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Faculteit Bètawetenschappen,
Universiteit Utrecht

Dit werk maakt deel uit van het onderzoekprogramma van de Stichting voor Fun-
damenteel Onderzoek der Materie (FOM), die financieel wordt gesteund door de
Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO)

ISBN 978-90-393-4881-9

Printed by PrintPartners Ipskamp B.V., Enschede, 2008



Ultrafast nonlinear acoustics
in crystals and nanostructures

Ultrasnelle, niet-lineaire akoestiek
in kristallen en nanostructuren

met een samenvatting in het Nederlands

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de
Universiteit Utrecht, op gezag van de rector

magnificus, prof.dr. J.C. Stoof, ingevolge het
besluit van het college voor promoties in het

openbaar te verdedigen op

woensdag 17 september 2008
des middags te 12.45 uur

door

Petrus Jacobus Stephanus van Capel

geboren op 24 maart 1978
te Noorden



Promotor: Prof.dr. J.I. Dijkhuis



“Drench yourself in words unspoken
Live your life with arms wide open
Today is where your book begins
The rest is still unwritten”

(Natasha Bedingfield,
Unwritten)

Voor mijn ouders
en grootouders





Contents

I Introduction 11
I.1 Modern condensed matter physics: from bulk to nano . . . . . . 11
I.2 Ultrafast optics . . . . . . . . . . . . . . . . . . . . . . . . . . 12
I.3 Ultrafast acoustics . . . . . . . . . . . . . . . . . . . . . . . . . 13
I.4 This thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

II Ultrafast pump-probe reflectometry and interferometry 25
II.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
II.2 Reflection and transmission . . . . . . . . . . . . . . . . . . . . 26
II.3 Interferometry . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

III High-amplitude strain generation in Ni and Cr 35
III.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
III.2 Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
III.3 Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
III.4 Pump-probe experiments on chromium and nickel . . . . . . . . 40
III.5 Generation process . . . . . . . . . . . . . . . . . . . . . . . . 49
III.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

IV The formation of acoustic shock waves in sapphire at room temper-
ature 65

IV.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
IV.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

7



8 Contents

IV.3 Sample and setup . . . . . . . . . . . . . . . . . . . . . . . . . 68
IV.4 Reflectometry experiments . . . . . . . . . . . . . . . . . . . . 70
IV.5 Interferometric experiments . . . . . . . . . . . . . . . . . . . . 73
IV.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
IV.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

V Time-resolved detection of ultrashort strain solitons in sapphire 81
V.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
V.2 Sample and setup . . . . . . . . . . . . . . . . . . . . . . . . . 82
V.3 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
V.4 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . 87
V.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
V.6 Conclusions and prospects . . . . . . . . . . . . . . . . . . . . 97
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

VI Chirping of an optical transition by an ultrafast acoustic soliton train
in a semiconductor quantum well 101

VI.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
VI.2 Sample and setup . . . . . . . . . . . . . . . . . . . . . . . . . 102
VI.3 Strain propagation . . . . . . . . . . . . . . . . . . . . . . . . . 105
VI.4 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . 106
VI.5 Numerical calculations . . . . . . . . . . . . . . . . . . . . . . 109
VI.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
VI.7 Conclusions and perspectives . . . . . . . . . . . . . . . . . . . 113
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

VII Generation and detection of high-amplitude strain in InGaN/GaN
quantum wells in the saturation regime 117

VII.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
VII.2 Properties of InGaN/GaN quantum wells . . . . . . . . . . . . . 118
VII.3 Generation and detection of strain in GaN/InGaN quantum wells 119
VII.4 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
VII.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

VIIICoherent strain generation by optically induced ultrafast phase tran-



Contents 9

sitions in YVO3 135
VIII.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
VIII.2 YVO3 and phase transitions . . . . . . . . . . . . . . . . . . . . 136
VIII.3 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . 138
VIII.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
VIII.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
VIII.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

IX Ultrafast carrier dynamics in ZnO nanowires 153
IX.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
IX.2 ZnO nanowires . . . . . . . . . . . . . . . . . . . . . . . . . . 154
IX.3 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . 156
IX.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
IX.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
IX.6 Prospects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

A Setup electronics and noise characteristics 169
A.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
A.2 Setup characteristics . . . . . . . . . . . . . . . . . . . . . . . . 170
A.3 Noise characteristics . . . . . . . . . . . . . . . . . . . . . . . . 172
A.4 Sample-and-hold setup . . . . . . . . . . . . . . . . . . . . . . 176
A.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

B Autocorrelation and laser pulse characterization 179
B.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
B.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
B.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

Samenvatting 185

Dankwoord 193

Curriculum Vitae 197



10 Contents

Publications and presentations 199

Color figures 201



Chapter I

Introduction

Abstract

This introductory chapter serves as a background to the research presented in the follow-
ing chapters, and to familiarize the reader with the field of physics and time and length
scales that are involved. We show that coherent acoustics has long been a characterization
method for solid state structures complementary to optical and electronic techniques; this
applies both to continuous-wave and ultrashort, pulsed techniques. Furthermore, the re-
cent developments in ultrafast acoustics are opening a window to ultrafast nanophonon-
ics, where high-frequency phonons are employed to manipulate nanometer-sized struc-
tures on a picosecond timescale.

I.1 Modern condensed matter physics: from bulk to nano

Classical experimental condensed matter has been concerned with understanding
the properties of bulk crystalline systems present in nature [1]. During the explo-
sive growth of the semiconductor industry from the 1970’s on [2], and nanofabri-
cation revolutions in the following decades [3], new, effectively lower-dimensional
structures became available that show qualitatively different behavior compared
to their bulk counterparts. Typical examples include (multi-)layered heterostruc-
tures (2D, Ch. VI), nanowires (1D, Ch. IX), and nanoparticles (0D) as elementary
constituents, assembled in larger structures or devices. Here, the properties are
dominated by quantum size effects, interface and boundary conditions or effects
of the environment. An example of application is the giant magnetoresistance
effect (important for hard-disk writing), the discovery of which was awarded the
2007 Nobel Prize in Physics [4, 5].

Parallel to the developments in deposition and growth techniques, spectros-
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12 Chapter I Introduction

copy methods became available to study and understand the typical features of
these structures. Apart from optical spectroscopy and microscopy, typical non-
destructive testing techniques include atomic force microscopy (AFM) [6] and
scanning electron microscopy (SEM) [7], both capable of supplying subnanome-
ter structural information.

I.2 Ultrafast optics

If one chooses to examine dynamical rather than statical properties, i.e. reach high
temporal rather than lateral resolution, the most convenient tools are pulsed laser-
based techniques. Already several years after the development of the first laser,
Q-switching by means of saturable absorbers allowed the generation of microsec-
ond pulses in ruby and Nd-glass lasers [8]. In the 1970’s, operation in the ultrafast
(< 10 ps) range became possible in dye lasers by applying active mode-locking
techniques [9]. Time-resolved experiments at the subpicosecond timescale, and at
much higher repetition rates (typically 80 MHz), became possible in the 1980’s
by the development of pulsed Ti-sapphire infrared laser systems. The Ti:sapphire
laser also intensified a class of ultrafast experiments, usually denoted as pump-
probe spectroscopy: a ’pump’ pulse induces an effect in a material, and a delayed
’probe’ measures the response and relaxation of the material at later times. Impor-
tant advantages of this technique are the extreme time resolution, and the nonde-
structive and noncontact nature. Examples of pump-probe experiments presented
in this thesis are sketched in Fig. I.1 a).

At present, through high-harmonic generation, the limits of ultrafast spec-
troscopy are pushed into the attosecond timescale, where it becomes possible to
even probe electronic motion in condensed matter [10, 11, 12]. The Ti:sapphire-
based systems have also evolved. On the one side, there is a push for ever higher
pulse amplitudes at low repetition rates, by means of multi-step chirped pulse
amplification [13]. Most experiments presented in this thesis made use of the
“Hurricane”, a single step amplified Ti-sapphire laser system, typically producing
100-femtosecond pulses at a 1-kHz repetition rate, with around 500 µJ output en-
ergy per pulse: 50,000 times higher than the powers available in usual 80-MHz
experiments. On the other side, there are efforts to increase the pulse repetition
rate at moderate power levels; the current ‘record’ reaching up to 6 GHz [14].
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I.3 Ultrafast acoustics

It is instructive to follow the same path as we did for (ultrafast) lasers, when we
sketch the development of coherent acoustics in solids.

Monochromatic phonon sources The first experiments with coherent CW pho-
non generation and detection by means of piezoelectric transducers and super-
conducting bolometers or tunnel junctions, respectively, were performed in the
last century, extending from the MHz range [15], ultimately to 10 - 100 GHz
[16, 17]. A dozen years later, research on the well-known electronic two-level sys-
tem in ruby allowed optical generation of 870 GHz phonons [18]. Attempts have
been made to develop this system into a single-frequency phonon laser (SASER)
[19, 20, 21]. More recent efforts to generate monochromatic coherent phonons in
the hundreds of gigahertz range were made by laser beam interference [22], and by
using semiconductor multilayer structures, causing a zone-folding of the acoustic
phonon branch [23, 24, 25, 26, 27]. The piezoelectric technique using microscale
metallic transducers has recently been used to generate MHz frequency surface
acoustic waves (∼ µm wavelengths) [28].

Generation and detection of pulsed phonon sources Pulsed phonon generation
by electrical means is already as old as the first pulsed laser sources [29]. The
research, where pressure pulses are generated on one side of a bulk crystal, and
detected at the other side by bolometers, has been used very successfully in inves-
tigating ultrasound propagation, crystal anisotropy effects, and phonon focusing
[30].

The development of the Ti:sapphire laser opened the way to generate and de-
tect picosecond longitudinal acoustic pulses. This principle was first demonstrated
and theoretically analyzed for metal films and semiconductors [31, 32, 33]. We
have sketched the principle of this technique, that is nowadays referred to as pi-
cosecond ultrasonics [34] in Fig. I.1 a). A short laser pulse heats a thin transducer
material, and through the thermoelastic effect (the heated material applies a stress
to its surroundings), a coherent strain pulse is formed. This acoustic wave travels
into the film, is partly reflected at the metal/substrate interface, and returns to the
surface. By sending a delayed detection ‘probe’ pulse to the film surface, one can
observe the change in optical properties, and the corresponding change in reflec-
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Figure I.1: Ultrafast pump-probe experiments in this thesis in a nutshell (Color fig-
ure: Fig. 1, p. 202)
a) Picosecond ultrasonics technique (Chs. II, III). 1. Absorption of energy from pump
beam, and heating of the surface region. Coherent strain is generated by thermal expan-
sion of the lattice. 2. The generated strain travels into the film. 3. Part of the wave
is reflected at the metal/substrate interface. 4. The part that returns to the interface is
detected by a delayed, weak probe pulse. b) Propagation of the high-amplitude acoustic
wave launched into the substrate at room temperature: due to nonlinearity, the wave trans-
forms into a N- or shock wave. The shock wave is detected at the other side by the same
technique as in Fig. I.1 a). c) Like b) but now at low temperatures: the wave develops
into a train of solitons, and high-frequency tail. d) Detection of soliton train by analyzing
wavelength dependent reflection of a broadband colored pulse on a quantum well with a
spectrometer. e) Reflection and transmission of multiple gallium nitride - indium gallium
nitride quantum wells. Pumping leads to coherent vibrations, and acoustic wave propaga-
tion in the surrounding material. f) Generation of low-frequency, high amplitude acoustic
waves in yttrium vanadate through structural phase transitions. g) Pump-probe transmis-
sion experiments on zinc oxide nanowires. First attempts are made to access the ultrafast
carrier dynamics.
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tivity due to the arriving acoustic reflection, as a function of time. We refer to Ch.
III for a more detailed treatment of the generation process, and Chs. II - V for
detection experiments. The range of accessible phonon frequencies is determined
by the properties of the generator material, and is limited by either the optical pen-
etration depth ζ or the electron diffusion length ze (the typical depth over which
heat is deposited) [35]. This allows generation of typically 100-GHz-bandwidth
phonons, at strain amplitudes of the order of 10−5.

Like for CW phonon sources, semiconductor heterostructures can be used for
efficient generation of short phonon pulses. Here, the spectrum is determined
by the thickness of the constituting layers, which can be an order of magnitude
smaller than ζ and ze. These heterostructures allow more control over the proper-
ties of the generated coherent wave [36]. In quantum well structures where strain
is generated through piezeoelectric screening (see also Ch. VII), tunable phonon
generation with a bandwidth of several hundreds of GHz has been demonstrated
[37].

Generation mechanisms have since been extended to the high-amplitude re-
gime through phase transitions in semiconductors [38, 39], and even into the de-
structive regime by ablation [40, 41, 42].

Acoustic solitons The study of picosecond ultrasonics entered a new stage when
it was realized, that with the typical pulse widths and amplitudes, nonlinear prop-
agation effects should occur over reasonable propagation distances. It is well
known from elementary solid state physics that high-frequency phonons in crys-
talline structures suffer from dispersion [43]. This dispersion was experimentally
investigated for several solids and propagation directions [44]. When the strain
amplitudes become sufficiently large, the harmonic approximation of the atomic
potential is not valid anymore and higher order elastic effects come into play [45].
This results in deformation of the strain wave and generation of higher frequen-
cies. When damping can be ignored, it is the joint effect of nonlinearity and
dispersion that leads to the formation of so-called acoustic solitons. In Fig. I.2 we
sketch the formation process of an acoustic soliton. This subject will be treated
more formally in Ch. V.

Solitons form a general physical phenomenon, and can be found in for exam-
ple fluid dynamics [46, 47], plasmas [48], optics [49, 50, 51] and atomic physics
[52, 53], and are both of experimental and theoretical interest [54, 55, 56]. The
first detection of acoustic solitons in solids was reported for SiO2, Si, Al2O3,
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a)a) b) c) d)

0 µm 20 µm 45 µm 110 µm

Figure I.2: Stages in formation of a train of solitons
a) Initial pulse. b) Self-steepening due to nonlinearity. c) Wave packet splitting into
several solitons, and extreme dispersion of the rear (tensile) part. d) Fully formed soli-
ton train. This calculation was performed for gallium arsenide, at a pump fluence of 10
mJ/cm2 (Ch. VI) and for the indicated propagation distances.

and MgO in 2001 [57]. Acoustic solitons have since been observed by Brillouin
scattering [58], two-level phonon spectroscopy [59], time-resolved reflectomet-
ric [60, 61] and interferometric [62] methods, and finally as surface propagating
waves by beam deflection techniques [63].

It is now obvious why our experiments are performed with an amplified laser
system. The induced effects can be orders of magnitude larger, since materials can
be pumped close to their damage threshold. Moreover, since only a fraction of the
pulse energy is required to reach this threshold, we can use pump beam sizes of the
order of 200 µm, much larger than the 10 µm these experiments were originally
performed with. This creates a quasi-1D propagation, and prevents complicating
nonlinear diffraction effects [64, 65].

Advanced detection techniques After the initial reflection experiments [33], im-
provements of detection techniques have also been made. The reflection technique
has been extended to include multicolor pump and probe, through the develop-
ment of tunable laser sources [66, 67]. Diffraction experiments (where one looks
at the beam displacement) [68, 69] and beam distortion techniques [70] were ap-
plied to bulk and surface acoustic wave detection. Polarization-sensitive detection
allows the detection of shear acoustic waves [71, 72, 73]. A different class of tech-
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niques makes use of diffraction of X-ray beams, and is sensitive to the position of
single atomic planes [74, 75, 76, 77, 78, 79].

The current standard detection technique in picosecond ultrasonics is interfer-
ometry, either in single-shot [80] or non-destructive mode [35, 81, 82, 83], sup-
plying information on both the amplitude and phase of the reflected or transmitted
optical pulse (Ch. II). This technique has also been very successful in detection
of vibrations of nanoparticles [84], and surface acoustic waves [85, 86, 87]. Very
recently, results were obtained by XUV holography, which allows for improved
lateral characterization of surface displacements [88].

Nanophononics The previous sections show, that the degree of control in ultra-
fast acoustics has developed to a stage where it has become a tool to study and
manipulate functional solid state structures, rather than being the subject of re-
search. First attempts of transferring optical techniques to the acoustic regime in
recent years are shaping of pulsed phonon sources [89], and acoustical imaging
of 2D nanostructures in the far field [90, 91]. Picosecond ultrasonics has been
demonstrated to allow in situ characterization of film growth [92], and permits the
determination of the presence of defects in nanostructures [93].

Even more interesting are demonstrations of manipulation of nanostructure
properties. Surface acoustic waves are reported to generate optical superlattices
with the prospect of creating tunable photonic crystals [28], and to induce exci-
ton transport over micrometer distances [94]. Very recently, picosecond acous-
tic waves were reported to strongly modify the band gap properties of photonic
crystals [95]. By virtue of resonant interactions, combined photonic/phononic
structures open possibilities to strongly modify the material properties. First ex-
periments showed the interplay between photonics and phononics at the nanoscale
using either acoustic solitons [96] or selective excitation [97, 98] in nanocavities.

I.4 This thesis

The main subject of this thesis is the generation and detection of nanometer-sized
phonon wavepackets. In particular, we explore the possibilities of generating THz
frequency phonons, and applying them for nanostructure spectroscopy. All the
experimental pump-probe schemes used in this thesis, are collected as sketches in
Fig. I.1.

