible to scattering by the CDW phonon wave
vector (see Equation 2.7 in Section 2.2).



1.1 Scope of the Dissertation

the temperature dependence of the energy needed to induce the CDW meltdown is mea-
sured. The final Section of Chapter 4 presents our efforts to grow thin Ky 3MoQOj3 films.
We first discuss the film characterization and then present the photoinduced reflectivity

transients in both low and high perturbation regimes.

In Chapter 5 we present pump-probe experiments on (TaSes)ol in the low and high
perturbation regime. The main motivation for these measurements was to see how
electron-phonon coupling strength affects the CDW response dynamics, however the
results seem to suggest little qualitative difference between the weakly coupled (i.e.

Ko.3MoO3) and strongly coupled (i.e. (TaSeys)2I) systems.

In Chapter 6 the main results are summarized.



Chapter 2

Physics of Charge Density Waves

2.1 Introduction

The first time that charge density wave (CDW) materials were postulated was more than
50 years ago when Frohlich (1954) [44] and Peierls (1955) [45] discussed that a highly
anisotropic metal would undergo a transition into a new ground state with decreasing
temperature. It will be shown in Section 2.2 that reducing the dimensionality of a metal
from 3D to 1D causes divergence in the electronic response function x(2kp). This drives
the transition to a new ground state with a spatial modulation of the charge density and
ionic positions (hence the name charge density wave). The transition occurs because
the system gains energy due to the opening of a gap in the density of states at the
Fermi energy. The opening of a gap causes the electron system to gain energy due
to its high susceptibility to modulation with & = 2kg, while the accompanied lattice
distortion costs energy. However, Peierls has shown analytically [45] that the electron
system energy gain overcomes the cost of the lattice distortion energy at T — 0 for
noninteracting electrons. However when Coulomb interactions are taken into account,
the 1D electron gas can stabilize in other ground states (see for example [46]), leading

to superconductivity or spin density wave ground state.

The theoretical predictions received experimental confirmation roughly twenty years
later when several groups of organic and inorganic metallic materials with a linear chain
structure were discovered and examined. The first investigations include KoPt(CN)4Brg 3
(KCP) and tetracyanoquinodimethanide (TCNQ) salts [47], NbSes [48, 49] and TaSes
[50, 51]. Since then, the CDW has been observed in an increasing number of other low
dimensional conductors, including Ky 3MoOgs, Rbg3MoO3 and (TaSey)oI, which are all
in the scope of this work. Interestingly, experimental fingerprints of CDWs were perhaps

first observed as early as 1972, when Fogle et. al [52] measured the nonlinear electrical
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FIGURE 2.1: a) The dc conductivity of three different CDW materials as a function

of temperature. The transition temperatures for all three compounds are marked with

arrows. b) The dc resistivity and the derivative of the logarithm of resistivity that

peaks at the transition temperature and has the value of the gap at small temperatures

due to the temperature dependence of resistivity [60]. The data was extracted from
[51].

conduction in Ky 3MoO3.! However, these results remained fairly unnoticed until optical
measurements gave undisputed evidence of the 1D properties in Kg3MoOj3 as late as in

1981 [54].

The richness of physical manifestations in CDWs include the aforementioned metal to
semiconductor transition [51] (see Figure 2.1) and the energy gap at the Fermi energy
associated with it, strong renormalization of the phonon spectrum above T also known
as the Kohn anomaly [55], lattice distortion [56], anomaly in the specific heat [57-59]
and the collective excitations of the CDW (also known as the phase and the amplitude
mode (AM)) [23]. It is therefore difficult to focus on just one physical phenomenon
in CDW state without understanding at least the basic phenomenology of all of them.
Some basic theoretical background for these phenomena will be given in this chapter

but the reader is encouraged to consult References [60, 61] for a more detailed theory.

2.2 Ground State of a 1D Electron Gas

In this section we will show how the CDW transition can be understood theoretically if
we consider the electrons in a strongly anisotropic material containing quasi-1D chains

to behave as a one-dimensional (1D) electron gas [60]. One can intuitively consider

!The material has been known since 1964 [53)].
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Chapter 2: Physics of Charge Density Waves

such a physical problem since the phase space is reduced to one dimension so the Fermi
surface consists of only two points 2kpr apart. At T — 0 the system is very susceptible

to perturbations with the wavevector 2kr. An analytical examination of the problem

. . . . . . 21.2
requires us to write down the dispersion relation for free electrons in 1D € = g n’i . The
€

Fermi energy is given by

h2k2
€EFp = £

2.1
S (21)

where m,. is the electron mass and kp is the Fermi wavevector. The Fermi wavevector

is given by

N, 2/ Nor\?
_ o7 R <07r) ’ (2.2)

k e :> —
=9 F= om. \ 2L

where Np is the total number of electrons and L is the length of the 1D chain. The total

number of orbitals N (e€) of energy < e can be extracted from Equation 2.2 to obtain

2L

N(e)fﬁ

V2Mmee. (2.3)

Using Equation 2.3 the density of states can be written as

n(e) = %]Z _L Vémek _ N2 (66). (2.4)

Having written down the basic relations for a 1D electron gas, the electron response to

a time independent potential can also be determined

mmzjawﬁwa (2.5)

where the induced charge is expressed through the relation

P = X(D9(). (2.6)

X(@) in the above equation is the so-called Lindhard response function. It is given in d

dimensions [62, 63] as

11
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x(q‘)z/(dk Jr = frtq

2m) € — €htq
where fr = f(eg) is the Fermi function
1
€

fle) = —————.
(€) exp<k;52)+1

(2.7)

(2.8)

Here kp is the Boltzmann constant and p is the chemical potential that is chosen for a

particular problem in such a way that the total number of particles in the system comes

out correctly. At absolute zero p = ep which is the value which will be used in the

following calculations.

Calculating the response in 1D at T' = 0 is straightforward since it can be assumed that

Fermi function is a step function which simplifies Equation 2.7 to

kr
1D m dk m 1

krp—q

T ) kT whg

Normalized y(q)

2kr

(2.9)

FIGURE 2.2: The Lindhard response function for a 1D metal at zero temperature. The

3D response function is plotted for comparison.

The 1D response function is displayed in Figure 2.2 and one can see that its logarithmic

dependence is divergent at ¢ = 2kr. This implies that at 7' — 0 any perturbation with

12



Chapter 2: Physics of Charge Density Waves

p(Xx)

FIGURE 2.3: a) A schematic representation of a 1D chain above the transition tem-

perature when it is in metallic state. The ions in the chain are spaced equidistantly

and there is no modulation of the charge density p(z). b) A schematic representation

of a 1D chain below the transition temperature when it is in the CDW state. Both the
ionic positions and the charge density are modulated with k = 2kp.

wavevector ¢ = 2kp leads to a redistribution of charge. Equation 2.6 tells us that the
wavevector of the redistribution will be ¢ = 2kp; presenting a charge density modulation

with ¢ = 2kp (see Figure 2.3).

The result of Equation 2.7 can also be calculated for finite temperatures around 2k to

show it still displays logarithmic dependence

1.14¢g

x'P(q) = —¢*n(ep) In , (2.10)
kT

where €g is an arbitrarily chosen cut-off energy that is usually taken to be equal to the

Fermi energy. All these results show that a 1D electron gas will be unstable against

charge density modulation T — 0.

2.3 CDW: The Mean Field Theory

A 1D free electron gas coupled to the underlying 1D ion lattice can be treated using the
mean field approach (see section 3.1 in Ref. [60]). Frohlich [44] and Peierls [45] have
used the mean field approximations and weak electron-phonon coupling limit to describe

such a system with a so-called Frohlich Hamiltonian:

H=>"erafar+_ hwgbibg+>_ glalal, an(b', +by). (2.11)
k k k,q
electron H phogn H e-ph coupling H
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2.3 CDW: The Mean Field Theory

The first term is the Hamiltonian for free electrons where az and aj are the creation and
annihilation operators for the electron states with energy €, = h22 r’f. The second term

is the lattice Hamiltonian where b; and by are the creation and annihilation operators
for phonons characterized by the wavenumber ¢. Finally, the third term describes the
electron-phonon coupling, where g is the coupling constant. By solving the equation
of motion of the normal coordinates ) for this Hamiltonian, the renormalized phonon

frequency is obtained

20%w —2k T — TME
Wreng = Wy + rtx (@, T) == Wiy, ——pGP (2.12)
Mh TEpw

Here M is the ionic mass. The renormalized phonon frequency goes to zero with de-
creasing temperature and this behavior defines the mean field transition temperature
T%FW as the point where the renormalized frequency reaches zero. It also indicates a
" frozen-in” lattice distortion. This means a macroscipically occupied phonon mode with
nonvanishing expectation values <bsz> = <bT_2kF>. Using Equations 2.10 and 2.12 the

mean field transition temperature 7, %FW can therefore be written as

kpTME, = 1.14epe™ 1, (2.13)

where the dimensionless electron phonon coupling constant A is

_ gPnler)

A= "7,
hway .

(2.14)

Equation 2.13 is a BCS-type relation [64] that provides an intuitive result that stronger
electron-phonon coupling results in a higher transition temperature. This equation also
hints that the equations describing the CDW state are similar to the ones describing
superconductors. Ginzburg and Landau asserted that the superconducting state can
be characterized by a complex order parameter () [65], which vanishes above T, and
whose magnitude measures the degree of superconducting order at position 7 below T}..2
The CDW order parameter is defined in a similar fashion. Since the CDW order is
”"measured” by the lattice distortion, the mean amplitude of the ”frozen-in” phonon
mode defines the order parameter. By definition, a ”frozen-in” phonon exists when the
mean value of the distortion u(x) oc 3, (by + bT_q)eiq”’ is not zero for a given ¢. Also, it
has already been shown that the lattice distortion wavevector is equal to 2kp, therefore

the order parameter is defined as

2The situation in a Heisenberg ferromagnet is a very good analogy. The order parameter there can
be viewed as the mean value of the local spin 3(7). It gives the local value of spontaneous magnetization
below T, and it vanishes above T..
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Chapter 2: Physics of Charge Density Waves

16 = g ((bare) + (0L, (2.15)

where the average number of phonons that form the lattice distortion is counted. Using

this mean field equation, Equations 2.13 and 2.14 can be rewritten as
2A = 3.52kp T, (2.16)

€0

1 / < €L ) dey,

— = [ tanh . (2.17)
2kpT

A L ANE TN

Equation 2.16 gives us the well known BCS relation between the zero temperature gap
and the transition temperature, whereas the temperature dependence of the CDW gap
in Equation 2.17 is the same as the temperature dependence of the superconducting gap
within the BCS theory framework (see Figure 2.4). As a result, the formulas worked
out for superconductors can be applied to describe temperature dependencies of various
quantities in the charge density wave state, including |A| and the CDW condensate
density f(T).2 At low temperatures (when A > kgT) the temperature dependence of
A is weak and can be approximated by [66]

A= Ay —\/27TA, <1 - T) ° (2.18)

8Ap

Close to T%FW the gap approaches zero and Equation 2.13 reduces to square root de-

pendence [66]

T 2
———=174(1—- —+ ] . 2.19
A(T =0) < T%FW> ( )

However there is one crucial difference between the equations describing the CDW ma-
terials and superconductors; that is the relevant cutoff energy ey which was defined in
Equation 2.13. In superconductors, retardation (relaxation) effects of the lattice need
to be taken into account so the cutoff frequency is taken to be of the order of the De-
bye frequency wp. On the other hand, the CDW energy gap develops in response to

a static distortion of the underlying lattice so the relaxation effects do not come into

31t has to be pointed out that this is only true in the weak interchain coupling limit since in the
strong coupling limit the 1D chain approximation is wrong. A material’s anisotropy is a good measure
for the coupling strength.
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2.3 CDW: The Mean Field Theory

normalized lattice distortion

0,0 0,2 0,4 0,6 0,8 1,0 1,2
TIT,
FIGURE 2.4: Temperature dependence of superlattice reflection intensities in NbSes
(data obtained from [67]), in (TaSe4)2I (data obtained from [68]) and in Ky 3MoOs3
(data obtained from [69]). The data reveal relatively good agreement with the temper-

ature dependence of the amplitude of the order parameter (gap) calculated within the
frameworks of the BCS theory.

play. Therefore the electron-phonon interaction influences the whole electron spectrum,
thus making the relevant cutoff energy equal to the Fermi energy €p. Since there is a
substantial difference between the two energies, the transition temperatures in CDW

materials tend to be much higher than in superconductors.

The energy gain due to the formation of a CDW can also be written in terms of A, the
order parameter, and can be obtained after some algebra from the Hamiltonian defined
in Equation 2.11 (see Chapter 3 in Ref. [60] for the full derivation) The energy change

consists of the change in electronic energy FE,; and the change in lattice energy Ej.u

1 2ep 1
Egorat = n(ep) A% | =5 —log —= + o5 (2.20)
Eel Elatt
Equation 2.20 can be minimized to obtain the amplitude of the order parameter
A = 2epexp(—1/A). (2.21)
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The final result is the so called condensation energy that measures the actual energy

gain of a material that undergoes a metal to CDW transition and is written as?

ni{eg
Econ = Lnormal — ECDW = (2)A2 (222)

2.4 Fluctuation and Interchain Coupling Effects

The mean field solution of the 1D model leads to a finite transition temperature 7M¥
where the ”frozen-in” lattice distortion develops. However, one must be aware that the
long-range nature of this solution is only an artifact of the mean field approximation
because the fluctuations of the order parameter have been neglected. Actually, the
fluctuations become important in strongly anisotropic materials at low temperatures
because of the reduction of the phase space. In fact, a strictly 1D system with short
range interactions does not develop long range order at finite temperatures at all [70].
The argument is virtually the same as in a Heisenberg antiferromagnet. A gapless
collective excitation prevents long range order so only short range correlations occur at
low temperatures. In a CDW system, the gapless excitation is the so called phase mode

or phason (see Section 2.5).

None of the real materials are strictly one dimensional, of course. One must therefore
account for the interactions between the neighboring chains (e.g. the Coulomb forces)
and also one-electron inter-chain tunneling. These effects cause long-range 3D ordering
below a finite temperature T3p. If the inter-chain coupling is weak then T3p is signifi-

TMFE a5 is the case in most CDW materials. For example, the single

cantly smaller than
particle gap in Ko3MoOsz is A ~ 700 K ~ 60 meV so Equation 2.16 yields TM¥ = 330
K. This is well above the phase transition temperature Tsp = 183 K. The temperature

TMF is characterized by 1D fluctuations that cross over to

region between T3p and
two- or three-dimensional fluctuations as T5p is approached from above. The Coulomb
interactions seem to be dominant since the neighboring chains tend to align themselves

with phase difference 7 (see Figure 2.5).

In Figure 2.5 we plot the schematic temperature evolution of a system of coupled chains
that is in a metallic state above TM¥ . At TMF correlations build up along the chains

with the correlation length & p o 1/T [60]° (see Figure 2.6). The interchain coupling

“Note the positive sign that means that the CDW ground state has, in 1D, lower energy than the
normal state.
°1/T temperature dependence is a good approximation when only phase fluctuations need to be

1
considered. At high temperatures, the correlation length is given by & = % [71], where ((3) is
the third order zeta function.
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-|-3D

FIGURE 2.5: The temperature dependence of fluctuations in a CDW material from the
metallic state to the 3D ordered state.

becomes significant upon further cooling and the perpendicular correlation length £
grows equal to the interchain distance d; as the system is cooled down to T*. This
is where the fluctuations cease to be 1D but rather 3D in nature (however this does
not mean that there is long-range order). Since major part of coupling stems from
Coulomb force, the neighboring chains tend to align with a phase difference of w. As
the temperature is further decreased, both correlation lengths £ and &, diverge as
x 1/(T - T 3D)% [60] (see Figure 2.6) and the system undergoes a second-order phase
transition to the 3D CDW state below T3p.

If any additional fluctuations are neglected, the behavior of the phase transition is mean-
field like. On the other hand, the short coherence lengths of CDW materials suggest
that the critical Ginzburg-Landau fluctuations may be important in the vicinity of T5p.
The temperature region near the transition temperature where these fluctuations are

important is given by [65]

k% Tsp

AT = —_"BI3D
g AC (&oj1éoL)?

(2.23)

o) and &o are both zero temperature coherence lengths and AC is the measured
specific heat anomaly at T3p. Within AT near the transition temperature (AT ~ 20K
in Ko 3MoOj3 for example) various thermodynamic quantities have a distinctly different

temperature dependence than those given by the mean field approximation.
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TSD T TMF

FIGURE 2.6: The temperature dependence of correlation lengths parallel (§)) and per-

pendicular (£,) to the chains. Ty is the mean field transition temperature. The

crossover from 1D to 3D fluctuations occurs at T when the correlation length per-

pendicular to the chains becomes equal to the distance between the chains d; (also

indicated on the graph). At T3p the material undergoes a second order phase transi-
tion where long range 3D order is established.

It has to be pointed out that in most materials the isotropic interchain coupling used
in the above calculations is an oversimplification since the interchain coupling is usually
different in the two crystallographic directions perpendicular to the chain direction.
Consequently these theoretical predictions do not merit a more detailed comparison with
experimental data. Nevertheless, the experiments confirm the gross picture presented

above so it is a good enough approximation in many cases.

2.5 Collective excitations

The existence of a complex order parameter (Equation 2.15) in CDW materials hints
that both phase and amplitude excitations of the order parameter can occur (beside
from single particle excitations). Intuitively we can guess that the phase excitation at
q = 0 is the translational motion of the CDW condensate, while the amplitude mode is

the breathing mode of the charge density modulation.

A more rigorous approach within the time-dependend Ginzburg-Landau theory involves
defining the free energy F' of a one-dimensional chain in terms of the amplitude of the

complex order parameter A
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2 dA2

dA
dl==
+ dt

dx

F =F(0)+ n(er) /dac [a!A\Q +0|A* + ¢ , (2.24)

where a, b, ¢ and d are time independent constants that can be derived in terms of the
microscopic description of the CDW ground state [60]. The first two terms describe the
potential energy while the third and fourth terms in the free energy describe the energy
associated with spatial variation and the kinetic energy due to temporal fluctuations,
respectively. Since small fluctuations of the amplitude of the order parameter 6(x,t) and

fluctuations of the phase ¢(z,t) can be assumed, the order parameter can be written as

Az, t) = (A + 6(x, 1)) @D, (2.25)

Equations 2.24 and 2.24 can be used to write the Lagrangian and solve the equations of
motion. A short calculation provides wave-like solutions where the dispersion relations

for the amplitude and phase are given by (see Figure 2.7)

1
oL
Wy = (&>2 q (2.26)
and
9 :
a ¢ 4
— (== . 2.2
wA < 7 +dq> (2.27)

Since the phase excitation corresponds to translational motion of the CDW condensate
in the ¢ = 0 limit, it is not surprising that the phason frequency is zero in that limit.
This is because translational motion in an incommensurable CDW material does not
change the condensation energy of the condensate since the amplitude of the complex
order parameter remains the same. However, commensurability effects and Coulomb
interactions modify the temperature dependence and the dispersion relation of the phase
mode (see Ref. [60]). Moreover, since CDW is pinned to impurities that act as a restoring

force opposing translational motion, phase frequency always remains finite even at ¢ — 0.

The Coulomb interactions cause very different behavior of the phase mode in the low
and high temperature limits, where both limits are defined by the number of thermally
excited quasiparticles. At zero temperature, there are no thermally excited quasipar-
ticles so long-range Coulomb interactions cause a gap in the phase mode spectrum for
longitudinal excitations [72] and the longitudinal phase mode is optic-like [71, 73, 74].

This is simply because any CDW displacement relative to the underlying lattice causes
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FIGURE 2.7: a) The dispersion relation of the phase and amplitude mode near g = 0.
b) The phase and amplitude excitations with a finite g.

an electric field force opposing the displacement. Therefore the CDW moves only when
the external field causing the displacement is high enough to overcome the opposing
force and move the CDW as a rigid entity. At higher temperatures, the number of
quasiparticles increases and they start screening the long range Coulomb interactions.
When a finite external electric field is then applied, any longitudinal movement of the
CDW is compensated by the quasiparticle current. This is why the CDW does not feel
an opposing electric force and why the phonon mode dispersion relation is acoustic [73]

in this limit.

On the other hand, the frequency of oscillations of the amplitude mode remains finite
for all q. At ¢ = 0 the frequency would correspond to the amplitude of the gap if the
breathing of the CDW amplitude was not inherently coupled with ionic movement (this
is the case for spin density waves where the amplitude mode frequency corresponds to the
amplitude of the gap). This is because changing the amplitude of the gap corresponds
to exciting electrons from the CDW ground state across the gap. The electron-phonon
coupling leads to an amplitude mode frequency much smaller than A/A. One can also
evaluate the amplitude mode frequency by estimating how much the amplitude excita-

tion changes the condensation energy. The estimation yields
1
Wil =0) = A2wag,, (2.28)
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where woy,. is the unrenormalized phonon frequency at ¢ = 2kr. Usually wor, < A
and A < 1 so the amplitude mode frequency is well below the continuum of single
particle excitations. In most CDW materials v A ~ 1 so the unrenormalized phonon
frequency at ¢ = 2kp gives a good first estimate for the amplitude mode frequency
even if the electron-phonon coupling is not known. The frequency of the temperature
dependence of the amplitude mode can be calculated within the Ginzburg-Landau theory
[65] and was found to drop to zero at the Peierls transition temperature with the following

temperature dependence close to the transition temperature Tcpyy [60]

1
1.55 T \7
wa & TA%kaF (1 - ) . (2.29)

0

0 1 TIT ’ 0.4 TIT

c MF

FIGURE 2.8: a) The mean-field temperature dependency of the frequency of the phase

mode vy, of the amplitude mode v4 and of the Kohn anomaly vg for the ¢ = 2kp

wavevector. b) The schematic representation of the collective mode frequencies and

their damping (full width at half maximum of the calculated peaks) numerically calcu-

lated for a Peierls chain in Ref. [75] with an experimental confirmation in Ref. [76].

Experimentally, the collective excitations can be measured using various techniques.
Both the phase and amplitude mode dispersion relations have been measured using
inelastic neutron scattering [76-79]. On the other hand, different optical methods must
be used for the amplitude and phase modes. Since oscillations of the phase involve
displacements of electronic charge with respect to ionic positions, this mode is optically
active and has been measured by means of far-infrared spectroscopy [80, 81]. However,
no charge displacement occurs for the amplitude mode so it is Raman active [54, 82].
Finally, CDW sliding, a special case of phase excitation, has been directly observed by
NMR [83, 84].

The Newtonian dynamics of a one-dimensional Peierls chain has also been calculated
in a wide temperature range using Monte Carlo - molecular dynamics simulations [75].

The results of that calculation are shown in Figure 2.8 b. The solution is defined below
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the mean field temperature Thsr. When the temperature decreases, the frequency of the
Kohn anomaly vi decreases while its damping increases which leads to an overdamped
response near 0.47hp. Approximately at 0.373/r the amplitude mode emerges at
a finite frequency v4 from the overdamped response. As the temperature decreases,
the amplitude mode separates from the phase mode both due to the increase of the
amplitude mode frequency and due to the decrease of damping of both modes. At
T = 0 the amplitude mode frequency is fiven by the mean field theory (see Equation
2.28).

2.6 Strong electron-phonon coupling limit

Experimentally, the ratio between the value of the electronic gap and the transition
temperature to a 3D CDW state Topw is found to be much larger than predicted by
Equation 2.16. On one hand, this is usually ascribed to the renormalization of the
transition temperature due to the weak interchain interactions and the large-amplitude
1D fluctuations above Tepw [71]. On the other hand, Aubry et al. [85, 86] have
proposed an alternative description in the context of strong-coupling theory. The ground
state of an interacting electron-phonon system can not be perturbatively calculated from
the metallic state when the electron-phonon coupling x is above a critical value .. This
regime is characterized by pairwise localized electrons — bipolarons. This regime is
very different as is the case in high 7. superconductors [87, 88|, where bipolarons are
isolated defects with negligible overlapping. In the case described in Ref. [86], bipolarons
overlap and form a dense ensemble. In the 7" — 0 limit, the bipolarons form an ordered
state. Depending on the bipolaron kinetics, the ground state can be a commensurate
structure, an incommensurate structure or even a bipolaron glass state. In the kK — oo
limit, bipolarons form a charge density wave. The normalized electronic eigenstate of

the bipolaron is given by

K 1

U(g) = ——5—.
(z) Qﬁcosh’ﬁ—m

(2.30)

The parameter « is defined as

2
= —_— 2.31
K )\’ / thg, (2.31)

where wg and M are the constant frequencies and masses of identical oscillators located

at each lattice site and t is the electronic exchange coupling between neighbouring sites.
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2.6 Strong electron-phonon coupling limit

In this picture, the Peierls gap 2A(T = 0) corresponds to the bipolaron formation
energy . The activated nature of the electrical conductivity in the whole temperature
range is explained in terms of bipolaron hopping between sites. The Peierls transition
temperature T3P corresponds to the ordering temperature of the bipolaronic fluid. The
bipolaron interaction energy determines the magnitude of kgT>" which is why kT3P

can be assumed to be much lower than the bipolaron formation energy 2A(7" = 0).
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Chapter 3

Femtosecond pump-probe

spectroscopy

In this chapter we describe the experimental technique, the light sources used and the
means of detection of small signals. We also describe the analysis of the time resolved
optical data used in the following chapters and discuss the heating effects that need to

be taken into consideration when interpreting the data.

3.1 Femtosecond time-resolved optical spectroscopy: Ex-

perimental.

Time resolved optical spectroscopy involves measurement of a transient change of the
optical transmission 1" or reflectivity R of a material under investigation on a femtosec-
ond time scale. The technique is also referred to as the pump-probe technique. As the
name suggests, the investigated material is excited by the first ultrashort pulse (pump)
while the appropriately delayed second ultrashort pulse monitors the response in the
material. The delay between the two pulses is achieved by translating a retroreflector
that is placed in the path of one of the two beams (see Figure 3.1). The commercially
available motorized translation stages that move the retroreflector have submicrometer
steps so time delays as small as one femtosecond can be achieved between the two pulses.
Therefore the time resolution of a pump-probe experiment is determined by the length

of the laser pulse which usually ranges from 10 fs — 200 fs.

We can achieve a wide range of excitation intensities where the pump pulse energies in
our setup span from 5 pJ — 5 pJ. The pump beam is usually focused on a ~ 80 um

diameter so the fluences range from 100 nJ/cm? — 100 mJ/cm?. The criterion for small
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FIGURE 3.1: A typical pump-probe transmission setup. The only difference when
measuring the photoinduced reflectivity is that the probe beam is reflected off the
sample.

perturbation in a CDW material is to compare the number of photoexcited carriers
(roughly the absorbed energy per unit cell divided by the gap energy) with the number
of electrons in the CDW state (~ 2N (0)A, where 2A is the gap and N(0) is the density
of states at the Fermi energy). In this small perturbation regime one expects linear
relations between the density of photoexcited quasiparticles Ang, and the measured
change of reflectivity AR. This is a general assumption for most materials because
small changes in reflectivity can be written as AR = (,?TRIAal + %Aag whereas small
changes in both o1 and o9 are linearly proportional to small changes in the number of
quasiparticles Ang,. Therefore a linear relation should also be expected between AR

and Angp.

The probe beam, which is usually at the same wavelength as the pump beam! is usually
significantly attenuated, typically by a factor 100 in comparison to the pump beam. This

means that the additional photoexcitation by the probe beam can usually be neglected.

!The wavelengths of the two beams are not necessarily the same however they were the same in the
experiments described in this work.
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Chapter 3: Femtosecond pump-probe spectroscopy

3.1.1 Light Sources

Since the essential component of any femtosecond time-resolved optical system is a stable
source of femtosecond laser pulses, the basic information about the femtosecond lasers
used in our experiments will be presented in this section. However the details are beyond

the scope of this work and can be found elsewhere in the literature [89-92].

In the experiments described in this work two very similar laser systems were used.
The first laser system (at the Jozef Stefan Institute) includes a mode-locked Ti-sapphire
laser (Mira Seed laser oscillator by Coherent). It has a repetition rate of 88 MHz with
energies of up to 10 nJ per pulse. It can be used as a light source for the pump-probe
measurements or as a seed for a regenerative optical amplifier (RegA 9050 by Coherent).
The regenerative amplifier has a variable repetition rate in the range of 9 kHz — 300 kHz
at 6 pJ energy per pulse and 60 fs pulselength. The wavelength of these two lasers is
~ 800 nm (1.55 eV) with ~ 30 nm FWHM. The second laser system (at Universitit
Konstanz) is a newer version of the first one with a Micra oscillator and a RegA 9050
regenerative amplifier by Coherent. The parameters of the output of the two systems
are very similar, however, being newer, the second laser system is more stable. The
second laser system is also better in terms of pulselength since one can achieve 15 fs and

40 fs pulses with the Micra oscillator and Rega amplifier, respectively.

Stable mode locking in the oscillator is achieved by using the Kerr effect [89-92] in a
Ti-Sapphire crystal [93]. The laser amplifier is a continuous wave (CW) pumped Ti-
Sapphire regenerative amplifier with an acousto-optic modulator [94] used as a cavity
dumper [95]. This way high repetition rate of amplified pulses can be reached (up to
300 kHz in our system).

3.1.1.1 Measuring Ultrafast Laser Pulses

Ultrafast laser pulses need to be characterized in the time and frequency domains.
Since the pulses used in our experiments have a nearly Gaussian temporal profile with
pulsewidth 7,, the optical spectrum is well described by the optical peak wavelength A
and the bandwidth A\, defined as the full width at half maximum (FWHM).

A for sub-100 fs laser pulses is 10’s of nm around the central wavelength of 800 nm and
the spectrum can easily be measured with an optical spectrum analyzer that is usually

based on a grating and a photodiode array.

We measured the pulselength using an autocorrelator. A schematic drawing of an au-

tocorrelator is presented in Figure 3.2. In our experiments, the autocorrelator was a
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3.1 Femtosecond time-resolved optical spectroscopy: Experimental.
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FIGURE 3.2: A schematic of the autocorrelator used to measure sub-100 fs pulses. The

optical elements are RR1,RR2: retroreflectors; BS: 50/50 beamsplitter; L: focusing

lens; BBO: BaB;Oy4 crystal used for second harmonic generation; F: filter used to

eliminate the component at w; S: an additional slit to block the light at 2w generated

individually by each of the two beams crossed in the BBO; PMT: photo-multiplier tube;
SH: mechanical shaker.

Michelson interferometer with either a BaB2O4 (BBO) frequency doubling crystal or a
photodiode that absorbs at w > 2w 5.yv. The incoming laser pulse at the center fre-
quency w is split in the two legs of the Michelson interferometer by a 50/50 beamsplitter.
The two pulses are focused and overlapped on the BBO (or the photodiode) by using
the lens. One of the pulses is delayed with respect to the other by changing the position
of one of the retroreflectors mounted on a mechanical shaker. The BBO crystal must
be oriented in a way to fulfill the phase matching condition [96] for second harmonic
generation. When the time delay between the pulses is 7 then the intensity of the of the
created light at 2w is proportional to the autocorrelation function of the pulse intensity
I (7) o [ I,(t + 7)1, (t)dt. A filter is placed after the BBO to reject the light at fre-
quency w. An additional slit is also placed in front of the photomultiplier tube to reject

any light at 2w that was generated by individual beams.

By scanning the time delay 7 with the mechanical shaker and measuring the current
generated by the PMT (or the photodiode) using an oscilloscope one obtains the au-
tocorrelation function. The FWHM of the autocorrelation function 74¢ is calibrated
with the known change of length in one of the arms of the Michelson interferometer. To
determine the actual pulselength, one needs to know the shape of the original pulse. We

usually assume the Gaussian shape where 7, = 74¢/ V2.
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Chapter 3: Femtosecond pump-probe spectroscopy

3.1.1.2 Laser beam characterization

Determining the energy per pulse and the size of the focused laser beam is very important
when one performs quantitative measurements of the ultrafast optical response as a
function of the fluence F. The energy per pulse is simply P/v, where P is the average
power of the laser beam and v is the pulse repetition rate. The first of the two techniques?
that we used to determine the diameter of the focused beam was placing a pinhole with
a diameter 27y, in place of the sample. The average power of the laser beam is measured
in front of the pinhole (P;,) and after the pinhole (P,,;). Assuming that the beam has
a Gaussian profile with power P = P exp(—QpL;), then we write the power before and

after the pinhole as
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The radius of the focused beam can then be expressed with the ratio P, /Py, as

2
r- Tph\/ (L P/ Pot) 33

The second technique that was used for measuring the dimension of the focused beam
involved focusing the beam on a CCD sensor with known pixel size. The signal from
the CCD was then fed to the computer where the diameter of the beam was calculated

using the estimated spot size in pixels multiplied by pixel size.

To obtain the fluence F' penetrating the sample we also accounted for the light reflected

from the cryostat window (8%) and the part reflected from the sample.

3.1.2 Lock-in detection

The lock-in detection [97, 98] is a well established method of extracting the signal from
the laser noise in a typical pump-probe experiment. The power spectrum of laser inten-
sity noise is known to be of 1/v, where v is the frequency. The noise amplitude in audio

range is quite high but is negligible at frequencies above 100 kHz.

2Both techniques yielded similar result.
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FIGURE 3.3: The frequency window of a lock-in amplifier. The width of the function
Az is also marked.

The noise is severely reduced by modulating the signal at a frequency where the noise is
low and using a narrow band amplifier whose maximum gain frequency is equal to the

modulation frequency. Such a narrow band amplifier is called a lock-in amplifier [99].

The lock-in detection works on a fairly simple principle [98]. The signal S(w) and a
reference signal Sy..r(w) = cos(wot —¢) are fed to the amplifier where they are multiplied

and integrated over an arbitrarily chosen 7, [ S(w)Sres(w)dt. The result is the input
sin (w—wp)T

signal S(w) in a narrow frequency window o—w0)r

whose width is determined by the

integration time 7 (see Figure 3.3).

In the experiments performed at Universitdt Konstanz the pump laser beam was mod-
ulated. The choice of modulation frequency depends on the laser repetition rate with
the modulation frequency usually being ~ 2 orders of magnitude smaller than the laser
repetition rate. Therefore when an oscillator laser system with typical repetition rate of
88 MHz is used (the separation between two adjacent pulses is 12.8 ns), the pump beam
is modulated at modulation frequency wy; ~ 200 kHz using an acousto optic modulator
[94]. On the other hand, when a regenerative amplifier with a typical repetition rate of
250 kHz is used, the modulation is achieved using a mechanical chopper operating at
wyr ~ 1 kHz. The reflected probe beam is detected by means of a photodiode and the
signal is sent to the lock-in amplifier which is phase locked to the frequency of the acousto
optic modulator (or chopper). The lock-in amplifier discards all frequency components
of the signal that are not close to wp; and in phase with the modulation of the pump
beam. Therefore it detects the modulation of the probe beam intensity that was caused
by the pump pulse. By changing the integration time constant 7 of the lock-in amplifier,
one determines the width of the frequency window, consequently lowering the noise by
integrating longer. With a typical integration constant of 1 s in our experiments, the

effective frequency width of the amplification window is ~ 4 Hz. This enables us to
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Chapter 3: Femtosecond pump-probe spectroscopy

measure signals that are as small as 107%. It should also be noted that the signal is
normalized with the DC signal amplitude on the photodiode in order to eliminate any

signal artifacts due to long term fluctuation of the laser power.

The output of the lock-in amplifier consists of two signals where the first one is in phase
with the modulation wy; while the second one is out of phase (¢ = 7/2) with respect
to the first one. The in-phase signal gives the time-resolved signal together with the
photoinduced offset due to the long lived contribution to the photoinduced signal with
the typical time-scale from nanoseconds to microseconds. The out-of-phase signal picks
up all the dynamics that cannot follow the modulations with the dynamics correspond-
ing to the modulation frequency (10 us for 100 KHz modulation and 1 ms for 1 kHz
modulation). Normally, the out-of-phase signal bears no relevant information because
it describes very slow dynamics that can be measured by means of other experimental

techniques.

3.1.3 Experimental setup

In this section we describe two different pump-probe setups. In the first experimental
setup (at the Jozef Stefan Institute), schematically presented in Figure 3.4, we used a
typical pump-probe setup where each point in time of the AR/R transient is acquired
separately: when the translator moves into the computer controlled position, determin-
ing the time delay, the intensity of reflected light is measured on the photodiode and the
signal is sent to the lock-in amplifier where the modulated part of the signal is amplified
(see section 3.1.2). This is then repeated for every single point to obtain the transient

signal.

The pump beam is modulated either by an acousto-optic modulator (AOM) or with a
mechanical chopper. The modulation in both cases is 100%. When an AOM is used,
the pulses significantly broaden since the AOM consists of a 5 cm highly dispersive flint
glass. Therefore the pulses need to be pre-chirped by means of a folded two prism setup
with negative group velocity dispersion in order to achieve the shortest pulsewidth at
the sample. In order to achieve the same pulsewidth in the probe channel, a 5 cm long
element of the same material as the AOM needs to be placed in the probe beam to
account for the pre-chirp. The beam is split into two using a beamsplitter that reflects
x% of light in the probe channel, while the majority of light ((1 — x)%) is transmitted
and serves as pump. A \/2 waveplate is places in each of the two beams, so that the

polarization of each beam can be arbitrarily chosen. Both beams are focused on the

3When a mechanical chopper is used to modulate the pump beam, there is no additional pulse
broadening so pre-chirping can be omitted. This option is realized in the other experimental setup
shown in Figure 3.5.
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3.1 Femtosecond time-resolved optical spectroscopy: Experimental.

same spot on the sample and the overlap is monitored using a CCD camera. The focal
length of the two lenses is usually chosen so that the focused probe beam on the sample
is roughly twice smaller than the focused pump beam. This ensures roughly the same
pump-caused perturbation of the whole sample that is being probed. The intensity of
the reflected (transmitted) probe is detected by a photodiode. In order to reject the
scattered light from the pump beam, we place a pin-hole in front of the photodiode.
Additionally, all the experiments are performed with the pump and probe polarizations
crossed, so a polarizing cube (marked as A in Figure 3.4) rejects the scattered pump
light. The retroreflector is mounted on a computer driven translator with a DC-motor
with a 0.06 um step. Therefore, the temporal resolution of our experiments is limited

by the pulsewidth of the laser and is approximately 60 fs.

Ti-sapphire laser
(Oscillator or Amplifier)
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FIGURE 3.4: A schematic of the experimental setup in Ljubljana. Code: Pr: Brewster
prism; BS: 4% reflecting glass plate; RR: retroreflector; AT: attenuator; A: analyzer
(cube polarizer); PD: photodiode.

In the second experimental setup (used in the laboratory in Konstanz, Germany), shown
schematically in Figure 3.5, the time delay between the pulses is achieved using a retrore-
flector mounted on a shaker that oscillates with ~ 20 Hz — similarly as in the autocor-
relator setup. The technique is also referred to as the fast-scanning technique. We used
a commercially available translation shaker (ScanDelay 50 by APE) with an output sig-
nal that corresponded to the position of the translation stage. The shaker and probe

photodiode signal are then recorded using an oscilloscope and combined to retrieve the
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FIGURE 3.5: A schematic of the experimental setup in Konstanz. Code: CP1-CP5:
cube polarizers; RR: retroreflector; PD: photodiode.

transient AR/R signal. The main advantage of this type of setup is the speed of data

acquisition.

Figure 3.5 shows that the beam is split into the pump and probe channels (s and p
polarization) using the cube polarizer CP1, that can be rotated to vary the intensity
ratio of the two channels. The probe pulses are reflected to the reflector placed on the
shaker that oscillates with ~ 20 Hz and a maximum displacement corresponding to a 50
ps delay. A \/2 plate is placed in each of the two beams to control the polarizations of
the two beams*. The cube polarizer CP2 is adjusted to split the probe beam into two
cross-polarized and equally intense probe beams. The non-delayed probe pulses always
reach the sample before the pump pulses so that channel is used as a reference that is
subtracted from the delayed probe channel that monitors the photoinduced changes in
reflectivity. The delayed probe channel must be reflected back to the polarizing cube
PC2 at a 180° angle to ensure that the two channels are alligned and focused on the
same spot on the sample. The cube polarizers WP3 and WP4 are used to control
the intensities of the pump and probe channels. The beams are focused on the sample
similarly as in the first experimental setup - so that the diameter of the focused probe

is approximately twice smaller than the diameter of the focused pump beam. The probe

4The polarization of the beams reaching the sample is controlled by the A/2 plates and the cube
polarizers CP1-CP4.
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3.1 Femtosecond time-resolved optical spectroscopy: Experimental.

reflected from the sample is split back into the delayed and undelayed probe pulses (s and
p polarization) that are detected by the two photodiodes. The two signals are subtracted
using a differential amplifier and sent to a low-pass filter that rejects the leftover high
frequency contribution to the signal causes by individual laser pulses. The filtered signal
containing the transient AR/R is then recorded by a PC controlled oscilloscope. The
temporal resolution is again limited by the pulsewidth of the laser and is approximately
60 fs.

3.1.4 Heating Effects

Ilumination of the sample by a laser beam introduces heating of the sample®, which is
an often discussed problem in literature [17, 100-104]. To understand the heating one

needs to consider mechanisms on different timescales.

The photoexcitation of electron-hole pairs is followed by electron-electron thermalization
taking place within femtoseconds. The electronic energy relaxation is determined by the
electron-phonon relaxation processes, estimated to be tens of femtoseconds in metals
[105]. Therefore on a 100 fs — 1 ps timescale after photoexcitation, the electrons and the
lattice in the illuminated part of the sample can be considered to be at the same elevated
temperature compared to the rest of the sample. Further relaxation is determined by
the heat diffusion out of the illuminated spot that has a 1/v/t decay [101]. However,
the heat does not diffuse completely before the next pulse is absorbed which causes a
temperature increase pile-up. The magnitude of this effect is the same as the heating of
a CW laser with the same average power so we talk about steady-state heating. On the
other hand, the time-dependent temperature increase caused by single pulses is called

transient heating. The two effects will be treated separately below.