After discussing the experimental techniques in Ch. II, we will examine the
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nonlinear generation of high-amplitude strain waves in chromium (Cr) and nickel
(Ni) in Ch. III. These chapters will serve as a basis for Chs. IV and V, which
are devoted to detection of linear, nonlinear (shock wave) and dispersive (soliton)
propagation in crystalline materials. Ch. VI gives a first demonstration of utilizing
a train of high-amplitude, ultrashort acoustic solitons to deform a semiconductor
quantum well. The solitons are shown to act as ultrafast phase modulators and
strongly modify the electron states and hence the reflection properties.

Chs. VII and VIII discuss alternative generation and detection methods of
acoustic waves, i.e. without using metal films. Ch. VII shows results obtained
on gallium nitride - indium gallium nitride (GaN/InGaN) multiple quantum well
samples, demonstrating the emission of strain through piezoelectric screening. In
Ch. VIII, we present measurements on yttrium vanadate (YVO3), where strain
is generated through ultrafast phase transitions and detected by means of time-
resolved Brillouin scattering.

Ch. IX contains the only experiment in this thesis that does not involve acous-
tic, but rather electronic effects. We briefly discuss a possible future direction
for ultrafast work using some of the presented techniques, by monitoring time-
resolved transmission through zinc oxide (ZnO) nanowires.
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Chapter II

Ultrafast pump-probe reflectometry and
interferometry

II.1 Introduction

The simple idea behind pump-probe spectroscopy is to send a “pump” laser pulse
to excite the material under study, followed by a delayed “probe” pulse to monitor
the time-dependent (optical) response to probe the processes that were initiated by
the pump. One generally detects modulations of reflection from or transmission
through a sample that are much smaller than the total signal itself. In this situa-
tion, differential measurements are performed, where the signal measurement is
compared to a background measurement in absence of the pump.

Following Hurley et al. [1], we define the background electric field ampli-
tude reflection of the sample as r0, and the modulated reflection r′ as r0(1 +

ρ)exp(iδϕ) ∼ r0(1 + ρ + iδϕ), as is depicted in Fig. II.1 a). When ρ,δϕ ¿ 1,
terms of quadratic order can be neglected. In this expression we distinguish the
two measurable components ρ (amplitude) and δϕ (phase). In the following chap-
ters of this thesis, we describe the experiments and explain the underlying physical
origins of the modulations. Here, we describe the optical scheme of the setups,
the relation between the measured signals and ρ and δϕ , and experiments defin-
ing the quality of our setup. The detailed operation of the relevant electronics is
explained in App. A.

Our pump-probe setups run on the Spectra Physics “Hurricane”, a 1-kHz,
femtosecond amplified Ti-sapphire system operating at 800 nm. The total out-
put power is around 500 mW, and the typical pulse length 110 fs (App. B).
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Figure II.1: Typical reflection and transmission setup
a) Experimental reflection/transmission setup. Long and short dashed paths indicate pump
at back and front of the sample, respectively. b) Typical reflectometric pump-probe mea-
surement. Inset shows the experimental geometry for this measurement, and the effects
of the pump on the electric field amplitude and phase.

II.2 Reflection and transmission

In measurements of the absolute reflection and transmission, there is no reference
for the phase, leaving it undefined. In reflection, one measures at the photode-
tector the intensities r′0

∗r′ and r0
∗r0 for the signal and background measurement,

respectively. Thomsen [2] defines the change in reflectivity (i.e. including the
phase) as r0 +∆r. Compared to the definition used here, which is more convenient
when discussing interferometric detection, we can make the connection with the
amplitude signal as 1 + ∆R

R ≡
|∆r|2−|r0|2

|r0|2 = |r0(1+ρ+iδϕ)|2−|r0|2
|r0|2 ∼ 1 + 2ρ . A similar

argument holds for the differential transmission ∆T/T .
Figure II.1 a) shows a typical scheme of a reflection/transmission setup. The

beam is split in a pump (90%) and a probe (10% and further attenuated) part. The
pump is chopped to make a background measurement possible (App. A). Only
one delay line is depicted in the pump path, although in fact two are present: one to
get the timing approximately right, and the second to perform the scanning. Both
delay lines in the pump are equipped with a retroreflector. The pump is focused
with a 220-cm focal distance lens to obtain both a good Gaussian beam profile (the
original beam quality is very poor and resembles a Gaussian only in the focal area)
and a high pump fluence at the sample. The sample is located ∼ 35 cm before the
focal point, giving beam waists of typically 100 - 400 µm, and maximum fluences
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in the range of 15 - 200 mJ/cm2 (depending on additional attenuation used in order
to remain below the damage threshold of the specific sample). The beam profiles
are measured with a CCD, inserted at the same distance from a beam splitter as
the sample (Fig. II.1 a) ).

A 2-m long eight-pass delay line is included in the probe beam, allowing a
maximum optical delay of 50 ns. This is imperative for experiments where one
side of the sample is pumped, and the generated strain is detected at the opposite
side (Chs. IV and V). Before hitting the sample, part of the probe light is sent to
a reference detector to correct for laser noise effects (App. A). The probe is fo-
cused on the sample in a perpendicular geometry, to make the probe spot as small
as possible, typically in the range of 5 - 30 µm. The reflection or transmission
is then collimated, and focused onto a photodetector. It is possible to measure
differential reflection and transmission simultaneously, which also allows a direct
determination of the absorption (Ch. VII).

In the case of pumping and probing at the same wavelength (Chs. IV and
VIII), we use polarization filtering to reduce the amount of pump light on the
detectors. When pumping and probing at different wavelengths color filters are
used to reject pump light. The latter type of measurements generally yield better
signal-to-noise ratio. A typical measurement result is shown in Fig. II.1 b). Here,
we pump a chromium film deposited on sapphire, and probe it on the sapphire
side (inset). The trace shows several sources of reflection changes:

• The bipolar pulse around t = 0 is due to a coherent strain pulse at the Cr-
sapphire interface, modulating the optical constants of the metal through
the elasto-optic effect. This effect is discussed in more detail in Chs. III -
V.

• The long-living oscillation of ∼100 GHz frequency is the so-called Bril-
louin oscillation, arising from interference between light reflecting from the
metal film surface and from the strain pulse moving in the sapphire. The
subject is treated in Chs. VII and VIII.

• The slow decrease in background level after t = 0 is due to the propagation
of heat generated by absorption of pump light in the Cr film. The heat pulse
consists of incoherent high-frequency phonons and travels slower due to
dispersive effects, scattering and diffusion [3].
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II.3 Interferometry

To also obtain δϕ , we must compare the phase of the signal pulse to a reference
pulse. This can be done in an interferometer. Although several types exist (e.g.
Mach-Zehnder, Michelson) [4], the common-path character of the Sagnac inter-
ferometer [1, 5, 6, 7] ensures that many noise sources (such as those connected to
vibrations in the table) cancel.

II.3.1 Setup

Our setup is presented in Fig. II.2 a), and is a slightly modified version of type B
presented in Ref. [5]. The delay line and chopper part is identical to that presented
in Fig. II.1 a). Probing in the interferometer is at 800 nm. Polarization filtering
is not possible and pumping is always at 400 nm. The incoming probe light is
polarized at an angle of 45 degrees with respect to the main axes of the polarizing
beam splitter (PBS). The reference signal is split off at the non-polarizing beam
splitter (NPBS). At the PBS central in the setup, the incoming probe beam is di-
vided into two counterpropagating beams. The quarter-wave plates (QWP) are
used to rotate the polarization of a pulse entering an arm, so that each reflection
at the center PBS is followed by a transmission, vice versa. This results in beam
paths for the two polarizations that are shown in Fig. II.2 b) and c). The important
point is that the beams with different polarization arrive at the sample at different
times, but exit the interferometer at exactly the same time, thus having spatiotem-
poral overlap while carrying different information. The two pulses are merged
after the central PBS again and mixed with a QWP after reflection at the NPBS.
Finally the signal is split with a PBS, and the two contributions are measured by
photodetectors D1 and D2.

The addition of focusing lenses in both sidearms (probably reducing the sen-
sitivity for mirror alignment) and the use of a third photodetector for reference
measurements before entering the interferometer appeared to be crucial and de-
creases the noise level by an order of magnitude.

II.3.2 Theory

When encountering polarization effects, the analysis can best be performed by us-
ing the Jones formalism [8]. Here, the two-component Jones vector describes the
amplitude and phase of the two (horizontal and vertical) polarization components
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Figure II.2: Interferometric detection setup
a) Sketch of the interferometric pump-probe setup. NPBS: non-polarizing beam splitter,
PBS: polarizing beam splitter, QWP: quarter waveplate. b) Sketch of the beam path for
horizontal polarization, in the interferometer setup. c) Like b), but now for the vertical
polarization.

of the electric field, and each modification in either amplitude or phase induced
by an optical element corresponds to multiplication by a 2×2 Jones matrix. For
this type of setup, the analysis is conscientiously performed in Ref. [5]. We will
summarize the main points here.

Before entering the interferometer setup through the NPBS, we put the incom-
ing polarization at 45◦ with respect to the principal polarization directions:

1√
2

(

1
1

)

. (II.1)

In the experiments, we use the vertical (V ) polarization for the signal probe, and
the horizontal (H) for the reference. When exiting the interferometer after follow-
ing the paths indicated in Fig. II.2 b) - c), the former experiences the modulated
reflection r′, and the latter the equilibrium reflection coefficient r0. The expres-
sions for the amplitudes after reflection at the NPBS are then
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−r0

2
√

2

(

1+ρ + iδϕ
1

)

. (II.2)

The phase signal δϕ can be extracted by either using a polarizer at an angle of
45◦ and 135◦ with respect to the principal polarization axes, or by using a QWP
and a PBS [5]. We have chosen the second option, since this allows for the easiest
way of data processing, and simultaneous measurement of ρ and δϕ . When the
QWP is at 45◦, the polarization amplitudes are given by

r0
8

(

−2−ρ−δϕ + i(ρ−δϕ)

−2−ρ +δϕ + i(−ρ−δϕ)

)

. (II.3)

The final PBS separates the two polarization components; the horizontal compo-
nent is transmitted and goes to detector D1, while the vertical is reflected and goes
to D2 (Fig. II.2 a) ). Finally, we calculate the absolute value ID1 = ED1

∗ED1 and
ID2 = ED2

∗ED2 to obtain the measured light intensities at the diodes:

ID1 =
r0

2

16 (1+ρ +δϕ +
ρ2

2 +
δϕ2

2 ), and (II.4)

ID2 =
r0

2

16 (1+ρ−δϕ +
ρ2

2 +
δϕ2

2 ). (II.5)

The sum and difference of these intensities give the amplitude (neglecting higher
order effects) and phase signal, respectively:

ID2 + ID1 =
r0

2

8 (1+ρ), (II.6)

ID2− ID1 =
r0

2

8 δϕ. (II.7)

In both cases, the normalization by a background measurement ensures that we
obtain the absolute ρ and δϕ . In general, the interferometric contrast does not
reach the maximum of 100%, but is reduced (among others) by abberations in
lenses, residual reflections of optical components, alignment imperfections, and
beam quality [5].
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a) b)

Figure II.3: Typical interferometer measurement and noise characteristics
a) Typical result for ρ and δϕ , obtained in a pump-probe experiment on a Cr film de-
posited on a Si substrate (see also Ch. III). Inset shows the subpicosecond response
upon arrival of the pump, and the temporal resolution of the setup. b) Noise stability in
common-path interferometric (solid line) and simple interferometric (dashed line) case.

II.3.3 Experimental characterization

This section presents a series of characterization measurements demonstrating the
virtue of the interferometer.

In Fig. II.3 a), a typical measurement result for ρ and δϕ is shown. Here we
pump with 400 nm and probe interferometrically with 800 nm on a chromium (Cr)
layer of ∼200-nm thickness deposited on a silicon (Si) substrate (Ch. III). The
bump at 55 ps is due to the coherent acoustic wave that was generated by the pump
at t = 0, reflected at the Cr/Si interface and returned to the Cr film surface. The fact
that this feature is much clearer in the δϕ signal than in the ρ signal demonstrates
the advantage of the experimental access to phase information. Comparing with
previous measurements on the same structure [9], we deduce an interferometric
contrast around 85%. The value below 100% can be traced back to the poor
probe beam quality. The beam is somewhat elliptic, and its profile shows spatial
deviations from the ideal Gaussian profile. The typical noise level is ∼ 10−5 for
both amplitude and phase signal (corresponding to surface displacements of the
order of 1 pm), for an integration time of 1 second. We note that for high signals
the noise is larger, due to slow variations in pump intensity and/or beam pointing,
amounting to ∼2% of the total signal amplitude. The inset in Fig. II.3 a) shows
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a) b)

pump and V pol

arrive at same time

pump and H pol

arrive at same time

Figure II.4: Interferometer timing and contrast characteristics
a) Two-pulse experiment, using either the first or the last pulse to arrive at the sample as
signal pulse. The time difference of 2630 ps is consistent with two times the length of
the interferometer sidearms. The sign change is due to the fact that the modulation is in a
different polarization component. b) Dependence of the difference signal D2−D1 on the
orientation of the final quarter-wave plate.

the fast response at t = 0, due to rapid heating of the electron gas. From the
response time of the phase signal, we can conclude that the temporal resolution in
this geometry is better than 300 fs.

Fig. II.3 b) shows the improvement in noise level by going from non-common-
path (using only two side arms, i.e. a Michelson-like geometry) interferometric
to common-path (Sagnac) interferometric operation. This experiment was per-
formed with a 780-nm CW diode laser, and the spectral intensity was measured at
detector D2. The noise differs more than two orders of magnitude, 10−5 being the
detection limit of the spectrum analyzer. Driving the table with an acoustic fre-
quency generator showed that the peaks in the spectrum correspond to vibrational
modes of the optical table. This demonstrates the inherent stability of the Sagnac
interferometer.

In Fig. II.4 a), we prove that indeed two pulses travel through the interfer-
ometer. Apart from a minus sign, it does not matter which polarization acts as
probe and which as reference. This implies that the arrival of the pump should be
detected twice, with the temporal spacing equal to the difference in path length,
being twice the length of the side arms. Fig. II.4 a) shows this in the form of
two responses: the first (positive) in the case where the H-polarization acts as ref-
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erence and the V -polarization as signal (standard operation), and the second vice
versa. The two peaks are separated by 2.630 ns. This interval time obviously
limits the detection window. We measured the total side arm length to be 37 cm,
of which 2.54 cm through the glass PBS, 2× .93 cm through the glass lenses,
and 2× .8 mm through the quartz QWP, and the remainder through air, making a
total delay of 2.626 ns for the full passage, in agreement with the result from the
pump-probe measurement.

Fig. II.4 b) shows the effect of rotating the final QWP on D2−D1 (normal-
ized to the background). At +45◦ and −45◦, the phase signals are maximum but
with opposite sign, while at 0◦, there is no interference and the signal is a pure
amplitude signal ρ (as can be derived from the theoretical analysis). Note the
reduced visibility of the acoustic reflection at 55 ps in this case, as in Fig. II.3
a). At intermediate angles, some of which are also shown, these two signals are
nontrivially mixed.
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Chapter III

High-amplitude strain generation in Ni and Cr

Abstract

This chapter describes both theory and interferometric experiments on ultrafast genera-
tion of coherent strain pulses in chromium and nickel metal films. Experiments show that
the strain amplitudes increase superlinearly with pump fluence, while the pulse widths
increase at fluences above ∼ 70% of the damage threshold. Detailed numerical simula-
tions were performed, based on the two-temperature model in the non-equilibrium case.
The measured amplitude effects can be attributed to the temperature dependence of the
expansion coefficient. At the highest fluences, a sudden increase in strain amplitude and
width is detected in chromium, related to damaging of the surface layer.

III.1 Introduction

Picosecond ultrasonics [1], the characterization of materials by dynamical strain
in the sub-THz regime generated and detected by ultrashort optical pulses, has
frequently been applied to metallic films. Metals form an ideal model system for
ultrafast experiments, because the thermalization times following a pump pulse
(∼ 1 ps), the generated coherent phonon pulse widths (∼ 5 ps), and the acoustic
travel times through the deposited layers (∼ 100 nm thick, typically taking 15 ps)
are all in the picosecond range.

The dynamics in a metal film following optical excitation is sketched in Fig.
III.1. In the two-temperature model, the electron gas and phonon bath are treated
as separate, but coupled heat reservoirs [2]. Upon excitation, the electrons in the
surface layer of the film absorb part of the pump pulse energy, leaving the lattice
temperature at its equilibrium value (Fig. III.1 b) ). The electron excess energy
can escape by two processes: diffusion of hot electrons to the interior of the film,

35
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Figure III.1: Heat dissipation in metals: two-temperature model
a) Initial equilibrium state. Electron gas and lattice have the same temperature T0. b) At
and just after arrival time of the pump pulse at t = 0. Absorption of pump pulse energy
by the electrons within the optical penetration depth ζ . Energy is transferred either into
the bulk by hot carrier diffusion over a typical length ze, or by coupling to the lattice. c)
Long (> 10 ps) after pump pulse arrival. Quasi-equilibrium situation: the electron gas
and lattice have the same temperature Te = Ti at all positions. After this time, there is
slow (∼ ns timescale) heat diffusion further into the metal and underlying substrate.

and coupling to (heating of) the lattice. Not only incoherent heat but also coherent
strain is generated in this two-step heating process. Both the temperature rise of
the electron gas δTe and that of the lattice δTi contribute to a thermoelastic stress
δσ , of which in general the second contribution is dominant. This impulsive stress
in turn leads to a travelling strain δ s. The full coherent strain wave is formed by
the sum of all generated strain components. A detailed analysis of these dynamics
can be found in Sec. III.5.