In both cases the laser beam is considered to be a TEMgy Gaussian beam travelling in
the z direction and hitting the solid at z = 0. The center of the Gaussian beam is chosen
as the origin of the other two coordinates for simplicity. In general, when attempting
to find the solution to the problem of laser heating of solids without phase changes, one

seeks solutions to the heat conduction equation, usually given as

- oT (7t .
V(7 t) + pscsét’) = A(7, 1), (3.4)
where T'(7,t) is the temperature, j(f’, t) is the heat flow per unit area, ps is the density
and c¢; is the specific heat of the solid. A(7,t) is the energy per unit volume and per unit

time that is generated in the solid due to laser illumination. Equation 3.4 is a statement

®The increase of temperature refers to the increase of the lattice temperature.
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of the law of conservation of energy in differential form. In order to solve it, one needs
the relation between the heat flux f(F, t) and the temperature T'(7,t). This relation, also

known as Fourier’s law, is given by

—

J (7 t) = =eVT(7, 1), (3.5)

where k is the thermal conductivity tensor. In these experiments the laser beam trans-
verses approximately in the direction of one of the eigenvectors of the orthorhombic

crystal so the heat conduction differential equation can be rewritten as

oT(7,t) T (7)) .
pscsT = zl: HZT&:? + A(T, t) (36)

where k; are the thermal conductivities in the a, b and ¢ directions.
Since the temperature rise is of the order of several K or tens of K, the thermal radiation

loss can be neglected. This simplifies the boundary condition to

AT (7,1)

7 o 0 (3.7)

Since the thickness of the substrate or single crystal (~ mm) is typically much larger

than the absorption length (~ 50 nm) the target can be considered to be a semi-infinite

solid along the z axis. This yields the additional boundary condition

T(z — 00) = Tro, (3.8)

where T is the temperature of the cold finger of the cryostat.

3.1.4.1 Steady State Heating

When calculating the increase of temperature due to a CW laser one looks for the

equilibrium solution of Equation 3.6, therefore 8T8(f’t) = 0. For a TEMyg laser mode,

the generated energy per unit volume and per unit time is approximated by

Ay, ) = exp[—az']. (3.9)

4(1 - R) Py 2 (2 +4?)
md? d?
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Py is the average power of the pump beam®, d is the diameter of the illuminated spot,

« is the absorption coefficient and R is the reflectivity at the laser wavelength.

Equation 3.6 can be solved using the appropriate Green’s function for the boundary
condition 3.7. In this case the Green’s function for the infinite solid [103] is taken and

the method of images is applied to obtain

- 1
G (r’,?) =
drn/kykiz (@ — )2 + Kpkiz(y — Y)? + Kahiy(z — 27)?
1 (3.10)
_l’_
drr/kykiz (@ — )2 + Kpkiz (Y — Y)2 + Kakiy(z + 27)?
Using Equations 3.9 and 3.10 the temperature rise can be calculated
oo o0
T(z,y,z /dz’ / dx’ / dy’G r N A(r) (3.11)
0

Due to the cylindrical geometry of the problem the variables should be changed to

1
s =5 — /Eyhiz(z — ') = pcos ¢,
0

Ty = Kok (y —y') = psin @, (3.12)

fo
Tyt = 2 1//<cgcl<cy(z +2) =

The integral 3.11 can be simplified using the newly defined variables 3.12. The calculated

temperature rise is

oo
(1 — R / \Fz 7\/§pcos¢)2_(@_\/§psin¢)2
AT _— d d d kxd d ko d
oo az kzz oz (3.13)
k2 ekz
e | ——=dZ+e

5The average power of the probe beam is usually at least two orders of magnitude smaller than the
average power of the pump beam so the probe contribution to heating can be neglected.
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where k; = P%O\/@Tz yky = P%m and k, = P%\/m For example, we can calculate
the temperature increase of a laser illuminated blue bronze crystal when it is heated
by a Gaussian beam with d = 240 pum and Py = 1 mW travelling along the [201]
direction. The values for thermal conductivities are obtained from the literature [106]
and are gy = 0.54 W/(Km), k92 = 2.7 W/(Km) and kjg19) = 6.2 W/(Km) at 160
K. The main directions are along the chains ([010]), perpendicular to the chains ([102])
and perpendicular to the planes ([201]) and they respectively correspond to Z, ¢ and 2
directions in our coordinate system. We measured the two final parameters needed for
this calculation and we obtained R = 0.25 and o = % nm~'. The temperature increase
at the center of the beam using the above parameters in Equation 3.13 is AT ~ 1K.

The lateral profile of the temperature increase is plotted in Figure 3.6.

It should also be mentioned that the modeling is based on the assumption that there
is a good thermal contact between the sample and the cold finger of the cryostat. In
our experiments, the samples were attached on the cold finger made of copper using
G.E. varnish (Oxford Instruments) - known for its high thermal conductivity at low
temperatures. Since the materials in the focus of our studies also have well defined
transition temperatures with sharp features in the ultrafast signal, we were always able
to estimate the heating which leads us to believe that the thermal contacts were good

in all cases.

Laser intensity
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FIGURE 3.6: The calculated lateral profile (circles) of the photoinduced temperature

increase AT in the illuminated area of Ky 3MoOQOg single crystal using Equation 3.13.

The laser parameters are d = 240 pym, Py = 1 mW. The spatial profile of a normalized
Gaussian beam intensity is shown for comparison (solid line).
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3.1.4.2 Transient Heating

The second type of heating effect is transient heating where one needs to consider the
heat buildup due to a single pulse that relaxes as 1/y/t. Of course, the temperature of
the system can only be well defined after the initial relaxation of the system which takes
place on a 10 ps — 50 ps time-scale. After this initial relaxation, the transient increase
of temperature AT can be estimated if one considers the energy AW to be absorbed in
a small illuminated volume V' of a solid with density ps and specific heat ¢s(7"). In that

case the estimate for the maximum increase of temperature is obtained from

TH+AT
AW = / psVes(T)dT. (3.14)
T

For example, we can calculate the transient heating in a Ky 3MoOgs crystal when it is
illuminated by a laser beam with the diameter d = 240 pum, repetition rate v = 25 kHz
and wavelength A = 800 nm. The specific heat values are available in the literature [57],
while the density can be calculated from the formula unit and the unit cell parameters”
[56] and is ps = 1900 kg/m3. The illuminated volume is approximately Som(d/2)?,
where dp =~ 85 nm is the absorption length for A = 800 nm. The absorbed energy
AW =~ (1 — R)W), is obtained from the reflectivity R of the sample and the single pulse
energy W, = Py/v, where Py is the average laser power and v is the laser repetition
rate. Using all the parameters in Equation 3.14 and solving it by method of bisection,
we calculate the temperature increase and display the results in Figure 3.7. Panel a)
in Figure 3.7 shows the temperature increase when the sample at initial temperature
T = 4 K is heated by a laser with different fluences. Panel b) in Figure 3.7 shows the
temperature increase when the initial temperature is varied and the excitation fluence
is fixed (F = 40 pJ/cm?).

The problem can also be treated in more detail where both the temporal and spatial
properties of the pulse are taken into account and used in the expression for the net
absorbed energy per unit volume and per unit time A (7:7 t ) to solve Equation 3.6.
When a pulse with Gaussian lateral (TEMgp) and temporal profile with a pulse width

7 is considered then A (r’ b ) is expressed as

2tl2

exp|[—az’] exp [—Tz} ) (3.15)

5 4(1 — R) Py 2 (2" +y?)
A7) == e [_Cp

"Each unit cell contains KsMo10Os0.
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F1GURE 3.7: The transient heating in a K0.3MoOj3 crystal, calculated using Equation

3.14. Panel a) shows the calculated temperature increase at initial temperature T = 4

K at different laser fluences. Panel b) shows the calculated temperature increase at a
fixed laser fluence (F = 40 pJ/cm?) for different initial temperatures.

The appropriate Green’s function that corresponds to the boundary condition 3.7 is again
obtained by taking the Green’s function for the infinite solid [103, 107] and applying the

method of images.

- 1
G /7t,7 _'7t =
O T) 8\/dydyd.m3(t —t')3

'WW{—4@itg<CE;fq2+(y;fq%” (3.16)

Here d; = k;/pscs are the thermal diffusivities in the principal directions. The temper-

ature rise is calculated by solving

PsCs

ijﬁt):(/(ﬁc[[/dﬁc102txﬁt)/102t). (3.17)
—00 z'>0
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3.2 Data Analysis

The lateral part of Equation 3.17 can be solved to obtain the rise in temperature.

_ P()Oé(l - R)

AT (7)==
sts

exp(—az)

2 y2

t 2412 ey
/ dt’ exp [_% +aldu(t—t) — At—t")de+d® 4(t—t’)dy+d2}
VA=) dy + &+ JAt — V)dy + &P

2z + 4ad,(t — t)
4/t —t)d. ’

(3.18)

—0o0

. (1 + erf

where erf(z) = [ exp(—t?)dt.
0

2z —4dad,(t — t)
(t—t)d,

+ 292 <1 —erf

3.2 Data Analysis

In these experiments the temperature and intensity dependence of the photoinduced
reflectivity (or transmission) is measured. The data is then analyzed in terms of am-
plitudes and relaxation times of the different components of the signal. The oscillatory
part of the signal is usually analyzed separately using FF'T analysis. We plot a typical
photoinduced AR/R signal on Ky 3MoOs in Figure 3.8 (red circles). The signal is zero
when the pump beam is blocked (solid purple line), however if the laser repetition rate is
high enough, even when the pump beam is unblocked, there is a non-zero long lived com-
ponent present, seen as a signal at negative time delays. There are two exponentially
decaying signals with amplitudes with decay times of approximately 71 =~ 200 fs and
T = 5 ps, respectively. There is also a very long lived signal component that appears
as a step function within our time window. Finally, the signal contains an oscillatory

contribution, which is also plotted separately as red triangles.

The magnitudes of the amplitude and the relaxation time of the two exponential compo-
nents of the signal on the time scales of 200 and 5 ps can be resolved relatively well. On
the other hand, the magnitude of the slowest component due to single pump pulse can
not be directly measured because it does not relax in the time between two successive
pump pulses (12.8 ns at 88 MHz repetition rate). This results in the signal pile-up which
is indicated in Figure 3.8. In the following analysis the amplitude of the signal A4 is
taken as the magnitude of the single pump pulse contribution to the slowest component,

and Ag as the pile-up of the slowest component.
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FIGURE 3.8: A typical photoindiced transient signal AR/R on Ky 3MoOj (red circles)

and a typical signal when the pump beam is blocked (solid purple line) are plotted for

comparison. Ay is the offset between the two signals caused by signal pile-up. The solid

orange line is the three exponent fit function /Nl(t) of the signal and the red triangles

show the residual oscillatory signal when the fit is subtracted from the signal. The

red, blue and green dotted lines show the three respective components with amplitudes
A;-As of the fitting function.

By comparing the amplitudes Ag and A4 we estimate the timescale of the slowest com-
ponent to be 74 &~ 1-10 ns, therefore it can be considered as a constant in the range of
several 10 ps after photoexcitation and fitted by a step function with a finite rise time.
The two fast components, on the other hand, have been found to be fairly well repro-
duced by a sum of two exponentially decaying functions with characteristic relaxation
times that vary with temperature and pump intensity. The fit used in Figure 3.8 (orange

solid line) is the sum of the three components that are depicted as the red, blue and

green dotted lines.

In the case of single exponential decay, the signal component in the photoinduced change

of reflection is a solution of
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3.2 Data Analysis

ot TR (3.19)
At) =

g

R

Here 7 is the relaxation time and g(t) = Bexp(2t*/77) represents the temporal profile
of the intensity of a Gaussian pulse with pulsewidth 7,. Due to the finite pulsewidth
of the probe pulse, the measured A(t) is a convolution of A(t) and g(t). However, this
affects only the rise time of the signal, so /Nl(t) can be approximated with the solution

of the differential equation 3.19 with the effective rise-time o

A(t) ~ Arexp {—;J <1 — erf [_;ljg;j]) . (3.20)

T
Here Ap is the amplitude of the transient with relaxation time 75 and erf(z) = [ exp(—t?)dt.
0

In the case that the intrinsic rise-time of the photoinduced signal was much faster than
the pulsewidth, the effective rise-time would be o =~ \/§Tp. However, this is only the

minimum rise-time expected in pump-probe measurements.

It should also be noted that the pump-probe experiments are usually performed with
the pump and probe polarizations crossed - otherwise additional terms can contrubute
to the signal close to the zero time delay between the pump and probe beams. These
terms that are usually called coherent artifacts [108] arise from coherent interactions
between the pump and probe beams. The interference between the two beams creates
a grating in the sample which can diffract light and contribute to the signal. All of the
measurements described in the thesis were performed in the crossed polarization so this

will not be further discussed.

3.2.1 Nonlinear Regime

Since the AR/ R signal is proportional to the number of excited quasiparticles, it satu-
rates at high pump fluences when all the electron-hole pairs from the CDW condensate
are excited across the gap. The model presented in this Section [28] addresses such a
high fluence regime and accounts for geometrical aspects due to the finite absorption

length and the transverse beam profiles of the pump and probe beams.

The sample penetration depth has to be accounted for twice in the probe beam (for
entering and exiting the sample) which leads to the following relative photoinduced

change in reflectivity
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Chapter 3: Femtosecond pump-probe spectroscopy

AR T r?
— //exp exp | —2—- | ngp(r, 2)rdrdz. (3.21)
B Ppr

Here dg is the optical penetration depth and 2p,, is the probe beam diameter on the

sample. The reflectivity change is taken to be linearly proportional to the density of
excited quasiparticles ng, which is taken to be approximately linear with excitation
fluence up to the threshold fluence F; where the entire CDW condensate is melted.

When F' > Fj, all the electron-hole pairs are excited and ng, saturates to ng

(3.22)

FSZ:S’Z) ns, if F(r,z) < Fj
Ngp =~ 7
S

ns, if F(r,z) >

The light fluence penetrating the sample is Fy = (1 — R)F), where F), is the laser

fluence on the sample surface. The fluence evolution within the sample is described by

z r?
F(r,z) = Fyexp 5 exp —2'0? . (3.23)
U

If it is assumed that AR/R does not change with F' in the normal state, the integral
3.21 can be calculated separately over the volume where F(r,z) is smaller than Fj
and separately over the volume where F§ is exceeded. Introducing the effective radius

1 1
=1+
PLrr  PRu ppr

the integral can be written as

o r

F [ 272 F
Ons/exp {—32] /exp —2L C) [1 _E@ Z)} rdr | dz
FS 50 i peff Fs
° ° (3.24)
2 [ =22 F
—i—ns/exp {—Z] /exp - 27“ } S) [ (r;z) 1] rdr | dz,
0 50 0 L ppr FS

where O(x) is the Heaviside step function. The behavior of the integral depends on the
ratio Fy/Fs. The integral can be written in dimensionless form if it is normalized with

its saturated value:

//GXP ( ) exp < 2T2> rdrdz = nsppT 2. (3.25)
) Pir 8

When Fy < F; then the measured reflectivity change is linearly proportional to fluence:
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AR 2F0szf 2

= == 3.26
ARs  3Fyp2, 3 f(1+p72) (3:26)
whereas for Fy > Fj
9 £7° — f2 657" 29
AR Ly f f 1+ﬁ—2_2fp (3.27)
AR, p2—2 6 — 3p2 ’ '

where p = ppu/ppr and f = Fs/Fy. The saturation fluence Fy can be simply determined

2
from Equation 3.26. When F' = F;, AR/R reaches 2;;{ L of the saturation value AR,/ R.
pr

Sometimes the penetration depths of the two beams are different - due to the anisotropy
of the material or due to different wavelengths of the two beams. In that case the fluence

evolution within the sample is

z 2

F(r,z) = Fopexp | —— | exp | =25 |, (3.28)
Opu Ppu

where 4, and J,, are the penetration depths of the pump and probe beams, respectively.

For Fy < F the measured reflectivity change is linearly proportional to fluence and can

be expressed as

AR FyPery  20p
ARy~ Fy p2 260 + 0pr

(3.29)

3.3 Displacive Excitation of Coherent Phonons

In pump-probe experiments on a number of different conducting and semiconducting
materials oscillations have been observed in photoinduced reflectivity with frequencies
corresponding to the optical phonon modes of materials. In this section, we discuss the
mechanism proposed for describing oscillatory components in several semiconductors and
semimetals, where only A; symmetry Raman-active modes were observed, even though
modes of comparable strength with different symmetries also occur in Raman spectra
of these materials. The model was named displacive excitation of coherent phonons

(DECP) [109] due to obvious reasons explained later in this section.

DECP [109] was shown to be one of the limiting cases of the more general impulsive
stimulated Raman mechanism [110]. In DECP, after being excited by the pump laser

pulse, the electronic system comes to a quasi-equilibrium in a time short compared to
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Chapter 3: Femtosecond pump-probe spectroscopy

the oscillation period of the lattice. This quasi-equilibrium is described by the density
of the photoinduced carriers n,(t). Equilibrium positions of ions in the perturbed state
are different then in the initial state so ions find themselves displaced from the new
equilibrium positions and start to oscillate. This gives rise to a change in reflectivity

which oscillates with the characteristic lattice vibration frequency.

The basis of DECP is the postulation that the origin of the oscillations is a change
in the quasi-equilibrium A; coordinate Qo(t) (Qo(t < 0) = 0 is the state before the
photoexcitation). The A; modes are the so called ”breathing modes”, where the ionic
displacements do not change the symmetry. The equilibrium value of A; displacements
is determined by minimizing the free energy of the system. Therefore, the equilibrium

positions of the nuclei should be a function of temperature and electronic distribution.

Photoexcitation can cause either increased electron temperature AT(t) or interband
transitions leaving n,(t) electrons per unit volume in the excited bands. Both, the
increase in the electronic temperature and the increase of the occupation number of states
in bands above Fr may lead to a change in the quasi-equilibrium A; ionic coordinate.
This happens on a timescale which is short compared to the equilibration time of an
ionic system, thereby coherently exciting the A; vibrational mode. Even though it is
not clear which of the two sources is dominant, both lead to a similar result. Therefore,
for the sake of simplicity, in the following derivation n,(t) is assumed to be the main

source. The rate of change of n,(t) is described by

dny (1)

22— pP(1) — Bry(t), (3.30)

where the first term on the right describes the rate of generation of the carriers in the
excited band which is assumed to be proportional to the pump pulse temporal profile and
p is the proportionality constant. The second term describes the relaxation of electrons
back to the ground state. When the perturbation is small, it is reasonable to assume that

the dependence between the A; equilibrium coordinate and ny(t) is linear. Therefore

Qo(t) = kny(t), (3.31)

where k is the proportionality constant and Qo(¢ < 0) = 0. The equation governing the

time dependence of the coordinate @ (¢) is then

Q (1) +27Q (1) +w* (Q(t) — Qo(t)) = 0, (3.32)
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where w is the eigenmode frequency and < is its damping constant. Both the measure-
ments and Equation 3.30 indicate that the photoinduced carrier density relaxes expo-
nentially so the A; equilibrium position function can be written as a simple exponential
decay® Qo (t) = Qo(t = 0)e~ /™. In that case the solution of Eq. 3.32 is a damped
oscillator with a renormalized frequency @ = \/m

1/7 —
Q (1) o cos (@) — /TL'Y sin (@t) , (3.33)
with the phase of the oscillation given by
1 —
p = arg (1 - zT) . (3.34)

3.3.1 Critical Discussion about DECP

The simple DECP solution given by Equation 3.33 is only obtained when the laser pulse
can be approximated by a delta function in comparison with the electron relaxation.
However, our experimental results show that the rise and relaxation time are of the

same order of magnitude (100 — 200 fs) so we tried to obtain a more general solution.

The function P(t) describing the laser pulse in Equation 3.30 is generally described fairly

well with a Gaussian function

P(t) = Pyexp (;;) , (3.35)

where 20 is the temporal width of the pulse and Py is proportional to the laser fluence.

Equations 3.30 and 3.35 can be analytically solved to obtain the number of excited

quasiparticles
n,(t) = nd <1 erf [502 — t]) exp(—pt) (3.36)
= — —_— xp(—pft), .
D D V20 P
where n0 is a parameter proportional to the laser fluence. This function behaves like

P
a normal exponential function when t > Bo?, so since in our case % ~ o, Equations
3.33 and 3.34 are good approximations when t > o. Since the typical phonon decay
time is ~ 10 ps while ¢ ~ 60 fs, Equations 3.33 and 3.34 are not valid only on the

sub-picosecond time scale. To test this, we solved Equations 3.32 and 3.36 numerically

8 Analytically, this is only the case when the function P(t) in Equation 3.30 is a delta function, which
is a good approximation when the laser pulse is much shorter than the electron relaxation time.
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FIGURE 3.9: The red line depicts a typical laser pulse with o = 60fs (see Equation
3.35) which excites quasiparticles across the gap (blue line) according to Equation 3.36.