Metals with a relatively large electron-phonon coupling constant g and low
thermal conductivity κ yield a coherent phonon spectrum with a bandwidth mainly
determined by the optical penetration depth ζ . This is for example the case in
nickel [3, 4], chromium [4], molybdenum [5], and wolfram [6]. On the other hand,
in metals like gold and silver electron propagation is quasi-ballistic [7], electrons
diffuse over larger distances, and the excited phonon frequencies become rela-
tively low [8, 9]. Aluminum forms a special case. Here, the slow electron-electron
scattering with respect to electron-phonon coupling causes strong non-equilibrium
electron diffusion [10]. Most experiments and analyses in literature are performed
in the “quasi-equilibrium” regime, where constant thermal and mechanical param-
eters are assumed and only the electron and lattice temperatures vary. We will see
that the pump fluences used in the experiments in this thesis may drive the gen-



III.2 Detection 37

eration in the non-equilibrium regime, where the material parameters depend on
temperature and thus on time.

The purpose of this chapter is to provide insight into the strain-generating
processes in the non-equilibrium regime. To this end, interferometric pump-probe
reflection experiments are performed on nickel and chromium metal films. We
distinguish three power regimes. First, the case of linear generation, where we
calculate the strain by analytical evaluation of the equilibrium two-temperature
model [11]. Second, the non-equilibrium regime, where the strain amplitudes in-
crease superlinearly with fluence, caused by temperature-dependent expansion co-
efficients, and where we numerically evaluate the two-temperature model. Finally,
the extremely high-power regime, where effects deviate from the two-temperature
model results and nonthermal processes occur in the surface layer of the metal [2].

III.2 Detection

Before addressing the experimental results and the generation process, we start
by analyzing the physics underlying the interferometric detection process. As dis-
cussed already in Ch. II, an interferometric measurement yields both amplitude
(ρ) and phase (δϕ) information. In the experiments in this chapter, a coherent
strain s(z, t) is generated at the metal surface, travels into the metal film, and is
partly transmitted into the substrate, while higher-order reflections at the metal-
substrate interface return to the film surface. We detect at both sides of the metal
film. The relevant question here is how the strain emerging at the detection sur-
face affects the film reflection properties. A detailed analysis of the detection
process in reflection for the amplitude is given in Ref. [3], while Ref. [12] ad-
ditionally discusses interferometric contributions. The most important results are
summarized here.

III.2.1 Bulk contributions

The amplitude signal ρ = ρmetal originates from the change in optical constants
n+ iκ of the metal by the presence of strain. A similar contribution is also present
in the phase signal δϕ = δϕmetal + δϕsur f ace. The bulk contributions ρmetal and
δϕmetal as a function of time can be expressed in a weighted integration of the
strain over all depths in the film:



38 Chapter III High-amplitude strain generation in Ni and Cr

a) b)

0 20 40 60 80

-4

-3

-2

-1

0

Depth(nm)

1
07
f
(a
.u
.)

ρ

δϕ

0 20 40 60 80

-0.5

0.0

0.5

Depth (nm)

1
0
7
f
(a
.u
.)

ρ

δϕ

Cr Ni

Figure III.2: Sensitivity functions
a) Calculated amplitude (ρ) and phase (δϕ) sensitivity functions for chromium at a probe
wavelength of 800 nm. b) Like a), but now for nickel. The parameters used in the calcula-
tions are taken from Ref. [4]. We have assumed the elasto-optical constants the same for
800 nm and 830 nm because of an expected weak wavelength dependence in this range.

ρmetal(t) =
∫ ∞

0
fρ(z)s(z, t)dz, (III.1)

δϕmetal(t) =
∫ ∞

0
fδϕ(z)s(z, t)dz, (III.2)

with z the inward direction of the film, and z = 0 at the film surface. The function
f (z) is usually called the sensitivity function. It is an oscillatory function which
decays as exp(−z/ζ ), with an amplitude mainly determined by the elasto-optical
constants ∂n

∂ s + i ∂κ
∂ s at the probe wavelength. The functions for Cr and Ni at a

wavelength of 800 nm are plotted in Fig. III.2 a) and b), respectively.

III.2.2 Surface displacement

In addition to the bulk contribution a phase signal is generated by the surface
displacement δϕsur f ace. With z as defined in the previous section, the phase shift
δϕ(t) for the geometry of Fig. III.3 (insets) can be expressed in terms of the
surface displacement δ z(t) from the equilibrium position z = 0 by

δϕsur f ace(t) = 2× 2π
λ

δ z(t). (III.3)

The relation between the surface displacement δ z(t) and strain s(0, t) passing the
(detection) surface is
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Material Mass density Longitudinal sound Acoustic impedance
ρ (103 kg/m3) velocity vs (103 m/s) Z (107 kg/m2s)

Si 2.33 8.48 1.98
Al2O3 3.97 11.23 4.46
Ni 8.9 5.89 5.24
Cr 7.2 6.65 4.79

Table III.1: Material parameters determining the acoustic reflection coefficients

dδ z(t)
dt

= 2× vss(0, t), (III.4)

with vs the longitudinal speed of sound in the metal. The multiplication factors of
2 arise from the fact that strain reflects at the free surface and undergoes a sign
change. In our experiments, we measure the integrated δϕ(t). When the step size
is ∆t, the calculated discrete difference is proportional to the strain at the surface:

δϕ(t +∆t)−δϕ(t) =
8π
λ

vs∆ts(0, t), (III.5)

The surface displacement contribution is usually several factors larger than the
bulk contribution. Moreover, the excursion of the surface is an integral rather than
a derivative signal. This is advantageous when detecting very rapid signals like
those from solitons (Ch. V).

III.3 Samples

The silicon (Si) (100) and sapphire (Al2O3) (0001) subtrates were cleaned by
acetone or an eight-hour heating process in an oven (∼ 1000 ◦C), respectively, to
remove surface pollution. After this, the samples were introduced into a thermal
evaporation chamber, which was evacuated to below 10−5 mbar. The samples
were irradiated by UV-radiation to evaporate any residual organic components.
During evaporation, the thickness of the deposited layer was monitored with a
quartz oscillator crystal mounted inside the chamber.

The acoustic impedance Z of a material is given by ρvs, with ρ the mass
density. The values for materials used in this chapter are collected in Table III.1.
For an acoustic wave travelling from material i to j, the impedance mismatch
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Figure III.3: Typical pump-probe signals for Cr and Ni
a) Measured ρ and δϕ signals for chromium at a fluence of 3.9 mJ/cm2. b) Measured
ρ and δϕ signals, for nickel at a fluence of 10.9 mJ/cm2. Insets show the pump-probe
configuration.

between the two materials determines the acoustic reflection coefficient: rac =

(Z j−Zi)/(Z j +Zi). The combination of metals and substrates was optimized for
specific pump-probe experiments.

We have deposited Cr and Ni metal films of thickness ∼ 200 nm on a Si sub-
strate for both pump and probe on the front side of the film, see insets Fig. III.3
a) and b). The low acoustic impedance of Si with respect to Ni and Cr ensures
large amplitude acoustic reflection coefficients of −0.42 and −0.43, respectively.
In the case of experiments where pumping occurs on the front side and probing
on the back (insets Figs. III.6 d) and III.7 d) ), we deposited 100-nm layers on
(transparent) Al2O3. Acoustic reflection coefficients for Ni and Cr are then only
-0.08 and 0.04, respectively. This allows us to capture a pure image of the gener-
ated acoustic wave, without the need for large corrections to the measured signal
due to higher order reflections.

III.4 Pump-probe experiments on chromium and nickel

III.4.1 Interferometric contrast

The maximum interferometric contrast of 100% for the interferometric setup pre-
sented in Ch. II is in practice limited by several factors [13]. Fig. III.3 shows our
measurements on ρ and δϕ for both Ni and Cr on Si. The obtained signals can
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be compared qualitatively to results available in literature [4]. Acoustic echoes at
multiples of 66 ps in the case of Ni, and multiples of 56 ps in the case of Cr, return
from the metal/substrate interface. By comparing the amplitude of these bumps
in the amplitude and phase signal to the ones in Ref. [4], the contrast reached in
this setup may be estimated at a value between 85% and 90%.

III.4.2 Pump-probe experiments at the metal surface

Sets of measurements were performed as a function of fluence, both for Cr and
Ni deposited on Si, at room temperature and 30 K. The main purpose of these
measurements is to obtain information on the propagation of the generated strain
waves in the metal films, most importantly the acoustic attenuation. Further, we
search for a fluence dependence of the strain pulse shape, to be explored to better
advantage when performing pump and probe measurements at opposite sides.

The results for the Cr film are collected in Fig. III.4. Fig. III.4 a) shows clear
first and second acoustic echoes in the background corrected δϕ traces obtained at
room temperature. The inset shows the average of the arrival times of these echoes
for all measurements, yielding multiples tr of 55.3 ps with an error below 200 fs.
Using the sound velocity vs for Cr (Table III.1) we can derive a film thickness
dCr of vstr/2 = 184 nm, in reasonable agreement with measurements during the
deposition process.

In order to analyze the generation and propagation on a more quantitative
basis, we describe the pulse shape by a Gaussian derivative function

s(t) = s0
2
√

e
τ

t exp
(−2t2

τ2

)

. (III.6)

This definition differs slightly from an earlier one [14], in the sense that the maxi-
mum amplitudes ±s0 are at ±τ/2. We define τ as the temporal width of the wave
for the remainder of this thesis.

Ignoring the bulk contribution to the phase signal, the measured acoustic pulse
echo i is found to follow aiτi exp

(

−2t2/τ2
i

)

, i.e. a Gaussian function. The mea-
sured echoes i = 1,2 in δϕ of Fig. III.4 a) and d) were fitted to this function. The
results for the widths τi are plotted in Figs. III.4 b) and e), and for the amplitudes
ai in Figs. III.4 c) and f). The widths increase with increasing fluence, from 4.5
ps at the lowest fluence to 7 ps at the highest measured fluence at room tempera-
ture, and to 6 ps at low temperatures. The width of the second reflection is larger
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Figure III.4: Phase signals for Cr at room temperature and 30 K
a) Phase signals at various fluences for Cr on Si at room temperature, showing acoustic
reflections at 55 ps and 110 ps. Numbers at the right axis indicate the pump fluence
in mJ/cm2. Inset shows determined arrival times of the various reflections, along with
a linear fit on the data (dashed line). A Gaussian fit is indicated in the trace for 13.4
mJ/cm2 by a thick solid line. b) Temporal width τ of the first (filled squares) and second
(open squares) acoustic reflection versus pump fluence. Increased values for the second
reflection are caused by acoustic attenuation. c) Amplitude of the first (filled squares) and
second (open squares) echo as a function of fluence. Solid line through points for first
reflection is a fit to low fluence amplitudes. Solid line through points for second reflection
is a multiplication of this fit by the expected 0.43 amplitude reflection coefficient at the
Cr/Si interface. d) - f) As for figures a) - c), but now at a temperature of 30 K.

than that of the first, which is a signature for acoustic attenuation, as we will see.
The amplitudes of the second acoustic reflection (Fig. III.4 c), open squares) are
found to be minutely lower than the amplitude of the first reflection multiplied by
the 0.43 amplitude reflection coefficient, showing that attenuation is low. At the
highest fluence, both amplitude and width show a sharp increase.

The results for Ni are plotted in Fig. III.5. The reflection arrival times of
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multiples of 67.6 ps yield a film thickness dNi of 199 nm, again corresponding well
to the expected 200 nm. Fig. III.5 b) shows that for Ni, τ does not increase sharply
with increasing fluence. The temporal widths are larger than in the Cr case, but
the second reflection is still much broader in time than the first. Furthermore,
the amplitude of the second reflection is lower than that of the first reflection
multiplied by the 0.42 amplitude reflection coefficient. Both observations indicate
that the damping for our Ni films is large. In contrast to the Cr film signals,
showing a sharp increase in signal at the highest fluences, the Ni film signal drops
sharply.

A final observation is that the behavior at low temperatures deviates slightly
from that at room temperatures. Although we will not discuss the details of the
low-temperature results, the data suggest that for each temperature (as well as each
fluence) the wave shape should be characterized separately to be able to properly
describe acoustic wave propagation in the substrate (Chs. IV - VI).

III.4.3 Acoustic attenuation

The properties of the second acoustic echoes shown in Figs. III.4 and III.5 com-
pared to the first one can be used to determine the acoustic attenuation of the
metal. The signal-to-noise ratio of the third echo unfortunately did not allow to
use the ratio of the third relative to the second. We will assume that damping of the
phonon angular frequency component ω in the phonon spectrum s̃(ω) depends ex-
ponentially on the propagation distance z multiplied by the frequency-dependent
attenuation coefficient α(ω):

s̃(ω) = s̃0 exp(−α(ω)z). (III.7)

There are several sources of ultrasonic attenuation in metals. In solids at finite
temperatures scattering with thermal phonons, so-called Akhieser damping, and
thermoelastic damping are important [15]. The corresponding attenuation factors
are proportional to ω2 and strongly temperature dependent. In addition, in metals,
there is a contribution ∝ ω due to electron-phonon interaction [16]. We have esti-
mated the typical acoustic frequencies that will be affected in Ni and Cr films of
these thicknesses to be above 500 GHz so that this effect can readily be neglected.
The leading contribution comes from the polycrystalline film structure, giving rise
to grain-boundary scattering. This contribution does not necessarily show an ω 2-
dependence [15]. An AFM measurement for a thin Cr film is shown in Fig. IV.1
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Figure III.5: Phase signals for Ni at room temperature and 30 K
a) Phase signals for Ni on Si, at room temperature and as a function of fluence. Numbers at
the right axis indicate the pump fluence in mJ/cm2. A sample Gaussian fit result is shown
in the trace for 6.2 mJ/cm2 by a thick solid line. b) Temporal width τ of the first (filled
squares) and second (open squares) acoustic reflection, as a function of pump fluence. c)
Amplitude of the first (filled squares) and second (open squares) as a function of fluence.
Solid line through points for first reflection is a fit to low fluence amplitudes. Solid line
through points for second reflection is a multiplication of this fit by the expected 0.42
amplitude reflection coefficient at the Ni/Si interface. d) - f) As for figures a) - c), but now
obtained at 30 K.

b). The typical grain size dgr is ∼ 30 nm. A reasonable estimate would be that
this grain size effects frequencies around vs/2dgr, yielding a value of 110 GHz for
Cr, indicating that this effect is important.

For now, we will assume that α is proportional to ω2. Once the Gaussian
width τ1 and amplitude a1 of the first echo are determined, the Gaussian can be
Fourier transformed, and multiplied by the acoustic attenuation exp

(

−αdω2),
with αd the frequency-independent attenuation coefficient for a propagation dis-
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Material Cr Cr Ni Ni
Temperature 295 K 30 K 295 K 30 K
α0 (GHz−2m−1) 145 ± 17 150 ± 24 395 ± 15 471 ± 66

Table III.2: Attenuation coefficients derived from experiments
Frequency-dependent attenuation is defined as α( f ) = α0 f 2, with f in GHz.

tance 2d. Transforming back to the time domain, we find for the second echo

s2(t) = a1
τ2

1
√

8αd + τ2
1

exp
( −2t2

8αd + τ2
1

)

. (III.8)

Finally, we wish to express the damping as exp
(

−α0 f 2z
)

, with f = 2πω . Then,
α0 = 2π2αd/d. The attenuation factors α0 extracted from the data are collected in
Table III.2, for the determined film thicknesses, echo widths, and amplitudes. For
both Cr and Ni no significant temperature dependence is found. Attenuation can
thus be attributed to scattering on grains in the metal film. We will touch upon this
subject again in Chs. IV and V. For Cr, the determined value agrees excellently
with the literature value α0 = 150 GHz−2m−1 [4]. The value for Ni differs sig-
nificantly from literature values [4, 17]: if the value of Ref. [17] is extrapolated,
a value α0 = 26 GHz−2m−1 is found. Given the fact that the attenuation depends
strongly on film quality [17], this suggests that our film quality is poor.

III.4.4 Pump-probe experiments at opposite side

All presented measurements suffer from an electronic contribution δϕmetal ac-
cording to Eq. (III.2) in the phase signal (in particular in the Cr case), a poorly
defined background level, and a large noise due to strong heating of the surface
at high fluences (Fig. III.3). We have therefore resorted to a geometry that sepa-
rates the acoustic signal from the thermal one, reducing the noise and background
bias. Probing is performed opposite to the pump side of the metal film through a
transparent substrate, as depicted in the insets of Fig. III.6 d) and Fig. III.7 d).

For Cr, we focus on the amplitude (ρ) measurements, since the large sensitiv-
ity allows for a reliable analysis. Measurements for indicated fluences are shown
in Fig. III.6 a), up to the damage threshold of ∼ 22 mJ/cm2. At t = 0, heating
effects are induced by the pump in the bulk of the film, sensed from the other side.
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Figure III.6: Results for Cr film on sapphire at room temperature
a) Measured ρ wave traces for indicated pump fluences. b) Extracted strain pulse shape,
for fluences from 4.4 mJ/cm2 up to 21.1 mJ/cm2, increasing in steps of 0.7 mJ/cm2.
Dashed lines indicate positions of maximum amplitude for low fluences. c) Maximum
strain amplitude s0 versus fluence. Inset shows maximum strain amplitude, divided by
fluence and normalized to 1 at the lowest fluences. Solid line indicates width as calcu-
lated from the nonlinear model presented in Sec. III.5. d) Temporal width τ versus fluence
(points: measured, solid line: calculated). Inset shows pump-probe geometry.

It takes the generated strain at the outer film surface around 15 ps to travel through
the Cr film. From this travel time, the film thickness was determined at 104 nm.

To extract the strain profile, the measured signals are deconvoluted according
to Eq. (III.1). Here, the different interface properties with respect to detection
at the Cr/air interface (affecting the reflection properties and redefining the sen-
sitivity function of Fig. III.2 a) ) were taken into account. The 0.04 acoustic
reflection coefficient at the Cr/sapphire interface was accounted for by defining
f (−z) = 0.04 f (z) and expressing the measured signal in a simple convolution in-
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tegral
∫ ∞
−∞ f (z)s(z, t)dz. The signal amplitude was multiplied by (1−Rair/Al2O3)

−2

to correct for the reflections Rair/Al2O3 ∼ 7.5% on the sapphire/air interface that do
not probe the Cr/sapphire interface. High-frequency noise filtering was applied
to the data with a cut-off frequency of 200 GHz. At this frequency, the spectral
intensity of the coherent wave was found to be below that of the noise. The ob-
tained waveforms are presented in Fig. III.6 b). Strains with a typical width of
5 ps, and a maximum amplitude of 4.2× 10−3 are found. The wave profiles are
characterized by the amplitude s0 (defined as half the difference of minimum and
maximum strain amplitude) and the width τ (defined as the distance in time be-
tween these two extrema). Fig. III.6 c) and d) summarize the derived values. As
is clearly demonstrated in the inset in Fig. III.6 c), the amplitude s0 increases su-
perlinearly above 7 mJ/cm2, up to ∼ 70% above the low fluence extrapolation. In
the same range, the temporal width τ stabilizes at ∼ 4 ps up to 17 mJ/cm2, where
it sharply increases to 6 ps at a fluence of 21 mJ/cm2.

Because the Ni metal film sensitivity functions are very low (Fig. III.2), we
resorted to δϕ measurements. Results for Ni are collected in Fig. III.7 a). The
t = 0 point was determined from the high-fluence measurements in Fig. III.8 b),
yielding a film thickness of 110 nm. Because the bulk contribution Eq. (III.2) is
small, calculating the derivative of the measured signal according to Eq. (III.5)
yields an accurate measure for the strain. Like for the Cr case, a correction factor
to Eq. (III.5) has to be taken into account due to the different geometry:

δϕ(t +∆t)−δϕ(t) = c
8π
λ

vs∆ts(dNi, t)

×nAl2O3×
(1− rac)

2

4 × (1−Rair/Al2O3)
2, (III.9)

where c is the interferometer contrast. The sapphire index of refraction nAl2O3 =

1.76 accounts for the different wavelength in sapphire, (1−rac)
2

4 for the partial
acoustic reflection rac = −0.08 at the Ni/sapphire interface (z = dNi = 110 nm),
and (1−Rair/Al2O3)

2 for the non-interfering optical reflections at the sapphire sur-
face. Again, high-frequency filtering was applied to reduce noise. The transient
strain profiles as a function of fluence are collected in Fig. III.7 b). Importantly,
the generated strain amplitudes are a factor of three higher than for Cr, leading to
a maximum strain amplitude of 1.4% at a lower damage threshold. The superlin-
earity in amplitude, shown in Fig. III.7 c), is smaller than for Cr, and becomes
apparent only at higher intensities. The width τ in Fig. III.7 d) is nearly indepen-



48 Chapter III High-amplitude strain generation in Ni and Cr

Ni Al O
2 3

a) b)

d)c)

Figure III.7: Results for Ni film on sapphire at room temperature
a) Measured δϕ wave shapes for indicated fluences. b) Extracted strain wave shape for
fluences 1.4 mJ/cm2 - 14.1 mJ/cm2, increasing in steps of 0.7 mJ/cm2. Dashed lines
indicate positions of maximum amplitude for low fluences. c) Maximum strain ampli-
tude s0 versus fluence. Inset shows maximum strain amplitude, divided by fluence and
normalized to 1 at the lowest fluences. Solid line indicates width as calculated from the
nonlinear model presented in Sec. III.5. d) Temporal width τ versus fluence (points:
measured, solid line: calculated). Inset shows pump-probe geometry.

dent of fluence up to 10 mJ/cm2, where it sharply increases.
The measured signals above the damage threshold are presented in Fig. III.8.

For both metals, a damaged point can be observed by eye. Strain generation
appeared to be irreversible as well. From the observed decrease in heat pulse
arrival time as well as that of the coherent strain, we conclude that the total heat
penetration depth has increased. In the case of Cr, up to a fluence of 27 mJ/cm2

the signal amplitudes keep increasing, as does the width of the wave, boosting the
strain generation efficiency with respect to the undamaged situation. Above this
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a) b)

Cr Ni

Figure III.8: Measured signals for Cr and Ni in the destructive regime
a) Measured amplitude signals for Cr above the damage threshold of 21 mJ/cm2 (solid
lines). The long and short dashed line signals are the background corrected contribu-
tions due to coherent strain just above and below the damage threshold, respectively. b)
Measured phase signals for Ni, above the damage threshold of 14.5 mJ/cm2.

fluence, the coherent strain signal disappeared. The efficient strain generation was
exploited in Ch. IV to promote nonlinear propagation. For Ni above the damage
threshold, the strain generation does not increase anymore, to decline to zero at a
value of 22 mJ/cm2.

III.5 Generation process

The strain generation at high pump fluences shows distinct nonlinear behavior
both of the amplitude and of the temporal width. In order to explain this, we now
examine the generation mechanism. The first theoretical model applied to ultrafast
heating of metals can be found in Ref. [3]. Here, the effect of the optical pump
pulse was taken to be instantaneous and the resulting heat profile and strain profile
were calculated taking into account heat diffusion. The electron gas and lattice
were taken to be in local equilibrium at all times. More recent approaches take
the dynamics into account that occurs within the pump pulse duration, and permit
a considerable difference of electron and lattice temperature during a period of
time [4, 9, 18]. We will employ this so-called two-temperature model, already
introduced in the beginning of this chapter.

Most relevant Ni and Cr material properties can be found in Ref. [4]. Other
parameters will be explicitly stated here. All results presented and assumptions
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used in our analysis are valid as long as the electron temperature Te < 0.1TF (TF

the Fermi temperature) [2, 19]. The Fermi energies for Cr and Ni are 11.7 eV and
9.2 eV, respectively [20], which means that our calculations are valid for Te < 104

K.

III.5.1 Two-temperature model

Because ζ ,ze,d ¿ wpump, the relevant dynamics is essentially one-dimensional
[21]. The two coupled differential equations governing the time- and space-
dependent electron temperature Te(z, t) and lattice temperature Ti(z, t) read

Ce
∂Te

∂ t
=

∂
∂ z

(

κ0
∂Te

∂ z

)

−g(Te−Ti)+
S(t)
ζ

exp
(

− z
ζ

)

, (III.10)

Ci
∂Ti

∂ t
= g(Te−Ti). (III.11)

In these equations, Ce and Ci are the electron and lattice heat capacities, respec-
tively, and κ0 the thermal conductivity of the material. In the right part of Eq.
(III.10) three terms can be distinguished. The first describes hot electron diffusion,
the second the energy loss from the electron gas due to coupling to the lattice, and
the third the energy absorbed from the pump excitation pulse (source term). When
the center of the pump pulse arrives at t = 0 and the Gaussian temporal width is
τp, S(t) is related to the pump fluence I0 as

S(t) = I0(1−R)
1√

2πτp
exp
(

− t2

2τ2
p

)

. (III.12)

The source term is normalized such that
∫ ∫

S(t)/ζ exp(−z/ζ )dz dt = I0(1−R),
the absorbed energy per pulse and per unit area. The stress δσ(z, t) that is exerted
due to the transient temperature changes δTe(z, t) and δTi(z, t), is [10]

δσ(z, t) =−2
3CeδTe(z, t)− γiCiδTi(z, t), (III.13)

where γi = 3Bβ (T )/Ci is the Grüneisen constant, with B the bulk modulus and
β (T ) the temperature-dependent thermal expansion coefficient [22, 23, 24]. The
room temperature values for these parameters are specified in Table III.3. The lat-
tice contribution to stress generation is in general much larger than the electronic
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Cr Ni
Grüneisen constant γi 1.24 [25] 1.84 [25, 26]
Bulk modulus B (1011 N/m2) 1.90 [25, 27] 1.86 [27]
Thermal expansion coeff. β (10−5 K−1) 0.41 [23] 1.29 [24]

Table III.3: Room temperature values of mechanical parameters for Cr and Ni

contribution.
The generated strain δ s(z, t, t ′) is a travelling contribution, depending on gen-

eration time t, position z, and propagation time t ′:

δσ(z, t)→ 1
2ρvs

2 δ s(|z− vs(t
′− t)|, t ′) sgn(z− vs(t

′− t)), (III.14)

where ρvs
2 is equal to the elastic constant of the material. The factor 1/2 stems

from the fact that stress is applied in the positive and negative z-directions, result-
ing in two strain contributions travelling in opposite directions. The sign function
in this expression ensures that one of these contributions travels to the free sur-
face and reflects with sign −1. In order to calculate the total coherent strain that
is generated in this process, the contributions δ s are integrated over all generation
times t:

s(z, t ′) =
∫ ∞

−∞
δ s(|z− vs(t

′− t)|, t ′) sgn(z− vs(t
′− t))dt. (III.15)

In this model (fast) ballistic electron propagation and (slow) heat diffusion carried
by phonons are neglected, but electron diffusion is taken into account [4]. These
effects can broaden the final coherent strain wave packet. Since some of the pa-
rameters involved in calculating the temperature profiles and the strain wave shape
are not known from literature for 30 K, we limit ourselves to room temperature
results.

III.5.2 Linear regime

For a small temperature rise, the material parameters can be assumed constant
and, neglecting the electronic strain contribution, an exact solution of the coupled
differential equations Eqs. (III.10) - (III.11) can be found [11]. The resulting
strain spectrum reads
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b)a)

c) d)

Cr Cr

NiNi

Figure III.9: Generated strains calculated by the linear model
a) Strain temporal profile in Cr as calculated from Eq. (III.16), for a fluence of 1.0 mJ/cm2.
Short dash: at generation position. Long dash: Idem, after propagation over 2dCr = 368
nm, given the value determined for α0 (Table III.2). Solid line: Gaussian derivative, of
width τ = 4.8 ps, with arbitrary amplitude scaling. b) Spectra of the profiles indicated
in a), represented by the same line styles. c) Calculated strain temporal profile in Ni,
for a fluence of 1.0 mJ/cm2. Short dash: at generation position. Long dash: Idem, after
propagation over 2dNi = 398 nm, given the determined value for α0 in Table III.2. Solid
line: Gaussian derivative, of width τ = 10 ps, with arbitrary amplitude scaling. d) Spectra
of the profiles indicated in c), represented by the same line styles.
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s̃(z,ω) =
3Bβ S̃(ω)ω2 exp [ iωz

vs
]

ρκ0vs
4(1− iωCi

g )(1+
(

ζ ω
vs

)2
)

×1
p

(

1
p2 +(ω

vs
)2 +

ζ 2

1+ζ p

)

, with (III.16)

p =

(

− iωCe

κ0

(

1+

Ci
Ce

1− iωCi
g

))

. (III.17)

Here, S̃(ω) is the Fourier transform of S(t) in Eq. (III.12). The value of g for Cr
is constant for room temperature experiments and at low fluences [28]. A recent
publication shows that for Ni, g can vary by a substantial amount already for a
small temperature rise [29]. We estimate an average value for Ni of g of 9×1017

Wm−3K−1 for the current pump fluence [30], although the calculations did not
show statistical difference between using this value and the value of 4.4× 1017

Wm−3K−1 used in Ref. [4].
The calculated spectra according to Eqs. (III.16) - (III.17) were Fourier trans-

formed to obtain the temporal profiles. The temporal and spectral results for Cr
and a pump fluence I0 = 1 mJ/cm2 are presented in Fig. III.9 a) and b), respec-
tively, and for Ni in Fig. III.9 c) - d). A large difference in strain amplitude is
observed between these materials, mainly caused by the factor of three differ-
ence in thermal expansion coefficient (Table III.3). Both metals show an initially
sharp temporal profile, and a peak in the spectrum ∼ 65 GHz with a slowly de-
caying spectral intensity for increasing frequencies. These high frequencies are
efficiently taken out of the coherent wave by acoustic attenuation while traversing
∼ 400 nm of metal, thereby increasing the characteristic width to∼ 5 ps in Cr and
∼ 10 ps in Ni.

Although the initial temporal and spectral shape strongly deviate from a Gaus-
sian derivative as defined in Eq. (III.6), the solid lines in Fig. III.9 demonstrate
that for large enough travel distances through the metal film a description by a
Gaussian derivative is applicable for all practical purposes, by virtue of acoustic
attenuation. The precise amplitude and width of this function therefore depend on
film thickness and pump fluence.

It is also possible to follow the opposite path as in Figs. III.6 - III.7, i.e. take
the calculated strain profile for a low fluence and a propagation distance of ∼ 100
nm, determine the differential amplitude and phase signals, and compare these to



54 Chapter III High-amplitude strain generation in Ni and Cr

a) b)

Cr Ni

Figure III.10: Comparison between calculation and experiment, linear regime
a) Measurement (thin line) of ρ signal for Cr and a fluence of 0.84 mJ/cm2, and calcu-
lation (thick line) for the same fluence according to Eqs. (III.1), (III.16) and (III.17). b)
Measurement (thin line) and calculation (thick line) of δϕ signal for Ni at a fluence of
0.54 mJ/cm2.

the measured curves. The result is shown in Fig. III.10 a) for a ρ measurement
on Cr and b) for a δϕ measurement on Ni, both for a fluence < 1 mJ/cm2. In
both cases, excellent agreement is achieved. Note that for these low fluences, the
deconvolution and derivative procedures used for Figs. III.6 b) and III.7 b) do not
yield reliable results. The differences in the trailing part of Fig. III.10 a) can be
caused by slightly different values for the elasto-optical constants for 800 nm as
compared to 830 nm. In conclusion, the linear model describes the results fairly
well at these moderate fluences [4].

III.5.3 Nonlinear regime I: Simple model

The assumption that the material parameters remain constant is valid only for
very low pump fluences. The electronic heat capacity can change by an order of
magnitude, since it scales in first approximation as Ce(T ) = Ce,0× Te [27]. An
estimate for the fluence I0,e at which Ce is significantly changed (for example by
50%) for Cr and Ni is I0,e ∼ (0.5Ce(T0)T0ζ )/(1−R), yielding fluences of 0.04
and 0.12 mJ/cm2, respectively. Because of the much larger heat capacity of the
lattice, the fluence I0 = I0,i ∼ (0.5CiT0ζ )/(1−R) at which the lattice temperature
is significantly increased is much larger: I0,i equals 1.2 and 1.5 mJ/cm2 for Cr and
Ni, respectively.

The parameters related to the lattice, Ci, κ0 and β , in general depend non-
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Parameter Units Ni Cr
Reference Reference

Ce J m−3 K−1 [4, 29] [4]
Ci J m−3 K−1 [33] [34]
κ0 W/(m K) [4, 35] [4, 35]

Table III.4: References for temperature dependence of important parameters
A phenomenological temperature dependence is derived from the experimental data, pre-
sented in the references in the table. The temperature dependence for the thermal expan-
sion coefficient β can be found in the references in Table III.3.

trivially on temperature and no functional forms are known. For example, nickel
shows a magnetic phase transition at around 620 K [24], affecting both the ex-
pansion coefficient and heat capacity. References are collected in Tables III.3 and
III.4. With an empirical function a fit to the measured or calculated data was made
which appeared to deviate less than 10% from the experimentally determined val-
ues.

When Te 6= Ti, the electron thermal conductivity can be described by [31, 32]

κT (Te,Ti) = κ0(Ti)
Te

Ti(1−α)+αTe
2/T0

, (III.18)

where the conductivity prefactor κ0 depends exclusively on Ti. The numerator in
the fraction takes into account that electron diffusion increases for elevated elec-
tron temperatures ∝ Te. The two terms in the denominator contain model electron-
phonon scattering and electron-electron scattering terms, respectively, with α the
ratio of the electron-electron and electron-phonon collision frequencies at room
temperature. In general α ¿ 0, and electron-phonon collisions are dominant at
low pump fluences [32]. In transition metals, the value of α is around 10% [31].
Then, electron-electron collision processes start to limit electron diffusion when
Te ∼ T0/α1/2, typically at electron temperatures < 1000 K, which we expect to
reach in our experiments already at moderate fluences. For the moment, we leave
α as free parameter.