(since no simple analytical solutions exist). The numerical solution obtained this way
is qualitatively similar to the experimentally obtained data for the blue bronze at low
temperatures so we compared the experimentally obtained data, the numerical solution
and a typical fit using a sum of several exponential functions® and a damped oscillator.

We present the comparison in Figure 3.10.

The orange line in Figure 3.10 displays a sum of a numerical DECP solution, an exponen-
tially decaying function (72 ~ 10 ps) and a step function describing heating whereas the
blue line displays a sum of two exponentially decaying functions (71 & 200 fs, 79 ~ 10ps)
and a step function, which is a typical fitting function in this case [23]. It is clear that
both curves overlap when ¢ > 1 ps and that both describe the qualitative behavior of the
experimentally obtained data. The numerical DECP solution is evidently a worse fit in
the subpicosecond range (see the inset of Figure 3.10) so additional terms are needed to
describe the experimental data. One can also see that the phase of the oscillations of all
the curves already matches at the first minimum so it can be concluded that Equation

3.34 is always a good approximation.

Even without this analysis one can speculate that within the frameworks of DECP
the change of reflectivity has two contributions in the subpicosecond range. The first
contribution is the change of reflectivity caused by the optically excited quasiparticles
(described by Equation 3.36), while the second contribution is caused by ionic motion.
Our analysis seems to indicate that the second contribution is the prevailing one in this

case. As a final step, we also fit the data with a sum of the numerical DECP solution

9The rise time is determined by Equation 3.36.
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FIGURE 3.10: The comparison between the experimental data (open circles) with the
numerical solution of Equations 3.32 and 3.36 (orange line) and a fit using a sum of an
exponential function (see Equation 3.36) and a damped oscillator. The only difference
between the two fitting functions occurs when ¢ < 1 ps, where the sum of an exponential
function and a damped oscillator provides a better fit (see the inset)

and an exponentially decaying term with a matching!® 71 = 1/3 (see Equation 3.36)

which is plotted as a yellow line in Figure 3.10 and we obtain a very good fit.

One must of course also be aware that the main contribution to the disagreement of
the data and all the fitting curves are strong additional phonon modes. However, the
daunting task of incorporating them into this simple model is beyond the scope of this

analysis.

0T herefore only one fitting parameter was added instead of two.
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Chapter 4

Ultrafast Relaxation Phenomena
in K0_3M003

4.1 The structure of Ay3MoOs;

Molybdenum oxides Ay.3MoQOgs, where A is a monovalent metal like K, Rb, or TI, are
also called blue bronzes due to their shiny blue appearance. These oxides are well
known for their interesting electronic properties arising from their one-dimensional (1D)
chain structures [60, 80]. Figure 4.1 shows the schematic structure of Ko 3MoOs, which
crystallizes in a monoclinic unit cell with room temperature lattice parameters [56, 111]
a = (18.24940.010) A, b = (7.560£0.005) A, ¢ = 9.855+£0.006 A and § = 117°32". The
structure contains rigid units comprised of clusters of ten distorted MoOg octahedra,
sharing corners along the monoclinic b-axis. Due to this corner sharing electrons have
an easy path along the chain direction. The chains also share corners along the [102]
direction and form infinite slabs separated by the potassium cations. The cleavage plane
is defined by the [102] and [010] directions. There are 4 CDW chains per unit cell and the
CDW wavelength is close to %b. At room temperature Ky 3MoOg is a highly anisotropic
one dimensional conductor with conductivity ratios oy : 024—c : 024+ = 30 : 1 : 0.05.
This enables one to treat Ky3MoOgs as a quasi-one-dimensional metal. The Peierls

transition into the CDW state occurs at 722 = 183 K [60].
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2¢ + a axis

2a- c axis

FIGURE 4.1: The structure of transition metal oxides consist of chains of M Og octa-
hedra along the crystallographic b direction that share corners.

4.2 Low Perturbation Regime

4.2.1 Introduction

Our femtosecond time-resolved optical measurements on Ky 3sMoOg and Rbg 3sMoO3 were
motivated by the major progress that has been made in the last couple of years in
theoretical understanding of the relaxation phenomena in systems with a narrow gap in
the density of states. In particular, it was shown that the Rothwarf-Taylor (RT) model
(see Appendix A) captures the main underlying physics of the relaxation processes in

superconductors [24, 34] as well as in heavy electron systems [112].

The first ultrafast optical measurements on Kg3MoOgs seemingly confirmed that dy-
namics of CDW materials could be described by the same bottleneck model [23]. The
temperature dependence of both the amplitude and the relaxation time of the photoex-
cited transient reflectivity near the transition temperature fit the theoretical prediction
well (see Equations (6) and (25) in Ref. [36]). On the other hand, the low temperature
predictions of the RT model were not tested due to sample heating. In particular, there
is an important prediction given by Equations A.16 and A.20 that states that at very
low temperatures and excitation intensities the relaxation time should diverge with de-
creasing excitation intensity for both weak and strong bottleneck regimes. Therefore, we
have performed detailed temperature and excitation intensity dependent measurements

in order to test the RT model validity for blue bronze and to determine whether the
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assignment of various relaxation processes made in Ref. [23] holds or an alternative

model is needed.

4.2.2 Experimental results

In the experiments described in this Section, we used 60 fs laser pulses at 1.55 eV (A
= 800 nm) from a commercial Ti:saphire oscillator with repetition rate of 80 MHz as
a source of both photoexcitation (pump) and probe pulse trains (see Section 3.1.3 for
more detail). The probe pulse train was delayed with respect to the pump pulse train
using a delay stage and small changes in R were recorded using the lock-in detection
technique (see Section 3.1.2). The experiments were performed on single crystals of
Ko.3MoO3 and Rbg3MoO3 with the probe polarization along the chain direction while
pump beam was polarized along [102] direction. The direction of the probe polarization
was chosen to maximize the incoherent response signal [23] while the pump polarization
was perpendicular to that direction in order to minimize the signal noise caused by the
scattering of the pump beam'. The samples were mounted in an optical cryostat and the
temperature was varied between 4 and 300 K using liquid helium as a cooling agent. The
temperatures were measured at the cold finger of the cryostat. Dynamics was studied
in the range of excitation fluences between F =~ 0.01 uJ/cm? — 1 pJ/cm?. The reduced
pulse duration, much improved S/N ratio and longer range of the time-delay studied
enabled us to determine the relaxation timescales with much higher precision compared

to the earlier report [23].

Figure 4.2 shows the induced reflectivity transients in Ky 3MoO3 normalized to the ex-
citation fluence recorded at 4 K. It clearly shows that the relaxation dynamics does not
depend on excitation fluence over a large range in excitation fluence. In fact, measure-
ments utilizing a regenerative amplifier showed that dynamics is F-independent up to
several 10 pJ/cm? where strongly nonlinear regime is reached leading to photoinduced
semiconductor-metal phase transition? [29]. The fact that the dynamics is independent
of excitation fluence over such wide range of excitation fluence is clearly at odds with the
RT model, which predicts that in both weak and strong bottleneck regime at low tem-

peratures the relaxation rate should increase with excitation fluence [34] (see Equations
A.16 and A.20).

Moreover, we have also performed temperature dependent measurements in the low ex-
citation fluence limit, where the RT model predicts slowing down of relaxation upon

cooling (see Equations A.16 and A.20). We measured the reflectivity transients in the

! There is always some scattered pump beam light from the sample that reaches the detector which
can be problematic when using the lock-in detection technique.
2These results are presented in Section 4.3.
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FIGURE 4.2: Normalized reflectivity transients at different excitation fluences measured
at 4 K overlap almost perfectly. Data are shifted vertically for clarity.

temperature range from 4 K to room temperature with the emphasis on the measure-
ments below 50 K, where there were no data reported previously due to heating [23].
The data above the transition temperature can be well modeled by a single exponential
decay. The data below the transition temperature fit well to a sum of two exponential

functions and a damped oscillatory part

S(t) = Ar(t)e ™/ + As(t)e™™ + Agsce ™ sin(wt — 9). (4.1)

We plot the two distinct relaxation times 7 and 7 in Figure 4.3a. The data show that
both relaxation times are roughly constant at temperatures below T ~ 70 K. Above
this temperature 7; increases, showing a quasi-divergence as TC3D is approached while m
gradually decreases. It is noteworthy that above T ~ 70 K 7 and the amplitude mode
decay time 7! have nearly the same temperature dependence up to T2, as shown in
Figure 4.3b. The fact that 7 is temperature and pump intensity independent below
~ 70 K is also in disagreement with the prediction of the RT model given by Equations
A.16 and A.20.

We plot the two distinct amplitudes A; and As (see Equation 4.1) in Figure 4.4. Both
amplitudes decrease with increasing temperature up to = 30 K. A; is roughly constant
above 30 K up to =~ 120 K, then it starts decreasing when approaching the transition

temperature T2, Aj is roughly constant up to ~ 80 K, has a local maximum around
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FIGURE 4.3: Panel a) shows the temperature dependence of the two distinctive relax-

ation times obtained from the fit. The dotted lines are guides to the eye. Panel b)

shows the longer relaxation time and the AM decay time obtained from the fit on the
same graph.

~ 120 K, then it follows the behavior of the amplitude A; and drops towards zero when
approaching the transition temperature 72, Both components are easily distinguished
at low temperatures due to the very different time-scales. On the other hand, the
time scales become comparable near the transition temperature (see Figure 4.3) so the
distinction becomes more difficult and may even distort the temperature dependence

information?.

The main oscillatory component in the induced reflectivity transient with frequency of
about 1.7 THz is due to coherently excited amplitude mode. As a result of an improved
S/N ratio and shorter pulse duration compared to earlier report, [23] we were in addition
to its frequency and damping able to resolve also the temperature dependence of its

phase, ¢. As shown in Figure 4.5, ¢ has a pronounced temperature dependence.

Since K(Rb)g.3MoOs is opaque, the simplest model that explains the coherent phonon (or
amplitudon) generation is the displacive excitation of coherent phonons model (DECP)
[109], which is explained in more detail in Section 3.3. In DECP, the phase of the
coherently generated phonon is determined by Equation 3.34, which predicts that the
phase ¢ is determined by the electron relaxation rate, the phonon frequency and its

damping. We have therefore used equation 3.34 and calculated the phase from the

3This is likely the reason why the temperature dependence of A; shows some deviation from the
behavior presented in the first report [23].
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FIGURE 4.4: The temperature dependence of the amplitudes of both exponentially

relaxing components of the transient signal show a decrease near the transition tem-

perature. The inset figure shows the temperature dependence of the long-lived signal

pile-up. It displays a maximum at the transition temperature and exponential behavior
below it (solid line).

parameters (71,7,w) obtained from fitting the 7-dependent data and compared the
results with the measured phase. The data match remarkably well as we show in Fig.
4.5. Since both v and 71 show a strong T-dependence above T' ~ 70 K (see Fig. 4.3), we
wanted to check which is the dominant term governing the temperature dependence of .
Comparison of the calculated phase with 7 fixed at its low temperature value of 200 fs
shows that the T-dependence of v is not enough to account for the ¢(T') variation. This,
together with anomalous slowing down of the fast relaxation with 71 o< 1/A(T), lend
further support to the assignment of the initial relaxation dynamics to the electronic

order parameter recovery.

In the second set of experiments we have studied the induced reflectivity dynamics
as a function of applied electric field along the chain direction. For this, we made
two electrical contacts on the surface of each of the samples using silver paste. After
cooling the samples, we used a voltage source to measure the I-V characteristics which
showed similar behavior as commonly observed [113]. We measured the photoinduced
reflectivity transients between the contacts at several temperatures below 72", Within
experimental uncertainty no change in the relaxation dynamics was observed on the
applied electric field up to the second threshold field, where pronounced sample heating
was observed. Since the penetration depth of the 800 nm light is small (85 nm), one

could expect that a large portion of the current flows deep in the bulk without being
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FI1GURE 4.5: Temperature dependence of the phase of the coherently excited AM, ¢
(black squares), compared to ¢ calculated using the DECP model (red circles) with the
driving force g(t) governed by the build-up and subsequent decay of the photoinduced
QP population. We show that ¢(T') is governed by the T-dependence of the decay of
the QP population 7;(the green triangles show the prediction of the DECP model for
¢ if 7 is constant ( 7, = 0.2 ps). The solid and dotted lines are displayed as guides to
the eye.

affected by the laser illumination. However, the large resistivity of Kg3MoOs in the
[201] direction and the photoinduced transport measurements by Ogawa et al. [114]
suggest that the current contribution near the surface is not negligible. While the effect
of the applied electric field on the relaxation of the phase mode is unclear, the fact that
no change in the relaxation dynamics on temperature (up to 100K), excitation fluence
(over 3 orders in magnitude) and the applied electric field is observed seems to rule out

the (tentative) assignment [23] of the 10 ps component to the phase mode.

Finally, given the much improved signal to noise ratio in our experimental set-up with
respect to the initial report [23], we were able to observe a number of additional phonon
modes via the Fourier transform of our real-time data. After fitting out the incoherent
part of the response, we performed FFT and obtained very sharp phonon lines in both
materials - see Figure 4.6. The mode frequencies agree well with the phonon lines
observed in Raman experiments [82]. In general, the frequencies of the modes observed
in Rbg.3sMoQOg are slightly lower than the corresponding modes in Ky 3MoOgzwhich agrees
with slightly larger lattice constants in Rbg 3MoOs.

Let us now discuss the implications of these measurements. In the model [36] used in
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FIGURE 4.6: The sharp phonon spectra of Ky 3sMoO3 (black solid line) and Rbg sMoOs5

(red dashed line) measured at 4 K. Numerous phonon lines are in agreement with Raman

data [82]. The strongest modes near 1.7 THz correspond to the amplitude mode of the
two compounds.

the original paper [23], the assumption was made that after excitation across the CDW
gap, the excited QP and phonons reach thermalization on a fast timescale (¢ > 10 fs).
This causes a bottleneck in the relaxation of QP which is especially effective near the
transition temperature TC?’D and causes a divergence of the QP relaxation time near
T3P, This model was later adopted by different authors for explaining the divergence of
the QP relaxation time in various CDW systems[23, 39, 42]. Effectively, this is the RT
scenario in the strong bottleneck regime which is described in more detail in Appendix
A.1. This regime can be described briefly in the following manner. If the electron gap
2A is of the order of the phonon cut-off frequency, then the excited QPs can relax across
the electronic gap by emitting optical phonons with v > 2A. These phonons can then
either be reabsorbed by creating two QPs or they can decay (via diffusion out of the
probed volume or by anharmonic decay). In the strong bottleneck regime, the phonon
anharmonic decay is much slower than the QP relaxation across the gap, so the QP
relaxation is governed by the phonon decay time. Near the transition temperature, the
electronic gap closes, effectively decreasing the number of available v < 2A phonons,
thereby increasing the decay time. This leads to the intuitive conclusion that in the
bottleneck regime when approaching the transition temperature from below, the QP
relaxation time diverges, which is observed in different CDW materials [23, 39, 42].
However the RT physics also predicts that in the strong bottleneck regime the QP

relaxation time should diverge with decreasing excitation intensities at low temperatures
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(see Equation A.16). In our measurements we do not observe any divergence of relaxation
times at low temperatures even when the excitation intensity is decreased by several

orders of magnitude, which speaks against the strong bottleneck regime in Ky 3MoOs.

In principle, the system could also be in the weak bottleneck regime at low temperatures.
In the weak bottleneck regime, the decay of optical phonons with v > 2A happens on
a time scale which is faster than the QP relaxation so the QP effectively experience
bi-molecular relaxation. In the case of bi-molecular relaxation, the QP relaxation time
is again expected to be strongly F' dependent at low temperatures (see Equation A.20),

in contrast with the result of our measurements.

4.3 High perturbation regime

4.3.1 Introduction

In superconductors (SC), it has been known for decades that an intense laser pulse can
non-thermally destroy the SC ground state [115]. The energy required to destroy SC
should, in case all the absorbed optical energy is kept in the electronic subsystem during
the process of SC suppression, be equal to the condensation energy (energy difference
between the free energy of the SC and normal states at T = 0 K). In recent experiments
on MgBs [116, 117] and the high-T. SC Lag_;Sr, Cu2Oy4 [28] it has been shown, however,
that the absorbed optical energy required to suppress SC is substantially higher than the
thermodynamically measured condensation energy [28]. This discrepancy was accounted
for by considering in detail all energy relaxation pathways on the timescale when SC
suppression is achieved. From this analysis it follows that on this timescale a quasi-
equilibrium between the density of quasiparticles and high frequency phonons is achieved
with most of the absorbed energy density being stored in the phonon subsystem [28, 116,
117].

Charge density wave systems present another broken symmetry ground state. Here upon
cooling through the CDW transition temperature the translational symmetry is broken
[60] (also see Chapter 2). While real-time studies of photoexcited quasiparticle and
collective mode dynamics in CDW compounds have been quite extensive in the weak
and moderate perturbation regime [10, 23, 24, 40, 118], systematic studies in the high
perturbation regime, where the energy of the optical excitation pulse is enough to drive
the phase transition from the CDW ground state to the normal metallic state [41, 43],

were still lacking.
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4.3 High perturbation regime

In this Section we present the first systematic study of carrier and collective mode
dynamics in the high perturbation regime in Kg3MoQOs. Systematic temperature and
excitation density dependent measurements of the PI reflectivity changes reveal that
the phase transition from the ground CDW state to the normal metallic state can be
achieved on the femtosecond timescale. From the energy conservation law it follows that
the phase transition is non-thermal in origin; i.e. the phase transition is not a result of
a simple heating of the sample to above the critical temperature. The absorbed energy
density required to optically induce the phase transition is found to be comparable
to the electronic energy difference upon CDW condensation. These results give new
insight in the ultrafast processes governing the relaxation dynamics in low dimensional
CDW systems. In particular, the results suggest that on the timescale shorter than the
period of the characteristic lattice vibrations (= 0.6 ps in K 3MoOQs3, which is the inverse
frequency of the AM [23, 119]) the charge density modulation is suppressed while the

lattice remains unperturbed keeping the 2 ky modulation.

4.3.2 Experimental results

We studied the excitation intensity and temperature dependence of the PI reflectivity
dynamics in single crystals of blue bronze Ky 3MoOgs using a degenerate optical pump-
probe technique. We used a commercial Ti:Sapphire amplifier producing 6 pJ, 50 fs laser
pulses at A = 800 nm (photon energy of 1.55 eV) at a variable repetition rate between 9
and 250 kHz (see Section 3.1.3 for more details). The laser was used as a source of both
excitation and probe pulses. Samples were mounted in an optical helium flow cryostat,
with both excitation and probe beam entering the sample at near normal incidence.
Due to the strong anisotropy of the induced changes in reflectivity with respect to light
polarization [23], the probe laser beam was polarized along the chain [010] direction,
while the excitation beam was polarized along the perpendicular [102] direction [60]. To
ensure a homogeneous excitation profile, the diameter of the pump beam at the sample
position was twice the diameter of the probe beam. To determine the photoexcitation
density at the position of the sample with high precision we used a beam profiler. We
fitted the beam profile with a Gaussian, and the excitation fluences, F', used throughout
the Section correspond to the maximum fluence at the center of the beam. Low thermal
conductivity in Ky3MoOs [57] can lead to a pronounced increase of the equilibrium
temperature in the probed volume, proportional to the average laser power. Therefore,
the high excitation experiments were performed at a low repetition rate (10-30 kHz),

where at F' = 1 mJ/cm? the temperature increase is < 10 K.

Figure 4.7 presents the induced reflectivity transients taken at 4 K at several excitation

densities. At low excitation densities the data show the same behavior as previously
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FIGURE 4.7: PI reflectivity changes in Kg.3MoO3 at 4 K following photoexcitation with

50 fs optical pulses at different excitation fluences. For presentation purposes the x axis

is logarithmic with zero time delay shifted to 1.5 ps prior to logarithmation. Inset: the

F—dependence of the initial decay time 7, determined by fitting the data as described

in the previous Section. 71(F) displays critical behavior near the threshold fluence of
~ 200 pJ/cm? (dashed line is a guide to the eye).

reported [23] and described in Section 4.2. The decay dynamics of the (incoherent)
electronic response show a bi-exponential decay with timescales 71 ~ 0.3 ps and » ~ 7
ps. The former one, showing critical slowing down upon approaching 73" was attributed
to the recovery of the CDW gap, while the second one was initially tentatively attributed
to an overdamped phase mode [23]. Recent detailed studies of the dynamics as a function
of F' and applied external electric field however suggest that this longer timescale more
likely presents the second stage of the CDW recovery [35]. On top of the incoherent
transient an oscillatory (coherent) signal is observed whose Fourier transform, obtained
by Fast Fourier Transform (FFT) analysis, shows several frequency components which
can be attributed to the coherently excited AM (the strongest mode at 1.68 THz) and
several other phonon modes [23, 35, 41].