One expects a significant change in strain wave shape when either the heat
diffusion length (determining the pulse width) or the expansion coefficient β (T )

averaged over the lattice temperatures reached (determining the pulse amplitude)
change substantially. To obtain estimates for the increase in amplitude and width,
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the following crude model is used. First, the maximum electron temperature

Tmax,e(I0)∼ T0

√

1+
2I0(1−R)

Ce,0T0
2ze f f (Tmax,e)

(III.19)

and the effective heat deposition depth ze f f (Tmax,e) ∼ (ζ 2 + ze(Tmax,e)
2)1/2, with

ze(Tmax,e)∼
√

κT (Tmax,e,T0), were selfconsistently derived [36]. Knowing ze f f (I0),
the maximum lattice temperature Tmax,i is determined from

I0(1−R)

ze f f (I0)
=

∫ Tmax,i

T0
Ci(T )dT, (III.20)

and the resulting average thermal expansion coefficient from

β̄I(I0) =

∫ Tmax,i
T0

β (T )dT

Tmax,i−T0
. (III.21)

The relative change in effective deposition depth ze f f (I0)/ze f f (0) and relative ex-
pansion coefficient β̄I(I0)/βI(0) are used to rescale the width and amplitude of the
low-fluence wave packets shown in Fig. III.8. The known propagation distance
through Cr and Ni and acoustic attenuation are incorporated to obtain the final
width τ and relative amplitude as a function of pump fluence.

The results for these two parameters are shown as solid lines in the insets of
Figs. III.6 c) and III.7 c) (relative amplitude), and Figs. III.6 d) and III.7 d) (τ). In
these calculations, we used values of α = 0.5% for Cr, much lower than expected,
and 10% for Ni. We note that the result for Cr is not very reliable since in that
case the assumptions in our model are not quite valid [36].

The widths τ derived from the quasi-equilibrium calculation Eqs. (III.16) -
(III.17) are 3.2 ps for Cr and 4.8 ps for Ni, respectively. The amount of change of
both width and amplitude in Cr is much larger than in Ni. The stronger increase
in width in Cr at low fluences originates from its factor of five smaller electronic
heat capacity, so that less energy is required to modify the effective diffusion
depth. Note that the calculated increase in width saturates already < 2 mJ/cm2

fluences for both metals, due to significant increases in lattice temperature and
electron-electron scattering, limiting the electron diffusion length (Eq. (III.18) ).
The stronger amplitude increase in Cr with respect to Ni is due to the strong tem-
perature dependence of the expansion coefficient over the accessed temperature
range (for Cr, the change is more than a factor of two, for Ni only 40%).
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Figure III.11: Nonlinear temperature dynamics in Cr (Color figure: Fig. 2, p. 203)
Electron (left panel) and lattice (right panel) temperatures for Cr as a function of time and
position in the film, for pump fluences a) I0 = 0.83 mJ/cm2, b) I0 = 14.0 mJ/cm2, and c)
I0 = 20 mJ/cm2.



58 Chapter III High-amplitude strain generation in Ni and Cr

This simple model explains the qualitative characteristics up to fluences of 16
mJ/cm2 for Cr, and 10 mJ/cm2 for Ni. Above these fluences, the measured widths
rapidly increase, suggesting enhanced electron diffusion. From this model, we
estimate Tmax,e ∼ 7300 K and Tmax,i ∼ 1070 K for Cr, and Tmax,e ∼ 2700 K and
Tmax,i∼ 1200 K for Ni at the measured damage threshold. The lattice temperatures
are much lower than the melting temperatures of 2120 K (Cr) and 1726 K (Ni),
mostly assumed to be the point at which damage occurs [2]. It should be noted
that this model estimates the average temperatures in the surface layer several
picoseconds after the pump pulse. The temperatures in the first nanometers of the
film and shortly after pumping can exceed the calculated averages by a substantial
amount.

III.5.4 Nonlinear regime II: Exact solution

In order to make a more accurate prediction of the generated wave, a full numeri-
cal evaluation of Eqs. (III.10) - (III.15) was performed, taking due account of the
temperature dependences of all relevant material parameters. For Ni, the temper-
ature dependence of g and Ce as calculated by Ref. [29] was incorporated. Since
we have no information about the temperature dependence of g and Ce for Cr, we
assume that the room temperature value and the ∝ Te-behavior are valid up to the
estimated maximum electron temperatures in the previous section [37]. α was
again left as free fit parameter in the calculations.

The numerical solution of Eqs. (III.10) - (III.11) was performed in Fortran,
for a time window −1 ps - 6 ps around the pump pulse arrival time t = 0. Fig.
III.11 shows contour plots of the calculated Te and Ti in Cr as a function of time
and depth in the film, for three fluences. The lowest fluence was taken equal
to the one depicted in Fig. III.10 a), to allow for a comparison. At the highest
pump fluence of 20.6 mJ/cm2, the maximum lattice temperature at the surface
was ∼ 1400 K, larger than the estimates in the previous section, and approaching
the melting temperature.

We fit a value of 20±10% for α , much larger than in the simple model of the
previous section, but in agreement with estimates of Refs. [31, 32]. This makes
electron-electron scattering the dominant contribution in Eq. (III.18) at Te ∼ 700
K. The results of Fig. III.11 a) show that this value is reached already at the
pump fluence of 0.83 mJ/cm2. Due to electron-electron scattering, the effective
penetration depth does not increase significantly for higher fluences, as is also
observed in Fig. III.11 b) and c). Analogous results for the temperature profiles
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Figure III.12: Nonlinear temperature dynamics in Ni (Color figure: Fig. 3, p. 204)
Electron (left panel) and lattice (right panel) temperatures for Ni as a function of time and
position in the film, for pump fluences a) I0 = 0.54 mJ/cm2, b) I0 = 8.56 mJ/cm2, and c)
I0 = 14.1 mJ/cm2.
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for Ni are shown in Fig. III.12. We derive a value of α of 5± 3%. The step in
amplitude at 9 mJ/cm2 in Ni visible in the inset in Fig. III.7 c) is possibly due to
the phase transition in Ni [24], since Fig. III.12 b) demonstrates that the phase
transition temperature of ∼ 620 K is reached at 8.6 mJ/cm2.

The calculated ρ for Cr signals are shown in Fig. III.13 a) - c) for the three
fluences presented in Fig. III.11, where we take into account the effects of propa-
gation through 104 nm. The calculated δϕ signals for Ni are shown in Fig. III.13
d) - f). The calculations for the lowest fluence agree qualitatively with the result
of the analytical solution shown in Fig. III.10. However, Fig. III.13 shows that
the numerical calculation underestimates the volume of the compressive part by
∼ 15% for both Cr and Ni, and cannot explain the asymmetric wave. The reason
for this is unclear, and will be investigated in the near future. Fig. III.13 b) shows
the calculated signal shapes for both α = 0% and α = 20%, demonstrating the
need to take into account electron-electron scattering to track the measured traces
reliably. From the fact that the agreement between measurement and calculation
is reasonable at the intermediate fluences of 14 mJ/cm2 for Cr, and 8.6 mJ/cm2

for Ni, we conclude that the superlinear growth in strain amplitude due to the
expansion coefficient β growing with Ti is taken into account properly.

Since in the current model the diffusion is limited by electron-electron scat-
tering processes, effectively decreasing the diffusion length for larger pump flu-
ences, it cannot explain the strong increase in width at the highest fluences for both
metals. Possibly, this is due to a significant modification of the thermal Fermi dis-
tribution, affecting all material “constants” to a large extent [10, 29]. It is beyond
the scope of this thesis to examine this effect further.

III.6 Conclusions

In this chapter, we have examined strain generation and propagation in thin nickel
and chromium films as a function of pump fluence. The strain wave shape changes
significantly while increasing the fluence. In a simple model, this can be ex-
plained by the increase of the thermal conductivity and expansion coefficient with
temperature. A full theoretical analysis, performed in both the linear and nonlin-
ear regime accounts for the transient electron and lattice temperatures and non-
equilibrium effects in the generation layer. A quantitative comparison between
theoretical results and experiments yields good agreement up to 70% of the dam-
age threshold. At this point, the dynamics apparently becomes nonthermal and



III.6 Conclusions 61

a)

b)

c) f)

e)

d)

Figure III.13: Comparison of numerical calculations and experimental results
a) Measured ρ data (black line) and simulated trace (gray line, with α = 20%) for Cr
and the indicated fluence. b) Measured ρ data (black line) at indicated fluence. Taking
into account electron-electron scattering (dashed line, α = 20%, gray line, α = 0) in
calculations significantly improves agreement to measured data. c) Measurement (black
line) and calculation for α = 20% (gray line) diverge for the highest, nondestructive pump
fluences. d) - f) Measured δϕ data (black line) and simulated trace (gray line) for Ni and
the indicated fluences. δϕ . Calculations were performed with α = 0.05.
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cannot be described by the two-temperature model anymore. Strain amplitudes
are generated up to 1.4% in Ni, and 0.4% in Cr, without damaging the metal film.
These are the highest nondestructive strains ever generated in metals. In Cr, the
integrated strain increases even more when going above the damage threshold.

This way, a consistent picture of the strain generation process is obtained. The
results are relevant for the following chapters, where we monitor the propagation
of the generated strains in the sapphire substrate as a function of fluence and tem-
perature. We now know that it is not possible to define a fixed wave shape with an
amplitude depending linearly on fluence in high-amplitude picosecond acoustics.
In Ch. IV, where strain is generated in Cr films, we therefore leave the strain am-
plitude (showing the strongest fluence dependence) as free fitting parameter. In
Ch. V, the width of the input wave is also allowed to vary. The initially generated
strain pulse strongly deviates from a Gaussian derivative shape. Modelling the
propagating wave in this way, however, is validated from the fact that acoustic at-
tenuation in the generation film removes the highest phonon frequencies from the
generated wave packet, and reshapes the pulse to resemble a Gaussian derivative.
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Chapter IV

The formation of acoustic shock waves in
sapphire at room temperature

Abstract

Using both pump-probe reflectometry and interferometry, we study the propagation of
laser-excited longitudinal, high-amplitude, coherent picosecond acoustic phonon wave
packets in thin sapphire slabs at room temperature. We excite high-amplitude acoustic
strain waves in a chromium film deposited on a thin sapphire slab, by 160-fs pulses from
a 1-kHz Ti:sapphire regenerative amplifier. The bipolar strain pulse that is launched into
the crystal, gradually transforms into a shock wave when attenuation by thermal phonons
is weaker than the nonlinear action. These shock waves are detected at the opposite side
of the slab. We observe significant stretching of the wave packet to several tens of picosec-
onds, accompanied by strong steepening of the wavefronts. The results demonstrate the
supersonic and subsonic nature of propagation in viscous nonlinear media and the pres-
ence of acoustic frequencies in the wave packet as high as 500 GHz. All experimental
data are in excellent agreement with simulations based on Burgers’ equation.

IV.1 Introduction

Coherent acoustic pulses of picosecond time duration can be generated and de-
tected using metallic transducers and ultrafast laser techniques [1]. This picosec-
ond ultrasonics technique is widely used to investigate mechanical properties
of thin films, electronic devices, and nanostructures [2, 3, 4, 5, 6]. Recently,
the nonlinear character of acoustic wave propagation has been addressed using
these techniques. For extremely high initial acoustic amplitudes, self-steepening
takes place on submicrometer propagation distances and devastating laser-induced
shock waves are formed [7, 8]. These shock waves are useful for examining ma-
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terials under extreme conditions [9, 10, 11] and, when for example propagating
through a photonic crystal, are predicted to be capable of capturing light and pro-
duce other stunning phenomena [12, 13, 14]. For moderate, nondestructive acous-
tic strains, propagating over long distances in crystals at cryogenic temperatures,
lattice dispersion may balance self-steepening, ultimately leading to the forma-
tion of acoustic solitons [15] and ultrashort acoustic soliton trains [16]. These
low-temperature experiments suggest soliton widths in sapphire as short as a few
hundred femtoseconds [17] and in fact have opened up the field of femtosecond
ultrasonics. This subject will be further explored in Ch. V.

It is important to identify the relevance of femtosecond ultrasonics for appli-
cations. Therefore, we examine nonlinear acoustic propagation at room temper-
ature in nondestructive experiments. The generation of shock fronts in sapphire
as steep as 1.2 ps will be demonstrated. Further, the nonlinear and viscous wave
propagation at room temperature will be described quantitatively using Burgers’
equation.

IV.2 Theory

To properly account for the observed signals, we have to discuss generation, prop-
agation and detection mechanisms in more detail. Generation and detection of
coherent longitudinal strain waves have been examined extensively in theoretical
models [2, 3], and in Ch. III. We approximate the injected strain profile as the
derivative of a Gaussian with a width of 5.1 ps [18], which faithfully tracks the
wave shape observed at low fluences. In calculations, the width is fixed at this
value, and the strain amplitude is left as the only free fit parameter as a function of
fluence. Although taking a fixed width does not agree completely with the results
obtained in Ch. III, this pragmatic approach suffices because the deviation will
appear to be small compared to the stretched shock wave width. Theory shows
that for our case in point, the tensile part may be somewhat smaller than the com-
pressive part, but earlier work [19, 20] did not show any significant deviations of
the calculated signal due to this asymmetry.

In order to describe propagation of high-amplitude wave packets at room tem-
perature, one needs to modify the linear wave equation for propagation of a strain
s(z, t) by adding a term describing nonlinearity and a term accounting for scatter-
ing with thermal phonons:
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Sample thick- Shock formation Attenuation Diffraction
ness dsample length λnonl length λatt length λdi f f

Expression v3
s ρ

3π|α|s0 f
c3/2

33
2π2ρ1/2η f 2

w2
pump f
vs

Value ± 120 µm 8.1 µm 352 µm >97 mm

Table IV.1: Typical lengths over which wave deformation effects become apparent
The calculations are valid for propagation in sapphire along the c-axis. These estimates
were made for an input strain wave of amplitude s0 = 1× 10−3 and central frequency
f = 40 GHz.
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∂
∂ z

(

s
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)

+
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ρ
∂ 3s
∂ z3 . (IV.1)

The strength of the nonlinear term is measured by the nonlinearity constant α , and
that of the scattering term by the viscosity η . At room temperature damping of
high phonon frequencies dominates dispersive effects. Therefore, dispersion can
be neglected in the description. By transforming to the moving coordinate frame
(x = z− vst), one ends up at

∂ s
∂ t

=− α
2ρvs

s
∂ s
∂x

+
η
2ρ

∂ 2s
∂x2 . (IV.2)

This modified wave equation is called the Burgers equation, and can be solved
analytically in the limit of large propagation times [21]. However, we prefer nu-
merical simulations to be able to describe the propagation over finite distances.

Measured parameters for sapphire along the c-axis were inserted for the sound
velocity vs = 11.23×103 m/s, the mass density ρ = 3.97×103 kg/m3, the elastic
constant c33 = 4.97× 1011 N/m2, nonlinear coefficient α = −18.5× 1011 N/m2

[22], and the viscosity parameter η = 6×10−4 Ns/m2 [23, 24] in the calculations
for propagation. Estimates for the typical propagation distances for diffraction,
attenuation, and nonlinearity to become apparent for a typical strain found in this
experiment [19], are stated in Table IV.1. Diffraction is sufficiently small to allow
for a 1D approach, and the nonlinear action is dominant at the highest powers,
and the sample thickness used here. We note, that also nonlinear diffraction takes
place [25]. Although much stronger than ordinary linear diffraction, calculations
in Ref. [25] suggest that it is still negligible at these sample thicknesses, pump
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beam diameters and propagation distances .

IV.3 Sample and setup

Details concerning the experimental technique can be found in Ch. II.

IV.3.1 Reflection experiment

In the reflection experiment, a sapphire slab of dimensions 7×4 mm2× 115 µm
was used, with the c-axis (perpendicular to the slab) as propagation direction. A
50-nm Cr generation layer was evaporated at one side (Ch. III), and an 80-nm
Al detection layer at the opposite side to probe the differential reflectivity ∆R/R.
The Al/sapphire interface acoustic reflection coefficient can be calculated at 0.43,
corresponding well to what is found in these experiments.

The 160-fs pump beam carries a maximum energy of 500 µJ per pulse, and
was loosely focused to wpump = 380 µm to produce an acoustic beam. The weak
probe was focused down to wprobe ∼15 µm at the aluminum transducer precisely
opposite the pump beam. The eight-pass delay line was positioned around 38
cm from its origin, in order to bridge the 10-ns travel time for the acoustic wave
through the crystal. The glass prisms in this delay line stretch the probe pulse to
275 fs (App. B).

Through analyzing optical reflections of the wafer surfaces, we estimated the
angle δ between front and rear plane to be around 0.12◦. Due to the finite size of
the probe, this will result into an acoustic arrival time spread of wprobe× tanδ/vs =

2.8 ps.

IV.3.2 Interferometric experiment

Interferometric experiments were performed on a sapphire substrate of dimen-
sions 7×4 mm2× 126 µm, again with the c-axis perpendicular to the slab. The
strain is generated in a 200-nm thick Cr layer, and detected on a 30-nm Cr layer
at the other side of the sapphire slab. The impedance mismatch between sapphire
and Cr was found to be 6%, so that a good interfacial bonding between the two
materials can be assumed.

The pump light was frequency doubled to 400 nm (pulse length < 300 fs)
before sending it to the sample, and focused to a waist wpump of 165 µm, to obtain
pump fluences as high as 30 mJ/cm2. The probe pulses were sent through the
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Figure IV.1: AFM measurements
a) Typical AFM scan of the sapphire substrate surface. b) Distribution of the measured
heights. The typical measured thickness variation is 0.4 nm; this is an upper estimate,
because of dust particles (white speckles) present at the surface. c) Typical scan of a 30-
nm Cr film. d) Film thickness distribution. The typical thickness variation is 0.7 nm. e)
Typical scan of an 80-nm Al film. f) Film thickness distribution. The typical thickness
variation is found to be 1.1 nm.

eight-pass delay line, resulting in a pulse stretching to 180 fs (App. B), and were
focused down to wprobe ∼ 10 µm. Since the optical reflection coefficient for Cr
is almost the same for 800 nm and 400 nm (R = 0.50 and 0.48, respectively [3]),
as are the temporal profiles of the pump pulses, the results from the two different
experiments should be comparable.

The angle between front and rear plane was determined at δ = 0.076◦, corre-
sponding to an arrival time difference of 1.2 ps over the probe spot.

IV.3.3 Film characterization

We have performed AFM measurements on the sapphire substrate and the de-
posited metal detection films; the results are shown in Fig. IV.1. The sapphire
substrate was found to be almost atomically flat. The typical spread in detec-
tion film thickness is less than 1 nm, corresponding to a small variation in arrival
time of the acoustic wave at the surface of 1 nm/vm (vm the sound velocity in the
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Figure IV.2: Reflectivity traces
Measured differential reflectivity traces (solid lines), and results from simulation of strain
propagation through 115 µm of sapphire (dashed lines), for the indicated range of pump
fluences.

metal film), around 160 fs. More important than the thickness variations are the
randomly stacked grains that are clearly visible [26]. The typical diameter of the
grains is∼ 30 nm, of the same order as the thickness and the acoustic wavelengths
in the shock wave.

IV.4 Reflectometry experiments

Fig. IV.2 (solid lines) shows the measured differential reflectivity ∆R/R = 2ρ
for pump fluences ranging from 0.2 to 18.5 mJ/cm2. Clear temporal stretching
and changes in shape depending on pump fluence are found. As was defined
in Eq. (III.1), the detected signal ∆R/R as a function of delayed probe time t
is the convolution of the strain s(z, t) propagating in the (inward) z-direction of
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the film, and the sensitivity function fρ(z), which contains all relevant optical
and elasto-optical properties of Al [2]. In this case, the width of the strain pulse
is much larger than the optical penetration depth (∼9 nm in Al), and the signal
reduces to the (positive) spatial derivative of the strain near the surface. At low
fluences, we can thus determine the strain directly from the observed signal as a
smooth, bipolar function. At high fluences, the wave becomes stretched, and its
edges become sharper, indicating self-steepening of the leading and trailing edge.
Subsequent peaks and dips, indicated in Fig. IV.2, are reflections of these edges
returning from the Al-sapphire interface.

Calculating the effect of the arriving strain profile on the reflectivity of the Al
detection layer requires knowledge of the complex index of refraction n+ iκ , and
its derivative with respect to strain, ∂n

∂ s + i ∂κ
∂ s , at the probe wavelength. For the

index of refraction, we use the tabulated values n = 1.99 and κ = 7.05 [27]. Since
Al has an absorption band near 800 nm [5, 28], it is very sensitive to the presence
of strain. As a result, the elasto-optical constants are relatively high. From results
reported by Hao and Maris [15], and Daly et al. [29], we estimate the ratio of the
latter two parameters, which fixes the shape of the transient reflection signal, as
∂n
∂ s ∼−2 ∂κ

∂ s . The absolute values determine the signal amplitude and are adjusted
to fit the measured time traces.

The dashed lines in Fig. IV.2 represent the calculated differential reflectivity
signals for the given shape of the input strain wave. Over the full pump fluence
range, the simulations agree well with the measured data. The simulated data
yield for ∂n

∂ s and ∂κ
∂ s values of -28 and 15, respectively [30]. The absolute values

of the elasto-optical constants agree within 30% with the values obtained by Jiles
[31], and the values reported in Ref. [32]. This is acceptable, given the strong
wavelength dependence around 800 nm and the dependence on film morphology.

Fig. IV.3 a) shows the calculated strain wave shape after propagation through
115 µm of sapphire, for the same pump fluences as presented in Fig. IV.2. For
comparison, the initial strain profile for the highest pump fluence is also given
(dashed line). A clear stretching of the wave in the time domain with increasing
pump intensity is visible, as well as a steepening of the leading and trailing edges.
For the highest fluence, the steepening of the wave front leads to a 10 - 90% rise
time of 1.2 ps, corresponding to shock fronts as short as 9 lattice spacings. Fig.
IV.3 b) shows the corresponding acoustic spectra. The nonlinear action increases
the acoustic frequencies from 100 GHz up to 500 GHz. Fig. IV.3 c) shows the
initial strain amplitude s0 in sapphire, obtained from the simulations, for a larger
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a)

d)c)b)

Figure IV.3: Nonlinear propagation calculations
a) Calculated strain traces after propagation through 115 µm of sapphire (solid lines),
and injected strain pulse for the highest pump fluence (dashed line). b) Spectra of the
initial strain profile (gray line) and after propagation through sapphire (black line), for a
fluence of 18.5 mJ/cm2. c) Input strain amplitude s0 as a function of fluence. d) Temporal
broadening, required to obtain a best fit, as a function of fluence. The dashed line indicates
the optimal resolution, mainly limited by the parallelism of the generation and detection
plane.
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set of measurements. The strain amplitude increases linearly with pump fluence in
the low fluence regime, and rises superlinearly at the highest fluences. The values
and behavior are in good agreement with those obtained in Ch. III, when taking
into account the different sound velocities in Cr and sapphire and the Cr/sapphire
interface reflection. The arrival times of the supersonic front and the subsonic rear
of the shock wave depend strongly on the input strain, making the input strain a
well-defined parameter.

The simulations produce sharper temporal profiles than the measured ones for
the highest fluences, suggesting that the high-frequency parts of the signal are
suppressed or averaged out. In Fig. IV.3 d), the temporal broadening (defined as
two times the standard deviation of the required distribution of times) that was
used in the simulations in Fig. IV.2, is plotted as a function of pump fluence.
These results will be discussed after presenting the interferometric results.

IV.5 Interferometric experiments

In Fig. IV.4 a), the detected phase signal δϕ after propagation is shown for a range
of fluences, up to 26 mJ/cm2. For the highest fluence, the 1% phase signal change
corresponds to a surface displacement as high as 0.6 nm. Fig. IV.4 b) shows
the typical pulse width after propagation through the sapphire. At low powers, the
temporal width has broadened slightly (± 2 ps) with respect to that obtained at the
generation film (Ch. III), due to attenuation in the sapphire substrate that mainly
affects the high frequencies in the wave packet, and the limited parallelism of the
substrate front and rear planes.

At the highest fluences, the increase in pulse width is roughly a factor of six
with respect to that of the incoming pulse. The nonlinear dependence on pump
fluence is caused by the nonlinear increase of the generated strain amplitude and
width, discussed in Ch. III. With respect to the reflectometry measurements [33],
the broadening of the acoustic wave is of the same order. The inset in Fig. IV.4
c) shows a typical N-wave strain profile in the sapphire substrate for 26.4 mJ/cm2

after 126 µm of propagation. Since the sample traversal time ttravel is 11.2 ns and
the decrease in arrival time δ t is around 30 ps for this fluence, the average Mach
number is (1 + δ t/ttravel) = 1.0027. The inset of Fig. IV.4 c) shows that the degree
of supersonicity corresponds to the average strain amplitude during traversal of
the sample.

A clear illustration of nonlinear action can also be seen in the inset in Fig. IV.4
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a), showing the reflection from the 200-nm Cr generation layer/sapphire interface,
arriving ∼ 75 ps after the main pulse. Since the sign of this wave is opposite to
the original one, here nonlinearity does not broaden but narrow the original pulse,
giving rise to a more sharply peaked signal.

We can analyze the measurement for the highest fluence in Fig. IV.4 a), on
several levels of detail. On a very simple level, we can consider the shock wave as
being a pure N-wave. Knowing that the phase signal is dominated by the surface
displacement, i.e. the integrated strain that has passed the surface, the measured
signal equals the integral of a linear rise over a finite interval, a parabolic shape.
The signal was fitted with such a a shape, which in first approximation is quite
correct.

A more advanced method is to take the derivative of the phase signal according
to Eq. (III.5), and compare this to a simulation. The results are shown in Fig. IV.4
c). Because of the limited signal-to-noise ratio in our experiments, the derivative
signal was averaged over three points. In the propagation calculation according to
Eq. (IV.2), we have used an input wave width of 5.1 ps [18], and an amplitude s0 =

3.65×10−3. The result is shown in the inset in Fig. IV.4 c). To obtain the correct
strain amplitude in the Cr film, the strain in sapphire has to be multiplied by a
factor (1− r)vs/vs,Cr = 1.59. Here, r = 0.06 is the acoustic reflection coefficient
at the interface and vs,Cr = 6.65× 103 m/s the sound velocity in Cr. For this
specific experiment, the time step ∆t was 330 fs, and thus the multiplication factor
8πvs,Cr∆t/λ derived in Eq. (III.5) yields 0.069. Although the agreement is very
good in the large part of the trace, it shows deviations mainly at the front and rear.
This is because this method (as did the previous) neglects the fact that the phase
signal also contains a metal film contribution δϕmetal (Ch. III). This contribution
will be large when the strain at the surface is rapidly changing with respect to the
travel time through the penetration depth, i.e. at the shock wave edges.

To take this effect into account, we have taken the strain waveform as shown
in Fig. IV.4 c), calculated both δϕmetal and δϕsur f ace, and compared this to the
measured signal. The additional surface displacement contribution improves the
fit in the form of the positive contributions at the front and rear of the main signal,
which are not present in the simple parabolic approximation in Fig. IV.4 a). In
this procedure, a Gaussian broadening, i.e. temporal smearing, was included with
a value of 6 ps, of the same order as for the highest fluence in the reflectometric
case, shown in Fig. IV.3 d).
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b)a)

c) d)

Figure IV.4: Interferometric measurements and calculations
a) Phase signal obtained by probing the sapphire crystal opposite the pump spot, as a
function of pump fluence. Gray line shows parabolic fit to the highest fluence trace. Inset
shows the ∼ 6% amplitude reflection from the 200-nm Cr (generation layer)-sapphire
interface for the highest fluence. b) Typical width (defined as distance between onset
and point of full passage of δϕ signal) as determined from the traces shown in Fig. IV.4
a). c) Derivative of the measured phase signal (thin line), and the scaled result for the
strain, calculated for propagation through 126 µm of sapphire, and evaluated in the metal
film (thick line), for a fluence of 26.4 mJ/cm2. d) Calculation of the bulk phase signal
contribution δϕmetal (dashed line) to the total phase signal δϕtot , and comparison to the
measured signal δϕmeas. The measured signal is displaced by 10−3 to enhance visibility.
Inset shows the initial wave shape (dashed line), and the wave shape after propagation
through 126 µm of sapphire (solid line), obtained from the calculation.



76 Chapter IV The formation of acoustic shock waves in sapphire at room temperature

IV.6 Discussion

The most important aspect of these measurements to be discussed, is the temporal
broadening, i.e. the loss of high-frequency information, in the experiments. The
resolution of the reflectometric and interferometric measurements is limited by
the largest of the probe pulse length, the surface roughness, and the parallelism of
the sample planes. In both cases, the latter is the limiting factor, yielding a lower-
limit on broadening of 2.8 ps for the reflectometric case (as shown in Fig. IV.3
d) ), and 1.2 ps for the interferometric case. The maximum values found in the
experiment are a factor two to five higher. The additional broadening is not due to
diffraction (see Table IV.1), or the variation of pump intensity over the probe spot
(giving rise to arrival time differences of only 300 fs).

In the analysis, phonon attenuation in the detection film was not taken into
account. We have no information on acoustic attenuation in Al. For Cr, we may
use the value of 150 GHz−2m−1 for attenuation in Cr, determined in Ch. III, to
make an estimate of the cut-off frequency for the Cr detection film used in the
interferometric experiment. Given the film thickness of 30 nm, the frequency that
is attenuated by a factor of e is found to be 370 GHz. This would correspond to
a temporal broadening around 2.7 ps. Although significant, this is still a factor of
two lower than what is observed in the interferometric experiment. Moreover, the
results of the reflectometric experiments in Fig. IV.3 d) suggest that the amount
of time broadening depends on pump fluence. Linear damping cannot explain this
intensity dependence.

It would be good to consider the nonlinear propagation itself as a source of
broadening. Figs. IV.2 and IV.4 b) show that the width of the arriving shock wave
depends on pump fluence. As a consequence, intensity variations will influence
the arrival times of the compressive and tensile shock fronts, also the parts that
carry the high-frequency information. We have made estimates of the magnitude
of the nonlinear effects on the shock front arrival times. First of all, simulations
were performed for a ±1% fluctuation in pump intensity (laser specifications) on
an injected strain of 2×10−3 at a fluence of ∼ 13 mJ/cm2, see Fig. IV.3 c). This
variation results in a ±1 ps jitter in arrival time of the wavefronts. This effect,
added to the 3 ps due to the lack of parallelism and other spurious effects, can
explain the 4 ps required to get agreement with the experimental data.

An alternative estimate of the magnitude of this nonlinear broadening effect
can be made by examining the width of the strain wave packet as a function of
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fluence in Fig. IV.4 b). We estimate that at a fluence of 26.4 mJ/cm2, ±1% in
fluence corresponds roughly to a variation of±1.2 ps in wave packet width. Since
the pump light is frequency-doubled, in first approximation the intensity noise in
the pump increases to ±2%. The 4.8 ps, in combination with the 2.7 ps due to
phonon attenuation in the detection film and the 1.2 ps due to lack of parallelism,
again approaches the broadening of 6 ps required in the calculations.

Despite the fact that the phonon frequencies generated in this experiment are
in the several hundreds of GHz range, as quantitatively supported by calculations,
and that the ultimate temporal resolution can be of the order of 1 ps, we conclude
that the detection bandwidth is limited to at best 250 GHz because of nonlin-
ear temporal smearing, and to a lesser degree high-frequency phonon scattering.
Improved instrumental resolution requires a higher-quality detection layer, and a
more stable laser source. We note that laser stability is an inherent limiting factor
in amplifier-based experiments, but a much smaller problem in high-repetition-
rate systems, where the pulse-to-pulse noise is an order of magnitude smaller.

The subject of nonlinear temporal broadening will be encountered again in
Ch. V, when we discuss experiments performed at low temperatures.

IV.7 Conclusions

In conclusion, we have demonstrated nonlinear propagation of longitudinal high-
amplitude acoustic wave packets in a thin sapphire slab at room temperature using
picosecond ultrasonic techniques. Simulations of the nonlinear propagation of the
wave packets based on Burgers’ equation quantitatively track the measured traces
over two orders of magnitude of pump fluences. The injected bipolar strain pulse
is seen to stretch up by a factor of six for the highest pump powers, signifying the
supersonic and subsonic nature of the propagation of the compressive and tensile
part of the wave packet, respectively. Calculations show that the shock wave
maintains frequencies up to 500 GHz after propagation over 120 micrometers at
room temperature, resulting in a picosecond rise time of the shock wave front.
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Chapter V

Time-resolved detection of ultrashort strain
solitons in sapphire

Abstract

In this chapter the propagation of high-amplitude acoustic waves in sapphire is studied, as
a function of sample temperature, sample thickness, and pump fluence. Strain waves are
generated in a 100-nm thick chromium film, and launched into the sapphire. For temper-
atures < 60 K, damping can be neglected and propagation is dominated by the nonlinear
and dispersive properties of the sapphire substrate. The interferometric technique pre-
sented in Ch. II is used to detect the wave on an epitaxially grown ∼ 20-nm thick Cr film
at the opposite side of the sample.

At the lowest temperature of 18 K, a train of up to seven solitons is detected in sap-
phire for a pump fluence of 11 mJ/cm2. From the soliton amplitudes and velocities, we
infer soliton temporal widths as short as 200 fs (< 2 nm). A theoretical analysis based
on numerical solution of the Korteweg - de Vries - equation gives excellent agreement
to all experiments presented. Deviations can be explained by pump intensity variations,
directly affecting the (nonlinear) propagation properties.

V.1 Introduction

In the previous chapter, the formation of acoustic shock waves in sapphire at
room temperature was examined. Here, damping due to scattering with thermal
phonons prevents nonlinear generation of high frequencies, and lattice dispersion
can be neglected in the formalism described by Eq. (IV.1). When lowering the
temperature of the sample, wave propagation changes in a remarkable way, as is
shown in Fig. I.2. The most striking feature is that supersonic acoustic solitons
split off at the front of the wave. A first theoretical description of the soliton was
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given by Korteweg and De Vries as early as 1895 [1]. The theoretical background
of soliton formation and propagation will be discussed in Sec. V.3.