While the PI transient is linear in F' over several orders of magnitude (also See Section
4.2), we observe pronounced changes upon increasing the excitation intensity into the 100
uJ/em? range. The electronic component shows clear saturation at F' 2> 200 pJ /cm? with

a maximum induced change in reflectivity approaching 18 % . One is tempted to ascribe

“Similar saturation behavior was observed also in Ref. [41]. There saturation is seen at higher
fluences, which can be ascribed to the different experimental configuration used.
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4.3 High perturbation regime

this saturation behavior in reflectivity change to the PI suppression of the CDW order,
where this difference in reflectivity corresponds to the change in reflectivity between
the normal metallic and the CDW state. Since no measurement of the temperature
dependence of reflectivity at optical frequencies is reported to date, we have performed
thermomodulation measurements to determine the magnitude and sign of change in
equilibrium reflectivity upon increasing the temperature to above T3P, We measured
the reflectivity difference between CDW and metallic state at 1.55 eV (800 nm) by
heating the sample to above the phase transition using a CW laser. The data show that
the reflectivity at 800 nm indeed decreases upon increasing the temperature. The change
in reflectivity of ~ 10 % was observed upon heating from 160 K to just above T3P, At
temperatures above T3P the corresponding change in equilibrium reflectivity was less
than 1 %. Therefore the observed reflectivity change and its saturation behavior upon

increasing the excitation fluence are consistent with the PI CDW-M phase transition.

From the rise-time of the reflectivity transient it also follows that this transition hap-
pens on the 100 fs timescale after photoexcitation (rise-time is becoming shorter upon
increasing F'). The initial decay time, 71, shows a pronounced increase near the thresh-
old fluence, followed by a rapid drop as shown in inset to Figure 4.7 (the secondary
decay time 75 shows only a slight decrease upon increasing F'). This critical slowing
down of relaxation below the threshold for the CDW melting shows similar behavior as
in the weak perturbation limit upon increasing the temperature towards 72 as shown

in Figure 4.3.

Additional support to the assignment of the saturation behavior to the PI CDW-M
transition comes from the study of the oscillatory response, shown in Figure 4.8. Here
clear suppression of the AM, which presents a fingerprint of the CDW state, is observed
at comparable fluences. Figure 4.8 shows the 2 dimensional surface plot of the FFT
spectrum of the oscillatory signal as a function of excitation intensity over several orders
of magnitude. Several sharp lines are observed, the strongest being that of the AM at
about 1.68 THz (56 cm ™). The two second strongest modes at 2.25 THz (74 cm™!) and
2.55 THz (85 cm™!) correspond to zone-folding modes [76, 82]. Several weaker phonons
in the 3-5 THz range are also observed as in Raman [82], as well as the weak side modes

in the vicinity of the AM and the two zone-folding modes.

While Figure 4.8 clearly shows strong suppression and increased damping of the AM
above F = 200 pJ/cm?, suppression of other phonons follow at the excitation densities
that are about one order of magnitude higher in . More information about the nature
of the PI CDW-M phase transition can be gained by looking at the evolution of the FFT
spectrum with time at different F', which can be obtained by performing the Wigner

transform. In this technique one performs FFT in a limited time window at a certain
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FI1GURE 4.8: F-dependence of the Fourier transform of the oscillatory signal at 4 K.

The data were, prior to FFT analysis (time window of 50 ps), normalized to F for

clarity. The area between 1.1 and 9 uJ/cm? is obtained by interpolation between the

low F' data recorded with the Ti:sapphire oscillator and the data recorded with the

amplified system. Color coding represents the FFT amplitude. Strong suppression of

the AM (= 1.68 THz) is observed at F ~ 200 uJ/cm?, while the other modes vanish at
fluences that are about one order of magnitude higher.

time point. Choosing an appropriate integration window is very important since a
short (long) integration window means good (poor) time resolution but poor (good)
frequency resolution. The spectra for four different fluences are presented in Figure
4.9. Here one clearly sees that the AM vanishes at F' > 300 uJ/cm? while the two
zone-folding modes persist up to F' > 2.5 mJ/cm? finally disappearing above F' > 3

2. The fact that high frequency modes survive above the threshold fluence for

mJ/cm
the PI CDW-M phase transition suggests that on a short timescale time following the
PI CDW-M transition and subsequent recovery on the sub-ps timescale (inset to Figure
4.7) the lattice remains largely unperturbed. In other words, photoexcitation with a
50 fs optical pulse of F' > Fyq induces melting of the electronic density modulation,
which partially recovers on the sub-ps timescale, while the lattice is - on this timescale
- uncoupled from the electron subsystem and retains its 2kp modulation. Only in the
second step of relaxation, which proceeds on the 10 ps timescale, the CDW can be

described with a single order parameter where electrons adiabatically follow the lattice.

We have studied the F-dependence of the amplitude of the electronic signal at different
temperatures below T5P and we present the results in Figure 4.10. Upon increasing

the temperature, saturation appears at decreasing values of F. In order to determine
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FIGURE 4.9: The time evolution of the FFT spectrum at 4K recorded at F = 12

wd/em?, 130 puJ /em?; 0.38 mJ/cm? and 2.5 mJ/cm? (panels a-f). The plots are obtained

by time-windowed FFT analysis with a 10 ps Gaussian time window. The AM is

strongly suppressed at F > 200 pJ/cm?, while the high frequency modes are present
up to F' ~ 3 mJ/cm?.

the temperature dependence of the saturation fluence, Fyu;, we fit the data with the
simple saturation model, which is described in detail in Section 3.2.1. The temperature
dependence of Fyy, together with the corresponding absorbed energy density per unit
cell volume®, Fy,;, is presented in Figure 4.10b. To find whether the CDW melting is a
result of a simple pulsed heating or is it non-thermal in origin we calculated the expected
temperature rise AT which corresponds to Fgqt, using Fgqr = :,Z;OJFAT cp(T)dT. Here
¢p is the total specific heat [57]. At Tp = 4 K and Ey,; ~ 60 meV/u.c.v. we obtain
AT < 40 K, while at higher T this value is considerably smaller (AT < 3 K at 172
K and Fg ~ 20 meV/u.c.v.). In fact, the absorbed energy density required to heat
Ko.3MoOg3 from 4K to its phase transition TE‘D = 183K is about 600 meV /u.c.v., an
order of magnitude higher than 4. It follows that the PI CDW-M phase transition is

non-thermally driven.

% Absorbed energy density is calculated using published values [81] of the dielectric constant at 1.55
eV.
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FIGURE 4.10: a) F-dependence of the PI reflectivity maximum at several temperatures

below T2P. The solid lines are fits with the simple saturation model [28]. b) Saturation

fluences extracted from a) and the corresponding absorbed energy densities in meV per

unit cell volume. The dashed line represents the calculated T-dependence of Fy,; given
by Eq.(1), where BCS T-dependence of A was used.

Observation of coherently excited zone-folded modes at fluences up to one order of
magnitude higher than Fj,; suggests, that on the sub-ps timescale after photoexcitation,
the electrons are nearly uncoupled from the lattice. In this case F4 should be compared
to the energy gain of the electronic subsystem upon CDW condensation, E.;. To estimate

E.; we used the mean-field expression in the weak coupling limit, given by Equation 2.20

F = —n(ep) A2 (; +log 26;) . (4.2)
Here n(ep) is the normal state density of states at the Fermi energy, ep, and A is the
value of the CDW gap. Using A = 60 meV, e = 0.24 — 0.39 eV and n(ep) =4 —6
eV~!/u.c.v. [60, 120] we obtain E,(4K) = 37— 66 meV /u.c.v.. This value is in excellent
agreement with Fgq¢(4K) ~ 60 meV /u.c.v., giving further support to the argument that
during PI CDW melting the electronic order parameter is decoupled from the lattice
on the sub-ps timescale. At F > 3 mJ/cm?, which corresponds to the absorbed energy
density of 1 eV /u.c.v., other modes are also completely suppressed. This energy density
is in good agreement with the calculated energy density required to heat up the excited
volume to above TP, In this regime, recovery proceeds on a much longer timescale which

is determined by heat diffusion out of the excited volume. The temperature dependence
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of FEsqt, shown in Fig. 4b, shows good agreement with the expected T-dependence of
Eg;. The dashed line in Fig. 4b shows FE.(T) calculated from Eq.(1), where the BCS
T-dependence of A was used [60].

By using the fast scanning technique, we were able to significantly improve the signal
to noise ratio (compared to the measurements in the low perturbation regime). This
enabled us to monitor the evolution od the oscillatory response in great detail even
several hundreds of picoseconds after excitation. After subtracting the exponential part
of the signal, we performed a Fast Fourier Analysis on the remaining oscillatory signal

and we show the result in Figure 4.11 together with a Raman spectrum for comparison
[82].
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FIGURE 4.11: This figure shows a comparison of the high resolution FFT obtained

by our method (solid line) and a Raman spectrum [82] (dotted line) of a Kg 3MoO3

crystal. The spectra are offset for clarity. The inset shows a blowup of the data close
to the amplitude mode frequency.

As has been shown previously [23, 41], there is good agreement between the Raman
spectrum and the FFT spectrum of the oscillatory part of the signal. It is worth men-
tioning that the frequency resolution of our method is roughly one order of magnitude
better than the frequency resolution of the Raman measurement (see Figure 4.11) Of
special interest to us are the the amplitude mode at 1.68 Thz and the two zone folding
modes at 2.24 THz and 2.56 THz [76, 82] because they are the fingerprints of the CDW.

Our measurements show for the first time that all of these modes are split. While all the
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zone folding modes have similar linewidths, the two modes at 1.68 THz clearly show very
different damping at first glance. To analyse this behavior in more detail, we calculated

the time evolution of the oscillatory response (see Figures 4.12 and 4.13).
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FIGURE 4.12: This figure shows how the FFT spectrum of the oscillatory response

evolves 400 ps after the excitation pulse. The FFT spectra were obtained using a

moving Gaussian FFT window. The full width at half maximum of the Gaussian
window was 10 ps.

In Figure 4.12 we plot the time evolution of the FFT spectrum that was obtained by
integrating the data with a 10 ps Gauss window. One can easily see that the amplitude
mode and both zone folding modes are clearly visible even more than 200 ps after
excitation. Due to the short integration window the peaks are no longer split, however
a beating effect is observable in the zone folding modes. To estimate the evolution of
the modes quantitatively, one can plot the time evolution of their amplitude (see Figure
4.13).

In Figure 4.13 we plot the time evolution of the amplitudes of the amplitude mode
(Figure 4.13a) and the two zone folding modes (Figures 4.13a and 4.13b). The data
are plotted on a semi-logarithmic scale to emphasize their exponential behavior. In an
effort to exclude any artifacts due to the integrating procedure, we performed the FFT
with different time windows (2.5 ps and 5 ps) but one can see that the data match

very well. The temporal dependence of the amplitude of the amplitude mode in Figure
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F1GURE 4.13: The temporal evolution of the amplitudes of three different peaks ob-
tained from the Wigner transform (see Figure 4.12). The frequencies are chosen to
analyze the behavior of the amplitude mode and two zone-folding modes. The beating
effect observable in all amplitudes indicates that each of the peaks describes two modes
with similar frequencies. The amplitude of the AM peak can be fitted with a double
exponential indicating that the two modes have very different damping. The ampli-
tudes of the two zone-folding modes can be fitted with a single exponential indicating
that the damping of the double modes is similar.

4.13a clearly displays two distinctive decay times. By fitting the data with a double
exponential function (solid line in Figure 4.13a) we find the two decay times to be 4 ps
and 68 ps, which corresponds to the line widths of the two modes shown in Figure 4.11.
The decay times of the amplitudes of the 2.2 THz and 2.5 THz zone-folding modes show
single exponential decay behavior with decay times of 64 ps and 38 ps, respectively.
This is the expected result since the linewidths of the split zone folded modes shown in
Figure 4.11 are similar. The zone folding modes also clearly display beating with the
characteristic time that corresponds to the inverse of the difference of the frequencies of

the split modes.

To further elucidate the phonon behavior, we plot the temperature evolution of the FFT
spectrum in Figure 4.14. One can see that substantial softening when approaching the
transition temperature is only observable in the amplitude mode at 1.68 THz. Figure
4.14b is a blowup of the spectrum around the amplitude mode where one can clearly
see another narrow mode on top of the amplitude mode (also see the inset in Figure
4.11). When looking at the FFT spectrum at a single temperature (Figure 4.11), one is

tempted to somehow ascribe the narrow mode to the amplitude mode due to very similar
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FIGURE 4.14: The temperature dependence of the FFT spectrum on two different

frequency ranges. b) is a blowup of a) near the amplitude mode showing two distinct

modes. The stronger mode at v; = 1.68 THz softens considerably when approaching

the transition temperature while the frequency of the weaker mode at v, = 1.73 THz
slightly increases.

frequency (e.g to the surface AM mode). However if that was true one would also expect
observable softening of that mode with increasing temperature which is clearly not seen
in Figure 4.14b.

4.4 Thin Films

4.4.1 Introduction

In this Section we will start with the motivation for growing thin films and continue

with our advances in growth and characterization of thin films of Kg3MoOs.

Thin films have proven to be much better suited for certain pump-probe techniques
than crystals of the same material. The advantages of thin films over crystals include a

relatively large sample surface with low surface roughness, small PI steady state heating®

%In the first approximation AT is proportional to the inverse of the thermal conductivity of the
substrate which is usually chosen to offer much better thermal conductivity than the measured sample.
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and the possibility to measure in transmission. For configuration example, when the
terahertz pump-probe technique is used, the sample under investigation is perturbed with
an IR pulse and probed with a THz pulse. The terahertz pump-probe measurements are
significantly simpler in transmission mode, a large surface area of a sample is needed
due to the large wavelength of the THz radiation and we have also discovered in our
preliminary measurements that sample heating can be substantial. Therefore, thin films
clearly present a better alternative than crystals for this technique. The main motivation
for using this method lies in the fact that the frequency of the infrared active phase mode
(see Section 2.5 for more details about the phase mode) in Ky 3MoOs lies in the low THz
frequency range (v =~ 0.3 THz [76]) making a THz probe susceptible to directly detect
it”. Another technique, where thin films are needed due to small penetration depth
of electrons, is witrafast electron diffraction (UED), which has been used to follow the
temporal evolution of laser induced melting in thin metal films [7, 121] on a ps time-scale
[122]. The method harbors great promise for resolving the fastest chemical processes
with atomic level detail, however it suffers from relatively poor temporal resolution of
several 100s fs due to the propagation dynamics of an electron pulse [9]. Free standing
films are required for UED so ideally the films would be deposited on a substrate that
could later be removed. For example, if one could deposit films on salt (NaCl), the
substrate could be dissolved without damaging the film, so a free standing film would

be obtained.

Another reason that makes thin films compelling in general is that when the coherence
length of the electrons is of the order of the system size or smaller, deviations from the
bulk behavior sometimes occur. Classical theories can no longer adequately describe
such systems, and the wave-like nature of the electrons has to be taken into account.
The study of such electron systems with dimensions between roughly 10 nm and 10 ym
is called mesoscopic physics. For instance, the Aharonov-Bohm effect [123] is a well
known example which can be demonstrated in small metallic rings placed in a magnetic
field [124]. If the ring circumference is smaller than the coherence length of the electron
phase, electron-wave interference causes oscillations of the magnetoresistance that can be
experimentally verified. The first such experiment on a CDW material was reported in
1997 [125]. An irregular array of small columnar defects was created in a NbSes crystal
by irradiation with high energy ions. Electrical transport measurements on this geometry
showed a periodic oscillation of the magnetoresistance which the authors ascribed to an
Aharonov-Bohm like quantum interference effect. The authors also suggested that the
half flux periodicity h/2e of the oscillation may be a sign of macroscopic tunneling of the
CDW. An alternative theoretical explanation has also been proposed where the observed

periodicity arises from ensemble averaging properties [126].

"So far we were unable to detect the phase mode directly using IR wavelength.
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Several different characteristic lengths can be defined in CDW systems (see Section 2.4),
however only the correlation and coherence lengths parallel to the chain direction are
usually considered for finite size samples because the characteristic lengths are usually at
least one order of magnitude smaller in the transverse directions. The correlation length
ly denotes the distance over which the CDW phase is coherent, in other words the
average domain size. It depends strongly on the impurity concentration (CDW pinning
potential) of a particular crystal. X-ray studies on Kg3MoOgs have shown that [, can
be as large as several micrometers [127]. The coherence length £ determines the typical
distance over which the amplitude of the CDW modulation can be changed. Within the
frameworks of the BCS theory, £ is given by

hUF

? (4.3)

~—

where vp is the Fermi velocity and A(T) is the Peierls gap. Using the values from
the literature for vy and A(0) in Ko3MoOs [60], £(0) ~ 1 nm. Near the transition
temperature, {(7T) diverges.

4.4.2 Growing Thin Films

We have used pulsed laser deposition (PLD) for the growth of Kp3MoOg thin films.
The technique can be used to grow thin films of several types of materials, includ-
ing semiconductors, ferroelectrics and high-T, superconductors [128]. All depositions
were performed onto substrates of (510)SrTiO3 (STO) and (1-102)Al,O3 (sapphire). A
schematic drawing of a PLD setup is presented in Figure 4.15. A laser pulse ablates
material off a polycrystalline target material creating a plasma plume. The particles con-
tained within the plasma plume are deposited on the substrate. The stoichiometry and
morphology of the deposited film strongly depends on the thermodynamic conditions
during film growth. The most important parameters include the substrate temperature,

the oxygen pressure in the chamber and the deposition rate.

Ko.3MoOs3 films can only be grown in a small range of various growth parameters [129].
The temperature window is roughly between 350°C and 500° and the oxygen pressure is
approximately 0.1 mbar. The grown films are found to be granular. We have obtained
grain sizes of up to &~ 1 um whereas the grain sizes reported in literature are as large as
10 pm with chain direction along the substrate plane [129, 130]. The largest grains are

grown at high temperatures and low repetition rates.

After the films were deposited, we used several techniques to characterize their quality.

Our first benchmark was to use a UV-vis spectrometer to measure the transmission
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FIGURE 4.15: The schematic of the pulsed laser deposition setup. The target and the

substrate are placed into a vacuum chamber where oxygen pressure can be suitably

controlled. A pulsed KrF excimer laser (model COMPexPro 205 from Lambda Physics

Coherent) is used to create plasma plume by ablating material off a rotating polycrys-

talline target. Film growth is caused when the plasma plume deposits the particles on
a substrate which is mounted on a heater block opposite the target.

spectra of the films (see Figure 4.16), which was performed immediately after film de-
position. We compared the measured data with the spectra calculated for various films
thicknesses (see Figure 4.16). In calculation, we used ¢; and €3 obtained by Kramers-
Kronig analysis [131] of the published data of R(w) [54]. We extrapolated the reflectivity
data in the low and high frequency regime using Hagen-Rubens and 1/w* dependency
[131], respectively. There was good qualitative agreement between the calculated and
measured spectra (see Figure 4.16) and we were also able to estimate the thickness of

films to be approximately 100 nm — 200 nm from the absolute value of transmission.

In the second stage of characterization, the films were further analyzed using the atomic
force microscopy (AFM) (see Figure 4.17), low angle X-ray diffraction (XRD) (see Figure
4.18) and by measuring their DC resistivity (see Figure 4.19). Let us begin with the
summary of the AFM measurement which was performed with a commercially available
atomic force microscope (Nanoscope Dimension DI3100 with Nanoscope IV controller
from Veeco Instruments) at the Jozef Stefan Institute. The measured surface of a film
on sapphire (see Figure 4.17a) shows partial ordering of the elongated grains in two
preferential directions on the surface. The average roughness of the film was below ~ 50
nm with several large grains with dimensions of up to 100 nm. We have observed that
the grains are larger and more common on the film edge than in the middle of the film.

The AFM image of a thin film on STO is presented in Figure 4.17b. There was no
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FIGURE 4.16: Transmission spectra of Ko 3MoOs films on STO and sapphire substrates

measured at room temperature are plotted together with a calculated transmission

spectrum for a 200 nm film on STO substrate (dotted line) and an insulating film that
was grown at a too high substrate temperature.
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FIGURE 4.17: The AFM image of a K 3MoO;3 film on sapphire (a) shows partial

ordering of the elongated grains in two preferential directions on the surface. The

average surface roughness is below ~ 50 nm with several large grains with dimensions

of up to 100 nm. The AFM image of a K9 3MoOjs film on STO (b) shows no ordering
on the surface. The film surface roughness is less than ~ 10 nm.
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ordering on the surface. The film surface roughness is less than ~ 10 nm with several

isolated ~ 50 nm high grains.

The low angle XRD investigations were performed at the Research Center for Advanced
Materials at University of Pitesti by Sorin Moga, Denis Negrea and Catalin Ducu. The
data acquisitions were carried out with a Rigaku Ultima IV diffractometer at room
temperature. For the thin films analysis, we used a vertical powder goniometer in parallel
beam geometry (with cross beam optics) and a multipurpose thin film attachment. The
Peak/Background ratio was improved by a flat graphite monochromator. The incident
Cu-K, radiation, A = 1.54178 A was used. The typical experimental conditions were:
40 kV, 30 mA, 2 s for each step, angular range 20 = 70°-420° and angular step 0.050°.
In order to maximize the X-Ray path length on the sample surface, the incidence angle
was kept constant at a = 10°. The results are presented in Figure 4.18. A comparison
with the spectrum obtained on a crystalline powder sample reveals varying results on
different films with 3 qualitatively different outcomes marked with different colors in
Figure 4.18. a) There was good matching between the film and powder spectrum (see
Figure 4.18a), meaning that there was no preferable direction for crystal growth on the
substrate surface. b) There was no matching of any of the peaks (see Figure 4.18b) which
was observed on the samples that were already ruled out due to being very transparent
(other films were visibly dark). c¢) There was limited matching between the film and
crystal spectrum (see Figure 4.18c and 4.18d), which can be expected for epitaxial growth
of films. This was also the most common result for the films that were determined to

consist of Kg3MoOs3 using other characterization techniques.