Solitons have been observed in numerous fields of physics [2, 3, 4, 5]. First
experimental proof of acoustic solitons in solids was obtained by Hao and Maris
in 2001, using picosecond ultrasonics techniques [6]. This groundbreaking work
was followed by a series of picosecond ultrasonics experiments improving the un-
derstanding of acoustic wave propagation in the nonlinear and dispersive regime
[7, 8, 9]. Muskens and Dijkhuis have used spectroscopic techniques to examine
soliton propagation in sapphire and ruby [10, 11], and demonstrated a number of
six solitons with a frequency content exceeding 870 GHz.

From an experimental point of view, high-repetition rate picosecond ultrason-
ics experiments are inherently limited in available pump power, requiring a tiny
(< 10 µm) pump beam waist to induce nonlinear effects. Then, propagation can
not be considered one-dimensional because of nonlinear diffraction [12]. The
transverse energy diffusion leads to decreased soliton generation efficiency and
effectively two-dimensional propagation [13]. The intent of the present experi-
ments, where large pump pulse energies are available, is to combine maximum
nonlinear propagation effects with large acoustic beams, thus increasing the num-
ber of solitons while reducing diffraction effects.

In this chapter, we present the first time-resolved experiments on soliton gen-
eration using a 1-kHz repetition-rate laser system. After discussing the sample
preparation specifics, some of which were crucial for experimental success, inter-
ferometric pump-probe experiments on three sapphire samples of different thick-
ness are presented. Propagation is monitored as a function of temperature and
pump intensity. The experimental traces are analyzed and discussed using the
numerical calculation model presented in Ch. IV, but now including dispersive
effects.

V.2 Sample and setup

V.2.1 Setup

The operation and resolution of our high-sensitivity interferometric pump-probe
setup are explained in detail in Ch. II and App. A. The 400-nm pump beam waist
was measured to be ∼ 170 µm at the sample for each set of measurements, with
an accuracy ±5%. The experimental geometry is sketched in the inset of Fig. V.1
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b). The experimental setup is essentially the same as in Ch. IV, but extended with
a continuous flow cryostat (Oxford Optistat CF) allowing the sample temperature
to be set from 295 K (room temperature) to 5 K, with a stability of± 0.1 K during
a typical experimental run on a single sample (taking ± 24 hours). Experiments
were performed at 295 K, 200 K, 100 K, 60 K, and 18 K. The interferometer
was aligned such to prevent probe beam reflections off the cryostat windows to
enter the detection system and reduce contrast. Pump fluences ranged from 1 to
12 mJ/cm2 in steps of ∼ 1 mJ/cm2. Above 12 mJ/cm2, measurements became
unstable and no clear soliton signals could be measured anymore. Reasons for
this will be discussed in Sec. V.5.

V.2.2 Samples and preparation

The sample design is equivalent to the one presented in Ch. IV, and is depicted in
the inset of Fig. V.1 b). We use three sapphire (Al2O3) (0001)-oriented samples
(acoustic wave propagation along the sapphire c-axis), with measured thicknesses
dsample of 123 µm, 307 µm, and 405 µm. The front and rear planes of the samples
have angles of 0.089◦, 0.064◦, and 0.038◦, respectively. Assuming a probe beam
diameter of wprobe ∼ 10 µm, this translates in a spread in arrival time τp of the
strain pulses over the probe spot amounting to 1.39 ps, 0.99 ps, and 0.59 ps.

Since sapphire is transparent for the probe wavelength of 800 nm, a metal
film on the probe side is required. In Chs. III and IV we concluded that for the in-
house grown chromium films grain formation and corresponding interface scatter-
ing probably are responsible for high-frequency phonon attenuation. In other ex-
periments, the highest phonon frequencies detected were around 250 GHz, and a
good sample surface quality appeared to be essential to reach these values [7, 14].
Since the frequencies in a typical soliton wavepacket can exceed 1 THz (Sec.
V.4), high-frequency phonon scattering and attenuation would greatly reduce the
detection efficiency.

For this reason, high-quality thin chromium films were grown by Dr. M. High-
land in the group of Prof. Dr. D. Cahill at the University of Illinois at Urbana-
Champaign. The films are grown epitaxially, and are nearly single-crystalline
[15]. In this case, attenuation is not limited by metal film grains or Cr/sapphire
interface scattering, but by more fundamental damping processes [16, 17]. The
thickness of the Cr probe films is ∼ 20 nm, while the Cr films at the pump side
are ∼ 100 nm thick.

Given the film thickness and quality we estimate the cutoff frequency for
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Figure V.1: Temperature dependence of phase signal and wave shape for propaga-
tion through 307 micron of sapphire
a) Measured (black line) and calculated (gray line) phase signals for room temperature
(upper trace), and cooling via 200 K, 100 K, 60 K to 18 K (bottom trace) for a sapphire
sample thickness of 307 µm and a constant pump fluence of 9.7 mJ/cm2. Calculations
include broadening effects. Numbers i = 1, . . . ,5 at 60 K trace correspond to arrival of
ith soliton at the detection surface. b) Calculated strain wave shape after propagation
through 307 µm of sapphire, given the input strain amplitude s0(×103) required to reach
agreement with the measurements in a). Inset: sketch of experimental geometry.

transmission through the probe metal film to be > 600 GHz, of the same order
as 1/τp.

V.3 Theory

V.3.1 Korteweg - de Vries - Burgers - equation

In order to take lattice dispersion into account in first order, a term has to be added
to the Burgers equation Eq. (IV.1) [6]. Transforming to the moving coordinate
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frame results in

∂ s
∂ t

=− α
2ρvs

s
∂ s
∂x
−β

∂ 3s
∂x3 +

η
2ρ

∂ 2s
∂x2 , (V.1)

the Korteweg - de Vries - Burgers (KdVB) -equation. Here, β is the first order
dispersion parameter, measured to be 3.5± 0.3× 10−17 m3/s along the sapphire
c-axis [14]. Eq. (V.1) can be solved numerically. In Sec. V.5, we discuss the
initial conditions and the calculation details. For clarity, calculated strain profiles
are presented together with the measured traces in Figs. V.1 - V.5.

The one-dimensional propagation is an approximation, since transverse inten-
sity gradients lead to diffraction. In the two-dimensional case (cylindrical coor-
dinate system), a diffraction term has to be added to Eq. (V.1), leading to the
Kadomtsev - Petviashvili (KP) - equation. However, for the current pump beam
waist of 170 µm, sample thicknesses, and fluences we can safely neglect diffrac-
tion [12].

V.3.2 Temperature dependence of damping term

When performing experiments at elevated temperatures, attenuation in the sap-
phire substrate plays an important role. The damping in sapphire shows a strong
temperature dependence. Auld [17] reports a value of η = 6× 10−4 Ns/m2 at
room temperature decreasing linearly with temperature and a frequency depen-
dence ∝ ω1.9. Pomerantz [18] and Ciccarello [19] have measured the acoustic
attenuation in sapphire in the 0.5 - 10 GHz-range below 130 K, and find a tem-
perature dependence roughly ∝ T 4 with a frequency dependence ∝ ω . The dif-
ference between the behaviour at these two temperatures is due to a transition
from Akhieser damping to anharmonic phonon decay [20, 21]. Below 10% of the
Debye temperature ΘD (980 K for sapphire), anharmonic phonon decay is con-
sidered to be the dominant mechanism. For a sample temperature of 200 K, we
may assume that Akhieser damping is still dominant, and extrapolate the room
temperature value of η to 4×10−4 Ns/m2.

In the calculation for low temperatures, the damping dependence ∝ ω can be
taken into account by replacing the damping term in Eq. (V.1) by +2α0v2

s ∂ s/∂x
[22]. From Ref. [18], we have inferred a value for α0v2

s of 1.0×10−1 m at 100 K.
This value was extrapolated to obtain values for 60 K and 18 K, other temperatures
chosen in experiments.

The typical frequencies that manage to traverse a length dsample in sapphire can
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be estimated as ftr ∼ (2πα0dsample)
−1. For dsample ∼ 300 µm we find ftr = 1.3

THz at 100 K, and > 10 THz at 60 K, indicating vanishing attenuation below 60
K. At 77 K, ftr = 6.5 THz implying that soliton development and propagation are
feasible at LN2 temperatures in sapphire.

V.3.3 Compressive solitons

In the absence of damping, the wave equation Eq. (V.1) reduces to the well-known
Korteweg - de Vries (KdV) - equation. Following the analysis of Ref. [23], we
rewrite the KdV-equation into the more general form

∂ψ
∂ t ′

= 6σN
2ψ

∂ψ
∂ξ

+
∂ 3ψ
∂ξ 3 , with (V.2)

σN '
τ√
8

(

αs0vs

12ρβ

)1/2
(V.3)

the similarity parameter for a Gaussian derivative input strain waveform. τ is
defined as in Ch. III, and normalization of the compressive strain was performed
as in Refs. [23, 24]. For the compressive part of the initial strain wavepacket (s <

0), exact solutions to Eq. (V.2) can be found [6, 8, 23]. One then finds a family of
N so-called solitons with index number i = 1, . . . ,N. For σNÀ 1,σN ∼ N. The ith

soliton is characterized by a single parameter (eigenvalue) λi, linking its velocity,
amplitude, and width. In real coordinates, these soliton solutions have the form

si(x, t) = aisech2
(

(x− x0,i)− vit
wi

)

. (V.4)

x0,i is the soliton position at t = 0 (virtual, since the solitons have not yet formed at
that time). The supersonic velocity vi (an easily accessible experimental quantity)
can be expressed in λi as

vi =
8β

vs
2τ2 λi, (V.5)

while the amplitude ai and temporal width wi in turn connect to vi as

ai =
6ρvs

α
vi (α < 0), (V.6)



V.4 Experimental results 87

wi =
1
vs

(

4β
vi

)1/2
. (V.7)

For an initially sech2-shaped compressive part of the strain, the eigenvalues λi can
be calculated exact [24]:

λi =
(

1−2i+
√

1+4σN
2
)2

. (V.8)

For the tensile part of the strain (with s > 0), Eq. (V.2) is not integrable and
does not give rise to discrete solutions of Eq. (V.2), but to a continuum of states.
The development of the rarefaction part of the wave must therefore be evaluated
numerically.

V.4 Experimental results

For all presented measurements, the t = 0 point was determined for each sample
for low fluences as the point where either the δϕ or ρ signal was maximal, and
fixed there for higher fluences.

For interpretation of the measured data, calculated strain traces according to a
numerical solution of Eq. (V.1) taking into account the correct damping are pre-
sented in Figs. V.1 b) - V.5 b). The corresponding calculated ρ and δϕ traces are
shown together with the measurements in Figs. V.1 a) - V.5 a). Here, acoustic re-
flections at the pump film/substrate and substrate/probe film interface were taken
into account. The measured traces were corrected for the reduced interferometer
contrast of ∼ 88% for the 123-µm and 307-µm samples (nicely coinciding with
the measurements in Chs. II - IV), and ∼ 50% for the 405-µm sample.

V.4.1 Temperature dependence

Fig. V.1 a) shows the measured phase signals δϕ obtained for the 307-µm thick
sapphire sample for indicated temperatures in the range 295 K - 18 K. With de-
creasing temperature, the t = 0 point shifts due to small changes in sound velocity
[14], but since the sample had to be realigned after each temperature step, we
could not determine this variation accurately. The t = 0 point is therefore fixed at
the point of maximum phase signal δϕmax (as noted earlier) determined for each
temperature.
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b)a)

Figure V.2: Amplitude measurements at 18 K for 123-micron sapphire sample
a) Measurements (black line) and calculations (grey line) of amplitude (ρ) signal, for
wave propagation through 123 µm of sapphire at a temperature of 18 K. Numbers indicate
pump fluence in mJ/cm2. Bipolar features correspond to arrival of solitons. For 8.8
mJ/cm2, soliton arrival times are indicated by arrows. In the calculation, corrections for
temporal broadening discussed in Sec. V.5 were included. At fluence of 8.8 mJ/cm2, both
uncorrected and corrected signals are shown, demonstrating the relevance of temporal
broadening effects. b) Calculated strain profiles after propagation, for an input pulse of
∼ 3.6 ps width and indicated strain amplitudes s0 (×103). At the highest fluence, at least
five solitons are formed. Note that the final solitons in the calculation are not resolved in
the measurement.

At room temperature we confirm the symmetric, parabolic phase signal ob-
served in Ch. IV, corresponding to a shock wave. Cooling to 200 K, the genera-
tion efficiency slightly increases, but the wave shape does not significantly change.
At 295 K and 200 K, the damping ∝ ω2 apparently results in overdamped propa-
gation.

At 100 K, however, the wave shape becomes strongly asymmetric. Velocity
differences appear between the front and rear of the wave are clear indications
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of nonlinear and dispersive propagation [25]. The calculations of Fig. V.1 b)
demonstrate the formation of (five) acoustic solitons at the front. We note that
because of the ∝ ω damping term at 100 K the solitons are critically damped and
propagate slower than they would have in the absence of damping.

At 60 K and below, where damping has only a minor influence, clear steps
appear at the front of the strain wave. Knowing that the phase signal δϕ is pro-
portional to the integrated strain passing the surface, the steps for t < 0 at 60 K
and 18 K point to compressive wavepackets separated in space [26], and are char-
acteristic to soliton formation [9]. The calculated soliton arrivals are indicated by
numbers in Fig. V.1 a) for the 60 K data. In earlier experiments on samples with
a poor metal film quality, these steps did not show up. Here, interface scattering
limits transmission from sapphire into the Cr and strong scattering of each soliton
in the detection film prevents a well-defined arrival time at the surface [14].

Since the final pulse shape depends critically on the magnitude and the fre-
quency dependence of acoustic attenuation, monitoring nonlinear wave propaga-
tion can be used to investigate attenuation of high-frequency phonons in weakly
attenuating materials.

V.4.2 Amplitude measurements at 18 K

Before presenting the phase measurements at 18 K, we first consider amplitude
(ρ) measurements as a function of pump fluence on the thinnest sample at 18 K.
The results are shown in Fig. V.2 a). The signals are qualitatively similar to those
measured in Refs. [6, 8, 9].

Since the solitons are unipolar and undergo a sign change upon reflection at
the detection interface, convolution according to Eq. (III.1) predicts a bipolar
amplitude signal with a width equal to the convoluted soliton width. Such bipolar
signals indeed show up prior to t = 0 for fluences > 4 mJ/cm2. At the highest
fluence of 8.8 mJ/cm2, at least four solitons are discernible.

Three typical features of solitons are readily visible. First, their number in-
creases with fluence. This is expected from Eq. (V.3), since σN ∝ s1/2

0 . Second and
third, the velocity of soliton i increases with its number i and with pump fluence.
This follows from the calculated eigenvalues Eq. (V.8), and the corresponding
supersonic soliton velocities vi in Eq. (V.5).

The calculated strain waveforms corresponding to the curves fitting the mea-
surements are shown in Fig. V.2 b). At 8.8 mJ/cm2, the calculated soliton po-
sitions are indicated by arrows. Apparently, for all fluences the last one or two
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b)a)

Figure V.3: Phase signals and corresponding strain waveforms at 18 K after propa-
gation through 123 micron of sapphire
a) Measured (black line) and calculated (gray line) phase (δϕ) signals for the 123-µm
thick sample at 18 K. Numbers indicate fluence in mJ/cm2. Steps correspond to soliton
arrival at the detection surface. In the calculation, broadening effects discussed in Sec.
V.5 are taken into account. b) Calculated strain waveform after propagation through 123
µm of sapphire. Numbers indicate input strain amplitude s0×103.

solitons are not resolved, because they produce only a very small ρ signal. Ar-
rival time variations further decrease the soliton visibility, and affect detection of
the subsonic high-frequency tail even more dramatically. In Fig. V.2 a), for exam-
ple, the lower two traces show the effects of broadening on the calculated signal
for a fluence of 8.8 mJ/cm2. Apart from these complications, amplitude data yield
no information about the soliton amplitude and width.

V.4.3 Phase measurements at 18 K

Figs. V.3 a) - V.5 a) show the collected phase measurements for the 123-µm, 307-
µm and 405-µm samples, respectively. The signal-to-noise ratio did not permit
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the use of Eq. (III.5), i.e. obtain the strain profile directly by taking the discrete
derivative. In all measurements, however, clear steps are visible. Their number
increases with fluence, in accordance with Eq. (V.3) and the results from the pre-
vious section. In contrast to the amplitude traces, the smaller solitons are resolved
in the phase signals. The amplitude of the steps in the phase signal, which is a
measure for the soliton volume Vi, increases with soliton number i. In Fig. V.5 c),
the steps in the measured trace at 5.9 mJ/cm2 for the 405-µm sample are shown
in more detail. The width of the first step demonstrates that the first soliton fully
passes the surface in a time ∼ 1.5 ps. The time of passage increases to ∼ 2.1 ps
and ∼ 2.7 ps for the second and third soliton, respectively, in agreement with Eq.
(V.7). The expected sharp steps for the first solitons apparently wash out at higher
fluences.