The transport measurements were performed at the Jozef Stefan Institute using a two
contact technique and a Keithley 238 multimeter. The temperature dependency of the
resistivity of a crystal and two films on different substrates is presented in Figure 4.19.
Since the measurement was performed with only two contacts, the metallic behavior of
the crystal above TP is not observed however the kink at the transition temperature is
clearly visible. A qualitatively similar behavior is observed on the film grown on sapphire
although the transition temperature is not as clearly defined as in the crystal. One can
also notice the much higher absolute value of the film resistivity which can be attributed
to the small film thickness. The film on STO shows no anomalous behavior in resistivity
in the temperature range from 60 K — 300 K and seems to be a relatively good electrical
insulator. Both films were shown to form CDW domains below 183 K using femtosecond
spectroscopy (the details are described in the next section) which leads us to conclude
that by measuring the transport measurements of thin films one can show that a CDW

is formed, however if the result is negative, additional characterization is needed.
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FIGURE 4.18: Several spectra of Ko 3MoOs films obtained by low angle XRD (solid
line) are compared to the spectrum of a crystalline powder obtained by the same method
(dotted line).
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The results of these characterization investigations were not entirely conclusive since the
results of different methods on a single film did not always yield the same result. However
we concluded that there were enough good indications that we successfully managed to
produce thin films containing Ko 3MoQOj3, so the decision was made to further examine

several best quality films® using femtosecond pump-probe spectroscopy.

4.4.3 Femtosecond Spectroscopy on Thin Films

The data presented in this section have been measured at the Konstanz University using
the fast scanning technique that is described in detail in Section 3.1.3. We used 40 fs
laser pulses at 1.55 eV (A = 800 nm) from a regenerative amplifier with a repetition
rate of 250 kHz as a source of both photoexcitation (pump) and probe pulse trains (see
Section 3.1.3). The experiments were performed on four different thin films of Ky 3MoOs3.
The pump and probe were cross-polarized. Polarization dependent measurements on all
films showed that the PI signal was unchanged for different probe polarizations. The
pump and probe beams were focused onto the sample with diameters of dpymp = (90+4)
pm and dprope = (45 = 2) pm. The samples were mounted in an optical cryostat and
the temperature was varied between 4 and 300 K using liquid helium as a cooling agent.

The temperatures were measured at the cold finger of the cryostat.

The PI signal in all the investigated films is qualitatively similar so only the data ob-
tained on one Ky 3MoOg film on Al,Og substrate will be presented here. We plot the
temperature dependence of the PI reflectivity change as a function of temperature and
time after photoexcitation in Figure 4.20a. The AR/ R relaxation of thin films and bulk
looks qualitatively similar (see Figures 4.2 and 4.7), however a) the diminished ampli-
tude and increased damping of the oscillatory signal in thin films is very apparent and
b) the amplitude of the electronic part of AR/R is about one order of magnitude lower

than in the crystal (see Figures 4.7 and 4.20a) even though the films are optically thick.

The non-oscillatory part of the data was found to fit well to a sum of three exponential

functions with well separated decay times in the whole temperature range.

S(t) = A (8)e™ /™ 4+ Ay(t)e V™ + Ag(t)e /™ (4.4)

The largest decay time 73 is of the order of 400 ps and since the whole time-window of
measurement was only 100 ps, 73 was fixed to a constant value of 73 = 400 ps. We plot
the temperature dependence of the signal amplitudes A1, Ay, A3 and the two relaxation

times 71, 72 in Figure 4.21. The relaxation time 75 shows similar temperature behavior

8We investigated films on both substrates.
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FIGURE 4.20: a) PI reflectivity changes in a K 3MoO3 film on Al,O3 substrate as a

function of temperature and time after photoexcitation. Here the pump pulse train with

average power P = 1 mW and repetition rate v = 250 kHz was focused to 2ppump =

(90 +4) pm corresponding to excitation fluence F = 40 pJ/cm?. b) Oscillatory part of
the PI AR/R as a function of temperature.

as in the crystal as it decreases with increasing temperature, however the anomalous
slowing down near 7" ~ 70 K is not observed in the film (compare Figures 4.3 and
4.21b). The fast relaxation time 7; attributed to the relaxation of the QP across the
gap increases by ~ 10% with increasing temperature as the transition temperature is
approached from below. This is in contrast with the temperature dependence of 7 in the
bulk where the relaxation time 7 increases by one order of magnitude from 4 K to the
transition temperature T2 (see Figure 4.3 and Ref. [23]). In short, there is no strong
divergence in 7 at T3P in films. Above the transition temperature, 7 abruptly decreases
to approximately half of the low temperature value, which is in good accordance with
the temperature behavior of 71 in crystal [23]. A very similar quenching of 7 divergence
due to topology change has also been observed in NbSes [39] which is a CDW material
that crystallizes in whisker and ring crystals (see Figure 1.2). Shimatake et al. [39]
offered an explanation of the 71 quenching in small ring crystals in terms of enhanced
phase fluctuations in the closed-loop topology. Obviously, the same explanation can not

be applied in the case of Ky 3MoOs films, however it does raise questions about how
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finite size of CDW crystals affects the QP dynamics.

It was already mentioned that two characteristic lengths, the correlation and coherence
length in the chain direction, should be considered and compared to grain sizes when
investigating finite size effects in CDW films. Let us first consider low temperatures. The
coherence length is ¢ ~ 1 nm (see Equation 4.3), whereas the correlation length 4 can be
of the order of 1 pum in a crystal without any defects [127], therefore only the correlation
length is of interest at low temperatures. Small grains act very much like a crystal with
impurities, because in one case the CDW is pinned by domain walls and in the other
case by impurities. It is obvious that stronger pinning affects the phase mode because
CDW sliding is more difficult. However we can not offer a model to explain different
dynamics of the electronic signal due to smaller correlation length. At temperatures near
T C3D the correlation length strongly decreases and can not account for any mesoscopic
effects. On the other hand, the coherence length is inversely proportional to the CDW
gap so it strongly increases near TSP . However since it is only of the order of 1 nm at
low temperatures, one can expect the coherence length to only increase to several 10s of

nm near T2 which is not even close to the size of the grains.

The residual oscillatory signal obtained as the difference between the raw data and the
fit defined by Equation 4.4 is shown in Figure 4.20b. One can see that there is an oscilla-
tory signal that vanishes as the transition temperature is approached from below. There
is another strongly damped oscillatory signal that is present in the whole temperature
range 30 K — 300 K . FFT analysis was performed in order to better evaluate the oscil-
latory signal. The spectra obtained below and above 72" are plotted together with a
spectrum obtained at 4 K in a crystal in Figure 4.22. The first and foremost observation
is that there is good agreement between the low temperature spectra on film and crystal,
as six strongest modes are observed in both film and crystal. One can also observe that
the modes in the film are highly asymmetric and strongly damped. We attribute this
to the finite grain size and inhomogeneity of the films, acting much like impurities in a
crystal. We will test this hypothesis in future experiments by systematically introducing
impurities into single crystals using irradiation and measuring the PI relaxation dynam-
ics as a function of impurities concentration. The damping constant + of the AM was
obtained from the FFT spectra and its inverse value is plotted in Figure 4.21b. As has
already been observed in the crystal (see Figure 4.3), it displays the same temperature
dependence as the relaxation time 75. The only difference is that in film, both 7 and
1/~ follow the same temperature dependence in the whole temperature range 4 K — 180
K, whereas in the crystal this only happens when 7' > 60 K (see Figure 4.3). All the
FFT spectra are plotted as a function of temperature in Figure 4.23, where one can see
that the temperature dependency of the FFT measured on films and crystal are also

very similar.
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FIGURE 4.21: The temperature dependence of the PI signal amplitudes (a) and relax-

ation times (b) in Ko.3MoOj3 film on Al,O3 substrate. The relaxation time 73 is fixed

to 400 ps. The decay time 1/7 of the AM is also plotted (full symbols) since it displays
the same temperature dependence as 5.

In the second set of experiments we investigated the excitation fluence dependency of

the PI signal at T" = 10K. We plot the normalized AI;/ B transients as a function of

excitation fluence F' in Figure 4.24. The QP dynamics displays a visible change once the
fluence is increased above F =~ 300 uJ/cm?, which is equivalent to the fluence causing
a dramatic change of the QP dynamics in single crystals (see Figure 4.7). The FFT
spectrum of the oscillatory part of the signal is plotted in Figure 4.25. It also reveals a
very similar picture as in the case of single crystals, where the AM is strongly quenched
while the zone-folding modes persist even after the CDW condensate has been melted

(see Figure 4.9).

The excitation fluence dependence of the amplitude Ay of the 200 fs signal is presented
in Figure 4.26a. For fluences F' ~ 300 pJ/cm? — 1000 uJ/cm?, A; increases linearly
with F. We observed a signal with a similar amplitude and linear excitation fluence
dependence above the transition temperature TCSD in crystal. It is therefore reasonable
to assume that this linearly dependent component can be subtracted to obtain the
saturation signal caused by CDW melting. The parameters of the linearly dependent
signal are obtained by fitting the data above F' =~ 300 uJ/cm? with a line (solid line in
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FIGURE 4.22: A comparison between the FFT spectra measured in a K 3MoO3 crystal
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FIGURE 4.23: The temperature dependence of the FFT spectrum of the PI signal in a
Ko.3MoOs3 film on Al,O3 substrate.
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FIGURE 4.26: a) The excitation intensity dependence of the PI signal amplitude A; in

a Kg.3MoOs3 film on Aly,O3 substrate is shown in the inset. The linear part of the signal

(solid line) is subtracted and the result is shown in the main graph. b) The intensity
dependence of the relaxation time in a K 3MoO3 film on AlyO3 substrate.

the inset of Figure 4.26a). This line can then be subtracted from the amplitude values
to obtain an undistorted saturation curve shown in 4.26a. The absolute value of the
amplitude in film is approximately one order of magnitude smaller than in crystal but
the shape of the saturation curve in film is qualitatively very similar to the one obtained

in the crystal (see Figure 4.10a).

Using pump and probe diameters dpymp = (90 £4) pm and dprope = (45 £ 2) pm in

%ﬁm ~ 0.53 4+ 0.10, which can be used on the data to

estimate F ~ (160 4 50) pJ/cm?. This value is nearly identical to Fs in crystal (see
Figure 4.10b).

Equation 3.26, we obtain

The excitation fluence dependency of relaxation time 71, presented in Figure 4.26b,
sheds some more light about the similarities of the CDW melting in film and crystal.
The relaxation time 71 increases up to F =~ 300 uJ/cm?, then starts diminishing strongly
when F' > 200 puJ/cm?. A very similar behavior with the same characteristic fluence
was observed in the crystal (see the inset of Figure 4.7), albeit with a larger divergence

in 7 near the transition temperature.
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4.4.4 Discussion

We have observed that the amplitude of the electronic signal as a function of the ex-
citation intensity consists of two different signal components, where one is linear with
excitation fluence and the other matches the saturation dependence of the electronic sig-
nal in Kg3MoOj3 perfectly. This fact, together with the strongly diminished amplitude
of the electronic signal in film indicates that only part of the film is in the CDW state.

This leads to the obvious assumption that the film consists of metallic and CDW state
domains, which is also consistent with the measured phonon modes, which show dimin-

ished amplitude and stronger damping compared to their bulk counterparts.

We were not able to extract much more information about the CDW domains, however
we have observed that the electronic dynamics is very similar in a film and crystal
and even more importantly, the electronic condensation energies of a film and crystal
match perfectly. This offers support that the CDW domains are large enough that no
extraordinary finite size effects are observed. The upper limit of their size is determined

by the grain size and is therefore approximately 1 pum.

4.5 Conclusions

From the measurements over a wide temperature and excitation fluence range in single
crystals of K(Rb)p3MoOs it follows that the mechanism governing the recovery of the
order parameter needs to be revisited. While the initial experiments suggested that
in CDW system recovery dynamics follows similar processes as in superconductors, the
complete absence of excitation intensity dependence in relaxation dynamics suggests
that this is not the case. This fact, together with extremely short time scale of ini-
tial order parameter recovery, and the observation that the energy required to drive
the semiconductor—-metal phase transition in Kg3MoOQOg3 is comparable to the electronic
energy gain due to appearance of the CDW order [29] (see Section 4.3), suggests that
on the sub picosecond timescale the electronic subsystem is decoupled from the lattice.
Finally, the complete absence of F' and applied electric field dependence of the second
relaxation process (with 79) suggests that this process is not related to the dynamics
of the phase mode. More likely, this second relaxation process is related to the second
stage of the order parameter relaxation. The two different time-scales may stem from
the experimental observation that the two subsystems (i.e. electrons and lattice) that
interact to define the order parameter, are decoupled on very short time-scales. This

would mean that on very short time-scales (shorter than the period of the AM) after
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photoexcitation we can not describe the system with a single (equilibrium) complex or-
der parameter, leading to relaxation dynamics on different time scales. The details of

this process are so far unknown since we do not have a microscopic model to describe it.

From the measurements in the high perturbation regime, we conclude that in Ky 3MoOg
the photoinduced CDW-M phase transition is non-thermal and takes place on the 100
fs timescale. The good agreement between measured Fy,; and calculated F,;, the ob-
servation of the order parameter recovery on the sub-ps timescale, and the observation
of zone-folded phonons high above Ey,; suggest that during the process of melting and
sub-ps recovery of the electronic modulation the lattice remains nearly frozen. This has
an important implication for understanding the ultrafast relaxation processes in systems
with reduced dimensionality, in particular for the systems with strong electron-phonon
interactions that lead to phenomena like charge density modulation. The initial recon-
struction of the CDW state is found in all systems studied thus far to proceed on the
sub-ps timescale [10, 23, 24, 40, 41, 43]. Importantly, this timescale is one to two orders
of magnitude faster than in the high-T, superconductors [28], and is indeed close to
the typical timescale for electron-phonon thermalization. The formation of the CDW
requires freezing of a phonon and our results do imply that the lattice remains frozen
in its modulated state on the sub-ps timescale after perturbation. Therefore, the ex-
tremely fast order parameter recovery in this entire class of low-dimensional materials
[10, 23, 24, 40, 41, 43] could be a consequence of the fact that on the short timescale
after photoexcitation the lattice remains in its unperturbed state. Thereby, the retain-
ing 2kr modulation presents a strong potential well driving ultrafast reformation of the
charge density modulation. Clearly, further theoretical studies as well as studies of the
ultrafast structural dynamics are required to shed additional light on these fascinating

phenomena.

It is clear from the measurements on thin films that we have manufactured a series of
thin films of Kg3MoO3. Femtosecond pump-probe spectroscopy has proven to be the
most reliable characterization tool in determining the presence of the CDW formation
in films. Judging by the dynamics, one could conclude that there is no drastic difference
between the physics of Ky.3MoOgs in bulk or in films. The main difference between the
bulk and thin films was one order of magnitude smaller amplitude of the PI electronic
signal together with smaller amplitude and stronger damping of all phonons. This can be
attributed to two different phases of the material. The domain sizes are so far unknown
so a future study, where the data on films would be compared to a series of systematically
irradiated K 3MoOj3 crystals could shed more light on this problem. This is because
irradiation introduces impurities in the crystal so domain size can be systematically

decreased.

82



Chapter 5

Ultrafast Relaxation Phenomena
in (TaSey)oI

5.1 The structure of (TaSe,),l

(TaSey)2I is a quasi one dimensional metal that belongs to the class of (MX4),Y com-
pounds (M = Ta, Nb; X = S, Se, Te; Y = I, Br, Cl; x = 2,3, %0) [132]. As is shown in
Figure 5.1, the crystal structure consists of an arrangement of strongly bonded (TaSey4)oo
chains parallel to the tetragonal c-axis which are separated by strands of iodine atoms.
Ta atoms and Seyq in each chain alternate. Sey4 follows a nearly regular screw arrangement
along the c-axis with an angle of approximately 45° between consecutive rectangles. The
crystallographic group at room temperature is 1422 with lattice parameters a = 9.531 A
and ¢ = 12.824 A [132]. The body-centered unit cell contains two adjacent chains with

four (TaSe4) units in each chain (see Figure 5.1).

Consecutive Ta atoms along a chain occupy two alternating and slightly non equivalent
sites [132]. These two sites formally correspond to Ta** and Ta®T valence states with one
conduction electron per formula unit, assuming an I~ state for the iodine atoms. This is
confirmed by the Hall effect [134] and thermopower measurements [135]. Band-structure
calculations [136] also confirm this picture while also suggesting a single quarter filled
d,2 electronic band at the Fermi level. The strong structural anisotropy is also followed
by strong anisotropy in conductivity between the directions parallel and perpendicular
to the chains (o}/0L ~ 500) [137].

The diffraction and resistivity data show that the Peierls transition temperature is 757 ~
260 K [138, 139]. The non-linear electrical response below T3P is characteristic for

a CDW ground state [138, 139]. The formation of an incommensurate modulation
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FIGURE 5.1: Projection of the basic structure of one unit cell onto the (&@,b) plane is
shown on the left whereas the side view of one chain is shown on the right [133].

below T3P is revealed by the X-ray [68] and electron diffraction experiments [140]. The
modulation wavevector of the modulation is ¢s = (£n,+n,+0) where n = 0.045 and
§ = 0.085 [141].

Such a small value of the modulation wavevector can be understood in terms of band-
structure arguments. The band structure of (TaSe4)ol is interpreted by folding the d2
band into one fourth of the original Brillouin zone. On the other hand, the quarter-filled
d,2 leads to a Fermi wavevector kr = i% = 0.5¢*, where d is the Ta-Ta distance along
the chain. In other words, due to tetramerization kp is located on the edge of the new
Brillouin zone, whereas the CDW modulation wavevector ¢; = 2k is folded to & = 0.
The finite size of g5 stems from the fact that (TaSes)ol contains two chains in the unit
cell. The interaction between the two chains makes the d,» band split into a doublet,
and the folding effect of the Brillouin zone deviates the kr from 0.5¢* to 0.458¢* [142],

also causing g to fold to a finite value near k = 0.

5.2 Motivation

As we have already mentioned in Section 2.6, the ratio between the low temperature
electronic gap and the Peierls transition temperature is often found to be too large,
ﬁ > 3.5 (see Equation 2.16). This motivated Aubry et al. [86, 86] to explain

the CDW physics with an alternative strong-coupling description. In this picture, the
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CDW is described as a dense bipolaronic fluid, while the gap energy 2A = 3000 K
corresponds to the binding energy of a single bipolaron. The transition occurs once the
repulsive residual interaction energy between bipolarons E,., is overcome by the gain
in the electronic energy due to charge density modulation, so E,¢, can be estimated to
be of the order of magnitude of 73", Since the bipolaron binding energy is usually far
greater than the repulsive residual interaction energy between bipolarons, one expects
to find T3P < 2A/kp

Therefore, the validity of the weak coupling model rests heavily on the assumption that
the ratio between intrachain and interchain interaction energies is large. The relevant
interactions here are both electronic and elastic because the CDW formation is caused
by their interplay. This is why one needs to be careful when determining the system
anisotropy from the measurements of electrical resistivity because it reflects only the

electron mean path.

The direct information about the correlation lengths and the g-dependent order pa-
rameter can be resolved from diffuse x-ray scattering data with measurements being
performed on some compounds such as NbSes and Kp3MoOg [143]. The gap mea-
surements on Kg3MoOj3, analyzed in the weak-coupling framework, suggest the ratio
TME T3P to be 2-3 [54, 120]. However, the ratio of the in-chain (§) and the largest
transverse (£,) correlation lengths is only a factor of 4, as obtained from the x-ray
measurements [144, 145]. It is important to note that the largest transverse correlation
length is always larger than the relevant interchain distance. Therefore, despite being
widely recognized as one of the prototype one-dimensional CDW materials, the valid-
ity of the weak coupling theory is experimentally not firmly established in the case of
Ko.3MoOs.

(TaSey)2I, on the other hand, presents a system, where the weak coupling theory is even
less likely to be applicable. The material undergoes a Peierls transition near 260 K with
gap energy of 2A =~ 3000 K = 11.5kgT3P, as obtained from the resistivity [138, 139]
and optical data [146]. The X-ray measurements [68] also indicate, that the correlation

length ratio is very small, £/ ~ 1-2.

These experimental findings pointing towards the conclusion that (TaSe4)21 is a strong-
coupling system motivated us to examine the material using femtosecond spectroscopy
in order to determine if there was any major qualitative difference in the electronic

dynamics between the strong and weak coupling regimes.
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5.3 Experimental Results

The preliminary experiments on (TaSe4)2l were performed at the Jozef Stefan Institute,
with a detailed and systematic study of the intensity and temperature dependence of
the photoinduced transient signal performed at the University of Konstanz. Therefore,
unless specifically stated otherwise, the results presented in this section will be presumed
to have been measured at the Konstanz University using the fast scanning technique that
is described in detail in Section 3.1.3. We used 40 fs laser pulses at 1.55 eV (A = 800
nm) from a regenerative amplifier with a repetition rate of 250 kHz as a source of both
photoexcitation (pump) and probe pulse trains (see Section 3.1.3). The experiments
were performed on a single crystal of (TaSey)2I. The direction of the probe beam was
chosen to be parallel to the chain direction ([001]) while the polarization of the pump
beam was perpendicular to the probe. The polarization alignment was performed by
taking advantage of the experimental observation that the reflectivity changes by more
than three-fold when the light polarization is rotated by /2, as is shown in the inset of
Figure 5.2a. This is also in accordance with the data found in the literature [147]. The
absolute minimum in reflectivity R with respect to the beam polarization corresponded
well to the chain direction. The pump and probe beams were focused onto the sample
with diameters of dpymp = (90 £4) pm and dprepe = (45 +2) pm. The average power of
the pump beam was varied between 50 pW and 20 mW, which corresponds to fluences
of 2 pJ/em? — 800 pJ/cm? on the probed spot. The samples were mounted in an optical
cryostat and the temperature was varied between 4 and 300 K using liquid helium as a

cooling agent. The temperatures were measured at the cold finger of the cryostat.

It should also be noted here that even though the sample surface was relatively large
(approximately 0.2 cm?) and seemingly mostly flat, it was relatively difficult to find a
spot with a diameter d = 100 pm, where the reflected beam would be of high quality. On
the majority of the sample the reflected beam was line-shaped due to the diffraction on
the surface. The diffraction of light was caused by the diffraction grating-like structure
of single strands of (TaSe4)2I on the surface of the sample. This structure occurs almost
always when the sample is cleaved - due to the one dimensionality of the crystal structure,
the sample cleaves in single strands, leaving a grating-like structure on the surface. After
cleaving the sample several times, we were able to find an elongated (pointing in the
chain direction) flat surface on the sample with good optical quality which enabled us

to conduct the experiments.

86



Chapter 5: Ultrafast Relaxation Phenomena in (TaSey )2l

5.3.1 Low Perturbation Regime

The temperature dependence of the signal obtained in the low-perturbation regime is
presented in Figures 5.2 and 5.3. In Figure 5.2 we show the photoinduced transient signal
measured at several arbitrarily selected temperatures below and above the transition
temperature T5P = 260 K. The incoherent part of the signal consists of a sum of a step-
like signal, a fast decaying component with a 200 fs dynamics and a slower decaying
component with a 1 ps dynamics. The amplitude of the faster incoherent signal (71 ~
200) is negative and seems to increase with temperature (see 5.3). The amplitude
of the slower incoherent signal (72 &~ 1 ps) is positive and decreases with increasing
temperature. To obtain a more quantitative result, we used a similar approach as in
the previous chapter to fit the data. We found that the data above the transition
temperature can be well modeled by a single exponential decay. The non-oscillatory
data below the transition temperature fit well to a sum of two exponential functions
and a step function (see Figure 5.4a). The fit residual contains the oscillatory part of
the data (see Figure 5.4b) which can then be analyzed separately by means of FFT or
fitting.

/ L

200 7/
— 10K
4 — 100K
— 190K
100 4 —240K
—310K

AR/R [10°]
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V120
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2 -1 0 1 2 3 4 5 6 25 50 75

time [ps]

FIGURE 5.2: PI reflectivity changes in (TaSey)oI following photoexcitation with a 40
fs optical pulse at different temperatures. The measurements were performed with the
probe polarization along the chains. The inset shows the polarization dependence of
normalized reflectivity where the angle o = 0 corresponds to the chains direction. The
open circles are the measured data and the line is the sine fit that fits almost perfectly.
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FIGURE 5.3: We plot the temperature dependence of the PI reflectivity changes in
(TaSey)2I as a 3D surface. For presentation purposes, we also plot several transient
signals on the same graph (open circles).

The following fitting function was used in the analysis of the non-periodic component
of the transient signal:

S(t) = [Al(t)e_t/“ + Ay(t)e b 4 Ag} H(b),

1, ift>0 (5.1)
H(t) = ' .
0, ift<0

We plot the absolute values of the amplitudes A, As and Az obtained from the fit
in Figure 5.5a together with the temperature dependence of the electronic gap. The
amplitude |A;| (11 &~ 200 fs) increases with temperature and has a local maximum near
the transition temperature. The temperature behavior of the amplitude Ay (75 &~ 1 ps)
is particularly interesting since it follows the temperature dependence of the superlattice

reflections intensities in (TaSeq)2l (solid triangles). The amplitude Az does not display
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FIGURE 5.4: a) A typical fit (line) of a PI reflectivity transient (open circles). b) The
fit residual showing oscillations in the high and low frequency range. The vertical lines
denote an oscillation period at low temperature. The data have been offset for clarity.
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FIGURE 5.5: a) The temperature dependence of the amplitudes of the three incoherent

signal components (open symbols). The normalized superlattice reflection intensities

obtained from Ref. [68] are also plotted for comparison (solid triangles) and display the

same temperature dependence as As. The solid line is the temperature dependence of

thy BCS gap obtained from the superlattice reflections. b) The temperature dependence
of the relaxation times of the two exponentially decaying signal components.

any pronounced temperature dependence as it decreases almost linearly from low to high
temperatures. Due to the very slow dynamics of the latter signal we ascribe it to single
pulse heating. Additional experimental confirmation for this assignment comes from the

intensity dependent measurements which are described in Section 5.3.2.

We plot the temperature dependence of the two relaxation times obtained by fitting the
data using Equation 5.1 in Figure 5.5b. The dynamics of the faster process slows down
with increasing temperature as the relaxation time increases from 7 (7' = 30 K) = 120fs
to (T = 300K) = 250fs. On the other hand, the relaxation time of the slower
process decreases with temperature, as it changes its value from 7»(7" = 30K) = 1ps
to (T = 300K) = 350fs. The temperature dependence of both relaxation times is
quantitatively very similar to the temperature dependence of the two relaxation times
in K¢.3MoOs (see Figure 4.3) although it should be noted that the two relaxation times
in Kg.3sMoOj3 differ by almost two orders of magnitude at low temperatures and by only
a factor of 5 in (TaSey)2l.

The relatively large error bars in Figures 5.5a and 5.5b stem from the fact that fitting a

bipolar bi-exponential decay with similar relaxation times can be quite difficult due to
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FIGURE 5.6: a) The temperature dependence of the high frequency part of the FFT
spectrum. b) The temperature dependencies of both peak frequencies obtained by FFT
analysis (open symbols) and fitting (full symbols).

the co-dependency of the fitting parameters. In fact, the parameter 7 had to be fixed

to a constant value above 170 K to achieve convergence of the fitting parameters.

After fitting out the incoherent part of the signal (see Figure 5.4), we performed FFT
analysis of the residual oscillatory data (see Figure 5.4b). We present the results of the
analysis in Figure 5.6. In Figure 5.6a we present the high frequency part of the FFT
spectrum containing what looks like two asymmetric peaks at 2.2 THz and 2.6 THz with
different amplitudes. This kind of shape of the FFT spectrum is obtained for two damped
oscillators with close frequencies. However, for two modes with close frequencies, the
maxima in the FFT spectrum do not correspond to their respective central frequencies
(see Figure 5.7). In our case the amplitude of the 2.6 Thz mode is about one order
of magnitude larger than the amplitude of the 2.2 THz mode so one expects that the
maximum of that peak in the FFT spectrum corresponds well to the actual frequency of
the mode. We confirmed this by fitting the oscillatory data with a function of the form
S(t) = cos(2mvt — ¢)e /7. We found that the temperature dependence of the frequency
of the 2.6 THz mode obtained from the fit and FFT matches well (see Figure 5.6a).

In order to get some more insight about the temperature dependency of the 2.2 THz

mode, we simulated several signals f(t) of two damped oscillators of the form f(t) =
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FI1GURE 5.7: The FFT spectra of simulated data of two modes with frequencies w; = 2.2
and wo = 2.6 as a function of the relative phase ¢. The vertical dashed lines mark the
two central frequencies of the modes.

Bj cos (2mwit — ¢)e~t/™ + By cos (2mws * t)e /™. Here the amplitudes are chosen' to be
By =10, By = 1, frequencies are wy = 2.2, wo = 2.6 and damping constants are 7 = 4,
T9 = 2, whereas the relative phase ¢ is a free parameter. FFT analysis was performed on
the simulated data and is presented in Figure 5.7. We found that the maximum of the
stronger mode remains roughly constant due to its high amplitude, while the peak of the
weaker mode shifts to lower frequencies for all phases. Moreover, wy lies on the edge of
the steep high frequency tail of the 2.2 mode for all relative phases. This analysis helped
us obtain the temperature dependency of the frequency of the 2.2 THz mode that we
plot in Figure 5.6a. There the frequency of the 2.2 THz mode is defined as the central
frequency of the high frequency tail of the 2.2 THz peak in the FFT spectrum.

Both peaks presented in Figure 5.6a show expected temperature behavior, which means
decreasing amplitude and increasing widths with increasing temperature. The frequency
dependence of these two peaks is shown in Figure 5.6b. The frequency of the weaker
peak remains roughly constant between 30 K — 120 K and it increases within error bars
above 180 K. The frequency of the stronger peak increases by almost 15% from 30 K
to 260 K. We were tempted to assign the 2.6 THz mode as the amplitude mode (AM)
due to its high amplitude which also follows similar temperature dependence as the
amplitude of the AM in Ky 3MoOs. However, we found this assigment unlikely since the

AM should soften with increasing temperature (see Equation 2.12).

The obtained temperature dependence of the high frequency part of the FFT spectrum is
in accordance with different Raman scattering measurements in the literature [148, 149],
however the authors could not offer a suitable explanation for the hardening of the 2.6

THz (90 cm™!) mode [148] and even suggested that it was just a fitting artifact [149]. On

!The goal was to choose parameters that correspond well to the experimentally obtained spectra.
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FIGURE 5.8: a) The temperature dependence of the low frequency part of the FFT
spectrum. b) The temperature dependencies of the two peak frequencies obtained by
FFT analysis.

the other hand, the observation of the hardening of the 2.6 THz mode is not consistent
with the Raman scattering measurements by Sugai et al. [142], who assigned the 2.6
THz mode as the AM. According to their measurements, the frequency of the 2.6 peak
should be constant below the transition temperature. They proposed a CDW transition
model where the anomalous temperature dependence of the AM frequency was explained
by strong interaction between the Kohn anomaly transversal optical (TO) mode and the
transversal acoustic (TA) mode, both of which are on the same branch of the extended
Brillouin zone of the TaSes unit. As a consequence of the interaction, the TA mode
condenses prior to the Kohn-anomaly TO mode. We find it important to note that
while this model could account for a constant frequency of the 2.6 THz mode within
the experimental uncertainty [142], the model can not explain our observations that the

frequency of the 2.6 THz mode increases with temperature.

In Figure 5.8a we display the three low frequency modes at frequencies 11 ~ 100 GHz
and vy ~ 200 GHz and v3 ~ 10 GHz. The entire time window in our measurements was
100 ps (see Figure 5.2) determining the resolution of the FFT as Av ~ 10 GHz, there-
fore the part of the FFT spectrum where v < 10 GHz, including the mode at v =~ 10
GHz is beyond our resolution and is consequently not reliable. As a result, only the

two modes with higher frequencies will be discussed. The temperature dependence of
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the amplitude and width (damping) of the low frequency and high frequency modes is
similar, meaning that the amplitude decreases with increasing temperature whereas the
damping increases. The frequencies of the two low frequency modes obtained from the
FFT spectrum are plotted in Figure 5.8. The frequency of the 200 GHz peak slightly
decreases with increasing temperature but this softening is within the error bars of the
measurement. On the other hand, the softening of the 100 GHz peak reaches ~20%, well
beyond the error bars. Our results are consistent with the neutron scattering measure-
ments [37] of the TA phonon frequency and damping at the CDW satellite position. This
kind of temperature dependency of frequency is similar to the temperature dependence
of frequency of the AM mode in Kg3MoOgs, however the neutron scattering measure-
ments [37] reveal no indication of a change in line-shape associated with a splitting of the
TA response into phason and AM, which the authors attribute to the strong-coupling
CDW physics (see Section 2.6). The phonon splitting into the phason and AM is a
weak-coupling CDW fingerprint predicted by numerical simulations [75] and measured
by means of neutron scattering [76] in Ko 3MoOs. On the other hand, the neutron scat-
tering measurements in (TaSey)2I are not entirely conclusive since a limited amount of
phason-amplitudon decoupling could be present but may go undetected due to the finite

frequency and wavevector resolution [37].

We plot the temperature dependence of the area under the peaks in the FFT spectrum?
in Figure 5.9. The amplitudes of the high frequency modes (Figure 5.9a) decrease with
temperature, however we do not observe any pronounced temperature behavior near the
transition temperature. Furthermore, the temperature dependence of the amplitude of
the 2.6 THz mode seems to be approximately linear. On the other hand , the temperature
behavior of the amplitudes of the two low frequency modes seems to be more pronounced
(Figure 5.9b), especially the temperature dependence of the amplitude of the 100 GHz
mode, which is approximately constant from 30 K — 180 K and abruptly decreases above

that temperature.

5.3.2 High Perturbation Regime

In the second stage of our experiments, we studied the intensity dependence of the PI
reflectivity dynamics in (TaSes)ol at different temperatures. In Figure 5.10 several PI
transients normalized to the excitation fluence are plotted as a function of the pump
fluence. At fluences 20 pJ/cm? — 200 pJ/cm? (solid lines in Figure 5.10), there is
little change in the dynamics however the amplitudes of different signal components

begin to change. In that fluence range, the amplitudes of both exponentially decaying

2The amplitude A of a damped oscillatory signal Asin(wt)exp(—t/7) is proportional to the area
under the peak in the corresponding FFT spectrum.
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F1GURE 5.9: The temperature dependence of the area under the peaks in the FFT
spectrum. In a) we display the areas of the two high frequency peaks whereas in b) we
display the areas of two low frequency peaks.

components are linearly proportional to the excitation fluence whereas the amplitude
of the oscillations show sublinear intensity dependence above 40 uJ/cm?. At fluences
above 200 pJ/cm? (dotted lines in Figure 5.10) there is an obvious qualitative change in
the dynamics of the signal which also coincides with the onset of sublinear dependency

of the amplitude of the 200 fs exponential decay component with excitation intensity.

The data was further analyzed using the same fitting procedure that was used earlier
in this section (see Equation 5.1). The amplitudes of the two exponentially decaying
signals Ay and Ay are shown in Figure 5.11a as a function of excitation fluence. Both
amplitudes display similar saturation behavior above F ~ 200 pJ/cm? as was observed
in the intensity dependence of the amplitudes of the 200 fs and 5 ps signals in Ky 3MoO3
(see Figure 4.10) that was attributed to the melting of the CDW. It is reasonable to
assume that the saturation has the same origin in (TaSes)2l. Under that assumption,
we fitted the intensity dependence of the signal amplitude at different temperatures
using the model presented in Section 3.2.1. Due to the high anisotropy of the sample
the estimated penetration depths of the two beams were éprope = (137 £ 27) nm and
dpump = (55 £11) nm. Using these parameters together with the measured beam-widths
(2ppump = (90 £ 4) pm and pprope = (45 £ 2) pm), we estimate the reflectivity change
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FIGURE 5.10: PI reflectivity changes in (TaSe4)2I normalized to the excitation fluence

at different pump fluences. The dynamics of transients where F' < 200 uJ/cm? (solid

lines) appears to be qualitatively different from the dynamics of the transients where
F > 200 pJ/cm? (dotted lines).

using Equation 3.29, AA—Ii(F = Fs) = 0.35- (1 £0.6) . We plot the obtained values of

the saturation fluence F; in Figure 5.12 as a function of temperature.

The determined low temperature value for the the saturation fluence is therefore Fy =
(90 & 50) pJ/ecm?. To evaluate this number, we compared it to the energy gain by
the electronic subsystem upon CDW condensation, given by Equation 4.2. Using A =
(120 + 6) meV [138, 139], e = 0.059 eV — 0.68 eV [60, 137, 150] and n(ep) = 1.3 eV~
—14.4 eV~ [150], we obtain E(4K) = (160 & 70) meV /u.c.v.. On the other hand, the
saturation energy obtained from Fy is E5 = (70 & 40) meV /u.c.v, which is well within

the errorbar of E.;.

We plot the intensity dependence of the amplitude of the step-like signal in the inset of
Figure 5.11a. Due to the very slow dynamics of this signal component?® and due to the
linear intensity dependence of its amplitude over the entire fluence range, we conclude
that this is signal is caused by the transient heating of the sample (also see Section
3.1.4.2).

The relaxation times 71 and 75 of the two exponentially decaying signal components

are plotted in Figure 5.11b as a function of excitation intensity. There seems to be

3Relaxation time was much longer than 100 ps, which is the time window of our measurement.
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FIGURE 5.11: a) The amplitudes of the two exponentially decaying signal components

as a function of pump fluence. The inset shows linear intensity dependence of the

amplitude of the step-like signal. b) The relaxation times of the two exponentially

decaying signal components as a function of excitation intensity. The inset shows the

temperature dependence of the saturation fluence F,. The dashed line is obtained from
Equation 4.2.
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FIGURE 5.12: The temperature dependence of the saturation fluence Fy (open circles).
The temperature dependence of the electronic energy gain due to CDW formation given
by Equation 4.2 is plotted as a dashed line.
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FIGURE 5.13: The intensity dependence of the amplitudes of the 100 GHz (open circles)
and 2.6 THz modes (open triangles). The intensity dependence of frequencies of these
two modes is shown in the inset. The dotted lines are guides to the eye.

no dynamics change within error bars when F' < 200 puJ/cm?. At higher fluences the

dynamics of both processes slow down with increasing excitation intensity.

We performed FFT analysis of the oscillatory response as a function of excitation fluence.
In Figure 5.13 we plot areas of the 100 GHz and 2.6 THz peaks*. The area of the 100 GHz
peak increases linearly with excitation fluence when pump fluence is less than F; ~ 200
pJ/em?, where it reaches a plateau, and starts decreasing when Fy ~ 350 uJ/cm?. The
onset of the plateau at F' ~ 200 uJ/cm? corresponds well to the excitation fluence where
there is observable change in the shape of the transients (see Figure 5.10). The fact that
this signal is still observed at F as high as 600 pJ/cm? is not unusual due to the vastly
different optical penetration depths of pump and probe beams. It is also experimental
proof that heating was not an issue because the amplitude of the 100 GHz oscillation has
been shown to drop to zero above T3P (see Figure 5.9), which was clearly not achieved
even at I/ = 600 puJ/cm?. The intensity dependence of the area of the 2.6 THz peak
is qualitatively the same as that of the 100 GHz mode, however that signal component

reaches the plateau at F' < 100 pJ/cm?.

In the inset of Figure 5.13 we display the intensity dependence of the frequencies of 100
GHz and 2.6 THz modes. We observe a small increase Arq = 10 GHz in the frequency of

“The low - and high-frequency FFT spectra were obtained separately with different normalizations
so the ratio of the two mode amplitudes does not correspond to the absolute value.
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the 100 GHz mode between 20 pJ/cm? and 100 pJ/cm?. However, since the frequency
resolution is not greater than Avq, v can be deemed constant over the entire fluence
range. The frequency 1o is approximately constant at fluences that are smaller than
F> ~ 100 pJ/ cm?. At higher fluences v, increases by Avs ~ 250 GHz.

5.4 Conclusions

From the measurements over a wide temperature and excitation fluence range in (TaSey )2l
it follows that the dynamics of recovery of the CDW parameter shows a qualitatively
similar temperature and intensity dependence as the recovery of the CDW order pa-
rameter in Kg3MoOs and Rbg3MoOs. The lack of excitation intensity dependence in
relaxation dynamics at low temperatures suggests that the slowing-down of dynamics,
predicted by the RT model in both weak- and strong-bottleneck regimes, is not valid for
(TaSes)al.

In short, we have found only indications of different physics in weakly and strongly cou-
pled systems. It follows from the excitation intensity measurements that the saturation
energy Fy, corresponds to the theoretically predicted mean-field value within the er-
rorbars, however it is noteworthy that the measured Fy,; is smaller than the predicted
value. This is unusual because in principle, one would expect to have to invest a bit
more energy to melt the CDW since the absorbed energy is always distributed between
the phonon and electron subsystems. This means that measuring a higher Fg,; than the
theoretically predicted value is expected and has also been observed in high temperature
superconductors [28], however a lower Egq; could be a consequence of strong coupling in
(TaSes)-l.

It is difficult to assign the different exponential signals and we lack a theoretical model
to compare the signals to. We have observed that both electronic signal amplitudes show
a saturation behavior with increasing intensity suggesting that both are fingerprints of
the order parameter dynamics. The same can also be concluded from the temperature
dependence of both electronic signal amplitudes that show a very universal tempera-
ture dependence that is similar to the temperature dependence of the amplitudes in
Ko.3MoOs3.

Finally, the temperature and intensity dependency of the phonons seem to rule out the
2.6 THz phonon as the AM due to a substantial increase in frequency with increasing
temperature. However, we see no good reason why the 100 GHz transversal optical

mode could not be assigned as the dominant mode contributing to the AM in (TaSey)al.
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Chapter 6

Summary and Conclusions

Femtosecond time-resolved (TR) optical spectroscopy is a rather new tool for studying
dynamics and associated low energy electronic structure in correlated electron systems
[23, 24, 30-33, 38—42]. In this technique sample under investigation is photoexcited by a
femtosecond optical pulse and the resulting relaxation dynamics is measured by following
the dynamics of changes in the dielectric function as a function of the time delay after
perturbation with a short pulse in the time domain. It is however important to emphasize
that the relation between the recorded reflectivity change transients and their associated
physical processes is usually not straightforward. Some signal components can easily be
recognized by complementary methods, e.g. coherent oscillations can be compared to the
Raman phonon spectra, whereas the assignment of others can pose a serious experimental
and theoretical challenge. To determine the origin of the multicomponent signal, one
needs to systematically change important system parameters, e.g. temperature, electric

field, pressure, etc. and analyze the subsequent changes in the signal transients.

In the case of the first data obtained by femtosecond time-resolved spectroscopy on a
quasi one dimensional CDW material, i.e. Kg3MoOg [23], dramatic changes in the dy-
namics of the fast signal (7 ~ 200 fs) were observed upon cooling through the CDW
transition temperature which led people to associate this component with the order pa-
rameter. The abrupt drop of the amplitude of the fast transient and the relaxation time
divergence were explained in terms of fast thermalization (7 ~ 10 fs) of quasiparticles
(QP) and phonons, causing a bottleneck in the relaxation of QP. Effectively, this is
the RT scenario in the strong bottleneck regime which is described in more detail in
Appendix A. Importantly, the model predicts divergence of the QP relaxation time at
low temperatures with decreasing excitation intensity, which was not addressed in the
original paper [23] due to heating problems. However, several arguments could be made

against the simple RT model interpreted in CDWs, where the main argument against
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it is the lack of any measurements confirming the existence of phonons with energies

surpassing the CDW gap 2A.

The RT predictions and contrary arguments, together with the potential that advances
in ultrafast laser systems brought, helped us realize that further experiments should
help us better understand the CDW physics in Kg3MoO3 and perhaps in general. This
motivated us to systematically investigate the relaxation dynamics of the photoinduced
(PI) reflectivity changes in Kg3MoOs3 as a function of temperature (4 K — 300 K),
excitation intensity and applied electric field. When comparing our experiments to the
original paper [23], we should emphasize that not only were we able to measure at
temperatures below 50 K, but we also added new degrees of freedom that were the
applied electric field and the ability to change the excitation intensity by more than four
orders of magnitude. We found that the mechanism governing the recovery of the order
parameter needs to be revisited because while the observed divergence in relaxation
time near the transition temperature [23] suggests qualitatively similar processes as in
superconductors, the complete absence of excitation intensity dependence in relaxation
dynamics suggests that this is not the case. Additionally, the lack of excitation intensity
and applied electric field dependence of the second relaxation process (12 =~ 10 ps)
suggests that this process is not related to the dynamics of the phase mode as was
tentatively suggested in the original paper [23]. Instead, we suggest that the two different
time-scales may stem from the experimental observation that the two subsystems (i.e.
electrons and lattice) that interact to define the order parameter, are decoupled on very
short time-scales. This would mean that on very short time-scales (shorter than the
period of the AM) after photoexcitation we can not describe the system with a single
(equilibrium) complex order parameter, leading to relaxation dynamics on different time
scales. The details of this process are so far unknown since we do not have a microscopic

model to describe it.

We have conducted for the first time extensive and systematic studies of the high pertur-
bation regime in Ko 3MoQOs3, where we monitored the PI reflectivity changes as a function
of excitation intensity and temperature. We successfully showed that the CDW can be
non-thermally melted [29]. We observed good agreement between the measured energy
needed to melt the CDW FEg4, and the energy gain by the electronic subsystem upon
CDW condensation. This, together with the extremely fast order parameter recovery
dynamics, and the observation of zone-folded phonons high above Eg., led us to believe
that during the process of melting and sub-ps recovery of the electronic modulation
the lattice remains nearly frozen. In this picture, the frozen lattice provides a strong
potential well for the excited electrons, driving them to reform the charge density mod-

ulation on a time scale which is typical for electron-phonon thermalization. In addition,
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this picture could be valid for this whole class of low dimensional material, in partic-
ular for the systems with strong electron-phonon interactions that lead to phenomena
like charge density modulation, because they all exhibit extremely fast order recovery
dynamics [10, 23, 24, 40, 41, 43, 118].

Motivated by the possibility of being able to study CDWs using techniques such as ter-
ahertz pump-probe technique and wltrafast electron diffraction to obtain complementary
information on CDW physics, we grew several series of thin films of Ky 3MoOs using
pulsed laser deposition. We used several characterization tools among which the fem-
tosecond time-resolved spectroscopy was one of them. The data suggest that domains of
two different phases form in films. So far, we were unable to extract a lot of information
about the sizes of the CDW domains, but judging from the fact that the PI transients
in film and bulk are qualitatively the same, their minimum size can be estimated to be
substantially larger than the CDW coherence length (£ ~ 1 nm — 10 nm). Studies of the
strongly coupled (TaSe4)2I system were motivated by our desire to learn more about the
role of the electron-phonon interaction strength in CDW physics. A systematic study
of the PI reflectivity change as a function of temperature implementing femtosecond
time-resolved spectroscopy revealed that not only is the PI response qualitatively similar
in (TaSey)2I and K 3MoOs, but also that the temperature behavior of the relaxation
of the order parameter follows qualitatively the same temperature dependence in both

systems.

A systematic study of the PI response in the high-perturbation regime was also per-
formed in (TaSe4)2I and we successfully showed that the CDW can be non-thermally
melted in this system. The comparably low value of the energy needed to melt the CDW
FEq+ obtained from these measurements could be a consequence of the strong electron-
phonon coupling, however this should be for now considered a speculation since Fgqt
and the calculated energy gain by the electronic subsystem upon CDW condensation

match within the considerably large experimental errorbars.

Finally we studied also the PI reflectivity oscillations in (TaSes)2l in real time. We
recorded and analyzed their temperature and excitation intensity dependence and found
our results to be in good agreement with the Raman [148, 149] and Neutron scattering
[37] data. We found that the hardening of the 2.6 THz TO mode with increasing
temperature seems to rule out the assigment of this mode to the AM. On the other
hand the strong softening of the 100 GHz TA mode lends support that this low frequency
mode could be the dominant mode contributing to the AM in (TaSey)2I. However, we
have found from the excitation intensity measurements that the 2.6 THz TO mode
saturates before the 100 GHz TA mode, suggesting an interesting interplay between the

two modes, which has already been discussed elsewhere [142].

103






Acknowledgements

First of all, I would like to express my utmost gratitude toward my advisor Assist. Prof.
Dr. Jure Demsar for his guidance throughout the course of this work. He has handled
his first time role of being an advisor impeccably well. I would also like to thank Assist.
Prof. Dr. Viktor Kabanov for many stimulating discussions and invaluable input that
helped me better understand my work. I am grateful to Prof. Dragan Mihailovi¢ for

giving me an opportunity to be a part of his team and for his important scientific input.

Furthermore, I would like to thank all my colleagues at the Complex Matter Department
at Jozef Stefan Institute from whom I have learned a lot. Special thanks goes to dr.
Primoz KusSar, whose enthusiasm and help with the experimental part of my work is
greatly appreciated. For their help with the atomic force microscopy, the due thanks

goes to dr. Klemen Kunstelj and Jure Strle.

The better part of the experiments presented in this thesis were performed at the Uni-
versity of Konstanz. I am very grateful to Assist. Prof. Dr. Jure Demsar for inviting me
there and to Hanjo Schafer, David Stadter and Marcus Beyer for their warm welcome,

for the valuable help in the laboratory and for their contributions in the data analysis.

Also, I would like to thank Prof. Katica Biljakovi¢ and dr. Damir Staresini¢ from the
Zagreb Institute of Physics for the year long collaboration and especially for sharing with
me their vast knowledge. I am indebted to Damir Dominko for his large contribution in
growth and characterisation of thin films and to dr. KreSimir Salamon, for performing

the low angle X-ray measurements and for his invaluable interpretation of the data.

The thin films were grown at the Laser-Surface-Plasma Interactions Laboratory at the
Bucharest National Institute for Lasers, Plasma, and Radiation Physics, thanks to Prof.
Ton Mihailescu and his group. Special thanks goes to Gabriel Socol whose expertise was

indispensable for growing thin films.

For serving as members of the thesis Commission and for a critical refereeing of the
thesis, Prof. Dragan Mihailovié, Prof. Katica Biljakovié and Assist. Prof. Dr. Viktor

Kabanov are warmly acknowledged.
I am grateful to my family for their never ending support.

To my dearest Spela and Junior, you were my greatest inspiration.

105






Appendix A

Rothwarf-Taylor Model

Studies of nonequilibrium carrier dynamics in materials with an energy gap focus on the
identification of relaxation processes and direct measurements of the relaxation times.
The theoretical model that has been most commonly used to interpret the dynamics in
CDW materials [23], superconductors [24, 34] and heavy fermions [112] is a phenomeno-
logical Rothwarf-Taylor (RT) model which describes the evolution of quasiparticle (QP)
and high frequency phonon (HFP) populations via a set of two nonlinear differential
equations [151], which were shown to follow from the general set of kinetic equations for
a superconductor [152]. In this Appendix the RT model is presented and the correspond-

ing analytical soulutions of the model obtained by Kabanov et al. [34] are discussed.

Rothwarf and Taylor have pointed out that electron-phonon coupling should be consid-
ered when studying the relaxation [151]. Two QPs excited across the superconducting
(SC) gap A with energies > A can recombine and create a HFP with fiw > 2A. A HFP
can subsequently break an electron-hole pair so the superconducting recovery is gov-
erned by the decay of the HFP population. The dynamics of QP and HFP populations
is determined by [151]:

dn

5~ lo+nN - Rn? (A1)
AN R
= - gN +5n* = (N = Np). (A.2)

n and N are concentrations of QPs and HFPs, respectively, n is the probability for
electron-hole pair breaking by HFP absorption, and R is the bare QP recombination

rate with the creation of a HFP. N7 is the concentration of HFPs in thermal equilibrium
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at temperature 7', and + is their decay rate. Iy and Jy represent the external sources of

QPs and HFPs, respectively (caused by an optical pulse in our case).

There are two channels for HFP decay that must be considered in determining . The
first of the two is the anharmonic decay of HFP (one must remember that fw < 2A
phonons do not have sufficient energy to break electron-hole pairs) while the second
channel is the diffusion of HFP into the crystal [36]. The main temperature dependence
of  appears near the transition temperature due to the closing of the gap [36]. Some
temperature dependence is also expected at low temperatures, however because it is

very weak y can be considered to be temperature independent.

Equations A.1 and A.2 can be written in a dimensionless form. To do so, dimensionless
QP and HFP concentrations are defined as g = %n and p = %N , while the dimensionless
time and HFP decay rate are § = nt and ¥ = «/n. The femtosecond optical pulse is
usually shorter than the characteristic SC time scales so Iy and Jy can be approximated
by ¢ functions leading to initial concentrations of QPs ¢y = %no and HFP py = %N .
Using the new definitions Equations A.1 and A.2 reduce to

dQ_ 2

@—P q, (A,3)
dp _ p &

W= ot —3(p — pr), (A.4)

where pr = %NT is the dimensionless concentration of HFPs in thermal equilibrium.
The thermal equilibrium concentrations of HFPs and QPs pr and qr satisfy the detailed

balance equation! py = ¢2. The initial conditions for Equations A.3 and A.4 are p(0) =

po and ¢(0) = qo.

There are several limiting cases to consider. Depending on the intensity of the excitation
pulse, the weak perturbation regime where (pg — pr), (g0 — qr) < 1 and the strong
perturbation regime where (pg — pr), (g0 — qr) > 1 can be defined. The decay rate of
HFPs 4 determines how the SC recovery is governed. The case when 4 <« 1 is called the
strong bottleneck regime where a quasiequilibrium between QPs and HFPs is established
and SC recovery is governed entirely by 7. The other limiting case when 4 > 1 is called
the weak bottleneck regime where HFPs decay rate is so fast that they don’t significantly
change the QP dynamics.

!This is the solution of Equation A.3 in equilibrium.
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In order to determine the limiting cases, the dimensionless thermal QP and HFP con-
centrations should be estimated. If D(w) = 9:—‘5’2 is the phonon density of states where
D

wp is the Debye energy, it follows that the HFP thermal concentration is

36vA2T —2A
Np="TT_" ). A5
T wgD exp ( kBT) ( )

On the other hand, the QP density per unit cell volume is given by [36]

nr = N(O)\/ 27TA/€BT exXp <—k;AT> s (Aﬁ)

where N(0) is the electronic density of states per unit cell. Combining the equilibrium

2
solution of Equation A.1 % = X[—? with Equations A.5 and A.6, it follows that

N(0)*7w?
n _ NOTwp (A.7)
R 18vA
Regardless of the value of /R, the high perturbation limit is reached when the pho-
toexcitation is close to the density required for complete depletion of the SC state. This

can be shown if a temperature T is estimated where g7 = 1 (nj =~ n/R). It follows that

T~ A /In (AZVEF ), so np is comparable to /R only in the close vicinity of Tt.

3
W

A.1 Strong Bottleneck Regime

In the strong bottleneck regime the decay rate of the HFP is slow enough (¥ < 1) that
they govern the recovery of the QPs. Two distinct time scales can be defined. The first

time-scale is much shorter while the second one is much longer than the decay rate 7.

A.1.1 Prebottleneck Dynamics
Prebottleneck dynamics describes the short time scale evolution of QP and HFP con-
centrations preceding the relaxation when 6 < 1/v. For such short timescales, there is

hardly any decay of HFPs so the last term in Equation A.4 can be neglected. This leads

to the conservation law
a(0) +2p(0) = qo + 2po (A.8)

109



Rothwart-Taylor Model

Using the conservation law, the solutions for QP and HFP populations can be analyti-

cally obtained.

_ 1 5—1 5—1

W = T Kew( Ty 49
_ 111 é——l -2 5—1

i R S el gy v | (A.10)

Y .
where constants {1 = \/% + 4pg + 2qp and K = % are defined. At times 6 > 1
dimensionless concentrations ¢(6) and p(6) reach the quasistationary solution

(\/1 + 16po + 8q0 — 1) ,

| =

= (A.11)

® N

Ps =

>Q

The prebottleneck dynamics depends on the initial populations of QPs and HFPs and
two distinct regimes can be characterized by the parameter K. The regime 0 < K <1
corresponds to the situation when the number of photoexcited quasiparticles is larger
than the quasistationary solution (see Equation A.11) so ¢(6) rapidly decreases during
the formation of the bottleneck. When —1 < K < 0, the number of photoexcited HPFs
is greater than their quasistationary, so due to Equation A.8, the QP density increases

after photoexcitation.

A.1.2 Superconducting State Recovery Dynamics

When times 6 > 1/7, the HFP decay term determines the dynamics of both concentra-
tions. To describe the recovery, a function s(6) = q(6)? — p(#) is introduced. Since QP
and HFP concentrations are slowly decreasing, s(0) ~ 5(p—pr). Clearly s(0) < p,q and
is a slowly decaying function so ds/df < s. Therefore the derivative ds/df = 2(]% — %

can be neglected (ds/df =~ 0), which simplifies Equations A.3 and A.4 to

[1+4q(0)] =% = =27 (¢(0)* — a7) - (A.12)

After integration, an analytical solution is obtained
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1 — 1
— 230 = <2 + > In [qu] + (2 - > In [W} . (A.13)
2qr qs — qr 2qr qs + qr

The solutions for prebottleneck and recovery dynamics can be combined to obtain an

approximate solution for ¢(6) valid for all times after photoexcitation

a(0) = q1(0) + a2(0) — gs, (A.14)

where ¢1(f) and ¢2(f) are obtained from Equations A.9 and A.13, respectively. To
illustrate that Equation A.14 describes the solutions of Equations A.3 and A.4, Kabanov
et al. [34] calculated the numerical solution and compared it with the approximation

given by Equation A.14 and found excellent agreement for all limiting cases.

A.1.3 Low Temperature Limit

At low temperatures ¢gr < 1 so 2 < Q%T can also be assumed which reduces Equation
A.13 to

247 (qs — qr) exp(—0/77) (A.15)

a(6) = ar + (¢s + qr) — (gs — qr) exp(—=0/77)’

The relaxation rate in the above equation is 7, ' = 43¢r and is strongly reduced by
the temperature dependent factor gr o< np at low temperatures. This low temperature
divergence of relaxation time was originally attributed to bi-particle dynamics [153]
where 7 is divergent due to strong reduction of the thermal QP density but it was later

shown [34] that 7 also diverges in the case of a well established bottleneck.

At small times when § < 77 Equation A.15 reduces to ¢(0) = 4>—=5. This is the
same dynamics as that of the bi-particle recombination. The relaxation rate can then
be defined as the slope 77! = % at 0 — 0 and is intensity dependent

71 = 23(gs + q1). (A.16)

The intensity dependence is observed only if g, > g7 in which case 77! is proportional

to the excitation intensity. This is the case for very low temperatures when kpT, < A.
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A.1.4 High Temperature Limit

In the high temperature limit ¢ > 1 so 2 > Qq% and Equation A.13 reduces to

1(0) = /63 + (¢ — ¢2) exp(—0/7r). (A.17)
The relaxation rate above is 7 b= 7. It is weakly temperature dependent due to
intrinsic temperature dependence of 4. It is intensity independent since it does not

depend on g, or p,, which is also the case for 771.

A.2 Weak Bottleneck Regime

The weak bottleneck regime is realized when 4 > 1. At short times when 0 ~ 4 < 1

the last term in A.4 is dominant so the solution is

p(0) = pr + (po — pr) exp(—76). (A.18)

The time scale on which the HFP density reaches its thermodynamic value is determined
by #~!. This is a very short time scale in the weak bottleneck regime so the QP density
has not changed yet. This means that p can be substituted with pr in Equation A.3.

Taking into account that q% = pr the solution can be obtained

0) = qr [qo + qr + (g0 — qr) exp(—2q¢70)] (A.19)
g0 + qr — (g0 — qr) exp(—2q79)

The signal slope at § = 0 is intensity dependent if gy > ¢r with
1 =qo+qr, (A.20)
which is similar to the case of a strong bottleneck. The main difference between the

two regimes is that the absolute value of 77! is reduced by the HFP decay time in the

strong bottleneck case.
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A.3 Photoinduced Quasiparticle Density

Solution of Equations A.3 and A.4 allows comparison of the theoretically and experi-
mentally obtained Q(7'). In the strong bottleneck regime, the saturation densities are
determined by Equation A.11. On the other hand, the initial concentrations can be

written as

q0 = qr + Agq, (A.21)
po = pr + Ap, (A.22)

where Aq and Ap are the initially photoinduced concentrations of both species. In the

weak perturbation limit where Aq, Ap < 1 the amplitude of the signal is given by

2Ap + Aq
V1+16pr +8¢r

Q(T) x qs — qr =~ (A.23)

If @ is normalized to its low temperature value, A = Q/Qr—0x and taking into account
that pr = q% and qr = R”TT, the temperature dependence of the QPs can be obtained,
ny o< A7! — 1. The relation is expected to be general, irrespective of the gap symmetry
which allows direct estimation of the temperature dependence of the QP density in

thermal equilibrium.

In the weak bottleneck case, Q should be proportional to the excitation intensity, and
temperature independent at low temperatures, while increasing when 7" — T, due to
closing of the gap. On the other hand, the amplitude should gradually decrease in the
strong bottleneck regime, which is the case for the SC studied so far [34].

Equation A.16 can also be rewritten into a form that allows direct comparison of theory
and experimental data. Assuming 4 to be temperature independent and expressing g7

with Equation A.6, Equation A.16 can be written as

1

T(T) = .
@) <I>+a1(AT)1/Qexp(—kBAT)

(A.24)

In the above equation ® = as (¢s — gr) whereas a; and sg are fitting parameters. Since
gs — qr is measured directly (see Equation A.23), the only fitting parameters are aj, ag
and A. a; and as determine the magnitude of g7 and g5 — g7, respectively. This means

that at intermediate temperatures, when ¢; —qr < qr, 7 is governed by the temperature
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dependence of ¢ showing exp(k;—AT) dependence. At low enough temperatures ¢; > gr
and the relaxation time saturates with decreasing temperature. However since it is
inversely proportional to g, it diverges with decreasing excitation intensity in the ' — 0

limit (also see Equation A.11).
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