The increasing length of the subsonic dispersive tail with increasing pump flu-
ence confirms that the frequencies in the wave packet have increased for higher
pump fluences. Fig. V.5 d) shows ∼ 500-GHz oscillations at a fluence of 5.9
mJ/cm2 for the thickest sample, where our temporal resolution at low fluences
appeared to be optimal. At higher fluences, where the oscillation frequencies are
expected to increase, the oscillation could not be resolved anymore. We can how-
ever make an estimate of the frequency content of the tail at the highest fluences.
At 405 µm and a fluence of 10.7 mJ/cm2, the typical length of the tail is ∼ 75 ps,
leading to a velocity difference ∆v of ∼ 23 m/s. From the approximation of the
first order dispersion term [6], we find that ∆v = βk2. For the typical frequency in
the tail ftail ∼ vk/2π we arrive at 1.5 THz.

V.5 Discussion

The presented data show excellent agreement between experiments and calcula-
tions. In this section we discuss the calculation details, in particular the charac-
terization of the generated input pulse width and amplitude. In addition, we take
advantage of the inherent properties of solitons to allow for a surprisingly detailed
analysis.

V.5.1 Input pulse characterization

The strain pulse launched into the sapphire substrate was calibrated in an exper-
iment as shown in Fig. III.6 d). The width τ was found to be ∼ 3.6 ps for all
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b)a)

Figure V.4: Phase signals and strain waveforms at 18 K after propagation through
307 micron of sapphire
a) Measured (black line) and calculated (gray line) δϕ signals for the 307-µm thick sam-
ple at 18 K. Numbers indicate fluence in mJ/cm2. In the calculation, broadening effects
discussed in Sec. V.5 are taken into account. b) Calculated strain waveform after propa-
gation through 307 µm of sapphire. Numbers indicate input strain amplitude s0×103.

fluences. This value is typically 0.6 ps lower than for microcrystalline films, sug-
gesting that the acoustic attenuation is lower, and the film quality better. The
relative strain amplitude increases in the relevant fluence range as ∝ I0

1.7, slightly
steeper than for the multicrystalline film of Ch. III at room temperature.

The absolute amplitude s0 was difficult to derive since the elasto-optical pa-
rameters appeared to be different from the ones in Ch. III, probably due to tem-
perature effects or the different film structure. An independent estimate for s0 can
be obtained from the maximum phase signal δϕmax, which for a Gaussian deriva-
tive Eq. (III.6) in absence of damping should equal −4π

√
ecvss0τ/λ , with c the

interferometer contrast.
In the calculation, s0 and τ were left as free fit parameters to achieve optimal
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b)a)

c) d)

Figure V.5: Phase signals and strain waveforms at 18 K after propagation through
405 micron of sapphire
a) Measured (black line) and calculated (gray line) δϕ signals for the 405-µm thick sam-
ple at 18 K. Numbers indicate fluence in mJ/cm2. In the calculation, broadening effects
discussed in Sec. V.5 are taken into account. Calculated data for fluence of 9.8 mJ/cm2

shows difference between broadened (solid line) and unbroadened (dashed line) signals.
b) Calculated strain waveform after propagation through 405 µm of sapphire. Numbers
indicate input s0× 103. c) Detail of measured trace and calculation at 5.9 mJ/cm2. The
width w1 of the first soliton was measured at ∼ 500 fs. d) ∼ 500-GHz oscillations in the
trailing part of the wave for 5.9 mJ/cm2, and corresponding calculated results.
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agreement with the measured data. The values for τ found from the fit routines
agree with the measured ∼ 3.6 ps. The values for s0 found from the fit routine
are collected in Fig. V.6 a). Reasonable overlap is obtained for the various sets
of measurements. The spread in values for different sets reflects the already men-
tioned inaccuracy of the pump fluence determination, of the order of ± 10%. The
strain amplitudes and fluence dependence are comparable to those found in the
previous chapters. The values for s0 differed less than 5% from the estimate based
on the measured δϕmax for all measurements, except for the 307-µm sample at
the highest fluences.

V.5.2 Comparison to measured data

Propagation of the input pulse according to theory discussed in Sec. V.3 was
calculated using the known sapphire material parameters [6]. We subsequently
use Eq. (III.1) to calculate the ρ signal, and Eqs. (III.3) - (III.4) to calculate δϕ .
For δϕ , the bulk metal film contribution expressed in Eq. (III.2) appeared to be
negligibly small.

In the experiments, strong temporal broadening of the calculated signals is
observed. There are linear broadening effects, which we take into account by
convoluting the calculated traces with a Gaussian broadening function with char-
acteristic time τbr ∼ 1 ps [27]. At the highest fluences, it is obvious that this 1-ps
broadening is by far not enough to account for measured broadening. The charac-
teristic width wmeas,i of all detected solitons for the sample thickness of 405 µm
was determined, and the result is shown in Figs. V.6 b). A strong connection
between pump fluence and/or soliton index number i, and the determined width
wmeas is found. This suggests nonlinear broadening action (Ch. IV).

One cause could be velocity differences due to pump intensity variations as
was already encountered in Ch. IV. For solitons, the variation in arrival time ti,
δ ti, can be estimated at∼ 0.07ti [28]. For the thickest sample, where t1 =−95 ps,
δ t1 ∼ 6.5 ps, exceeding the soliton width ∼ 200 fs by an order of magnitude. The
calculated δ ti is plotted in Fig. V.6 b) for this sample, and shown to be sufficient
to explain the measured temporal broadening up to ∼ 10 mJ/cm2. At the highest
fluence of 11 mJ/cm2, however, additional broadening effects must be invoked.
Possibly, higher-order corrections to the dispersion come into play, affecting the
stability of the soliton. We note, that at this fluence, the observed soliton volumes
also start to deviate significantly from theory (next section), until mere detection
of solitons was found to be impossible for higher fluences. Another possibility is
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Figure V.6: Strain amplitudes and broadening from simulations
a) Fitted strain amplitude s0 versus pump fluence at 18 K. Fitted temporal width was 3.6
ps in all cases. b) Temporal width determined for the first three soliton signals (squares,
circles, triangles, respectively) and sample thickness 405 µm. Lines are expected nonlin-
ear broadening ∼ 0.07δ ti based on measured arrival times ti.

that transverse dynamics comes into play, creating sizable arrival time differences
over the probe spot.

The approach works well for the 123-µm ρ and δϕ and 405-µm δϕ data,
where temporal broadenings of 0.08 ti, 0.07 ti and 0.07 ti, respectively, are re-
quired. For the 307-µm δϕ data a broadening of 0.12 ti is required. Moreover, for
the highest fluences, the first solitons are significantly lower than expected from
calculations, while the positions are accurately predicted. This suggests strong
scattering at the probe film for this sample.

The broadening corrections were included in the calculated traces in Figs. V.1
a) - V.5 a). To demonstrate the importance of the broadening effect, both corrected
and uncorrected signals for the amplitude measurement at a fluence of 8.8 mJ/cm2

in Fig. V.2 a), and for the phase at a fluence of 9.8 mJ/cm2 in Fig. V.5 a).
Quite interestingly, at low fluences the 405-µm sample has better temporal

resolution than expected, even better than τbr (Fig. V.5 c) ). It might be, that the
probe is focused at a spot where the Cr detection film is thinner, and/or the front
and rear planes are locally more parallel than the (globally) determined value.
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V.5.3 Soliton properties

It is interesting to use the measured phase signals at 18 K to analyze the properties
of each individual soliton. The integrated phase signal of a soliton of the form Eq.
(V.4) reads

bi

(

1+ tanh
(

(t− ti)
wmeas,i

))

. (V.9)

The soliton velocity vi in the moving coordinate system can be estimated from the
fitted arrival time ti by ti/dsample. Here, one assumes that x0,i from Eq. (V.4) is zero
at t = 0. For the 405-µm data, where ti is very large, this certainly is a reasonable
approximation. Further, the soliton volume Vi = 2aiwi can be calculated from bi

by Vi = (2biλ )/(8πc). Finally, the width wmeas,i is the (typically subpicosecond)
soliton width wi, multiplied by the temporal resolution for that soliton, discussed
in the previous section.

First, we examine the arrival times ti for the three sample thicknesses at a fixed
initial strain amplitude. The result for s0 = 4.3× 10−4 is shown in Fig. V.7 a).
Here, σN = 3.18, and three solitons form. The arrival time decreases linearly with
sample thickness for each soliton, indicating that the solitons move at a constant
supersonic velocity. We determine the slope ∆t/∆d and the supersonic velocity
vi = v2

s ×∆t/∆d, and the values are indicated in the figure.
For s0 = 1.6× 10−3, six solitons are detected (σN = 6.1). The determined

arrival times ti are presented in Fig. V.7 b). Again, the linear velocity applies. The
first soliton at this high fluence has a velocity v1 = 23.2 m/s. Using Eqs. (V.6) and
(V.7), we derive a soliton amplitude a1 of 3.4×10−3 (∼ 2s0 [23]), and a width w1
of only 200 fs.

Next, we analyze the soliton arrival times ti and volumes Vi for the sample of
405-µm thickness. Using the s0 derived from simulations, σN can be determined
for each measurement in Fig. V.5. We have plotted the soliton arrival time t and
volume Vi against σN in Figs. V.7 c) and d), along with the expected dependence
from the theory in Sec. V.3. Excellent agreement is found. For σN À i, vi is
determined from Eqs. (V.5) and (V.8) to depend quadratically on σ 2

N . On the
other hand, Vi ∝ v1/2

i and thus depends linearly on σN . Both dependencies are
accurately reproduced in Figs. V.7 c) and d).
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b)a)

c) d)

Figure V.7: Soliton velocity and similarity
a) Position of soliton versus sample thickness, for an initial strain wave of amplitude
s0 = 4.3×10−4 and width τ = 3.6 ps. Numbers indicate soliton velocity in m/s. b) Like
a), but now for s0 = 1.6× 10−3. All velocities are determined ±0.1 m/s. No accurate
determination of velocity could be performed for the sixth soliton. c) Position of solitons
versus similarity parameter σN . dashed lines gives comparison to positions predicted by
Eqs. (V.3), (V.5), and (V.8). d) Soliton volume determined from measurements versus
similarity parameter σN . Dashed lines are soliton volume Vi = 2wiai predicted by theory.

V.6 Conclusions and prospects

In conclusion, we have succeeded in observing soliton formation in sapphire slabs
of different thicknesses in low-repetition rate interferometric pump-probe exper-
iments. The parallellism of the sample front and rear planes, and the quality of
the Cr detection films appear to be crucial to soliton detection. At 100 K, critical
damping occurs and soliton formation is incomplete. Already at 60 K, solitons
propagate virtually undamped. Extrapolation of the determined damping at these
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temperatures suggests that soliton formation and propagation at liquid nitrogen
temperatures in sapphire is possible. This observation may prove to be relevant to
the practical use of acoustic solitons in nano-ultrasonic material characterization.

Up to seven solitons in the train are distinguished at the highest fluence of 11
mJ/cm2, for a strain pulse with initial amplitude 2.1× 10−3 and temporal width
3.6 ps. At moderate pump fluences, we have directly measured the width of sin-
gle solitons of only 500 fs, corresponding to 5 nm in sapphire. From accurately
measured supersonic soliton velocities a minimal soliton width of 200 fs can be
inferred for the highest fluences. Frequencies of 500 GHz are observed in the
high-frequency tail, while frequencies up to 1.5 THz can be inferred. Direct ob-
servation of the fastest effects is hampered by nonlinear broadening effects related
to power fluctuations of the laser.

All measured traces agree excellently with numerical calculations based on
the Korteweg - de Vries - equation. Furthermore, the measured properties of the
generated solitons agree with the exact relations between soliton amplitude, width,
and velocity according to the Korteweg - de Vries solutions.

The quality of the current setup can be further improved by pumping at 800
nm and probing at 400 nm. This decreases the feasible probe beam size and paves
the way to larger Gaussian pump spots, thereby limiting lateral effects while at
the same time increasing the phase signal by a factor of two (Eq. (III.3) ). In the
pump, removing the BBO crystal both improves the long-time alignment stability
(limited by thermal fluctuations in the BBO), and decreases the intensity variations
by a factor of two. The use of a generation film where strain amplitude changes
linearly with fluence would further reduce effects of pump intensity variations.
Here, nickel (for which efficient strain generation was found in Ch. III) would
be a good candidate. Finally, the controlled growth of even thinner detection
films should reduce broadening effects due to the metal detection film. In total,
these measures should substantially improve temporal and spatial resolution, and
resolve effects above strain amplitudes of 2× 10−3, in the extremely dispersive
regime.

The splitting of the initial wave packet with a typical width of 5 ps into several
short acoustic pulses as short as 200 fs (corresponding to < 2 nm width), opens
the way to acoustic manipulation of nanometer-sized structures [29] on a subpi-
cosecond timescale. A first experiment where solitons are employed to shift the
electronic levels of a quantum well is presented in the following chapter.
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Chapter VI

Chirping of an optical transition by an ultrafast
acoustic soliton train in a semiconductor
quantum well

Abstract

Acoustic solitons formed during the propagation of a picosecond strain pulse in a GaAs
crystal with a ZnSe/ZnMgSSe quantum well on top lead to exciton resonance energy shifts
of up to 10 meV and ultrafast frequency modulation, i.e. chirping, of the exciton transi-
tion. The effects are well described by a theoretical analysis based on the Korteweg-de
Vries equation and accounting for the dynamical properties of the excitons in the quantum
well.

VI.1 Introduction

In the previous chapter, it was shown that the nonlinear elastic properties of solids
result in the striking phenomenon of the transformation of a coherent strain wave
packet into a train of ultrashort acoustic solitons. Such solitons propagate direc-
tionally through the crystal with a velocity slightly above the velocity of longi-
tudinal sound, locally introducing a “nano-earthquake”. The first experimental
observation of an acoustic soliton by Hao and Maris in 2001 [1] was followed by
detailed studies [2, 3, 4, 5, 6] that have shown that a single soliton pulse in such
a train can occupy a space as small as a few nanometers, corresponding to dura-
tions as short as a few hundred femtoseconds, and may reach strain amplitudes
exceeding 10−3. These results were confirmed in Ch. V.

These spatial and temporal characteristics of acoustic solitons are close to the
typical sizes of nanostructures (quantum wells, wires and dots) and relaxation

101



102 Chapter VI Chirping of an optical transition by acoustic solitons in a quantum well

times of their electronic excitations, respectively, which were studied intensively
during the last decades. Thus the discovery of acoustic solitons may open up
a new research field in solid state physics where subpicosecond and nanometer
control of the optical response of nanostructures is achieved by acoustic solitons
without generation of carriers as unavoidably occurs in standard ultrafast optical
excitation schemes. To our knowledge, however, no effects of acoustic solitons
on the electronic levels of nanostructures have been observed yet.

In this chapter, we present the first experimental and theoretical study of ul-
trafast frequency modulation of an exciton resonance in a semiconductor quan-
tum well (QW) by an acoustic soliton train. When the QW is hit by the “nano-
earthquake”, the exciton resonance experiences an energy shift as high as 10 meV
on a picosecond time scale, as is demonstrated via its optical response. The the-
oretical analysis of this soliton-induced effect takes into account the finite QW
width and the exciton coherence time. Excellent agreement between experiment
and theory is reached, which paves the way for a new class of quantitative ultrafast
acoustic experiments in semiconductor nanostructures.

VI.2 Sample and setup

The idea and scheme of the experiment are shown in Fig. VI.1 a), and all relevant
parameters are collected in Table VI.1. The sample used was a (001)-oriented
GaAs slab with a thickness l0 of 114 µm. The heterostructure deposited by MBE
on the front side of the slab was a ZnSe QW with a width a = 8 nm embedded
between Zn0.89Mg0.11S0.18Se0.82 barriers. The details of the fabrication and the
properties of the structure can be found elsewhere [9]. A 113-nm thick Al film
was deposited on the back side of the GaAs slab. This metal film acts as an opto-
elastic transducer upon excitation by a short laser pulse and injects a strain pulse
into the GaAs slab [11, 12]. In these experiments the sample was immersed in
liquid helium (T0 = 1.8 K), and the Al film was excited by 200-fs pulses from an
amplified Ti-sapphire laser (wavelength 800 nm) with a repetition rate of 250 kHz
and a pulse energy of 5 µJ. This pump beam was focused to a 100-µm FWHM
spot on the film, creating energy densities I0 up to 10 mJ/cm2 per pulse.

The effect of the soliton pulses on the optical response of the QW was studied
using ultrafast optical spectroscopy. For this a probe beam was split from the laser
beam, passed through a sapphire plate to generate femtosecond white light pulses,
and given an optical delay of 20 ns, equal to the travel time of the longitudinal
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Parameter Symbol Value Ref.
Thickness of Al generator film dAl 113 nm Exp.
Acoustic reflection coeff. Al/GaAs rGaAs 0.18 Calc.
Thickness of GaAs substrate l0 114 µm
Speed of sound in (001) GaAs vGaAs 4.8×103 m/s
Nonlinearity parameter for GaAs α −3.09×1011 N/m2 [7]
Dispersion parameter for GaAs β 0.74×10−17 m3/s [8]
Mass density ρ 5.31×103 kg/m3

Temporal width of input wave τ 6.8 ps Exp.
Strain amplitude s0 7×10−5 I0 (I0 pump

fluence in mJ/cm2) Exp.
Acoustic reflection
coefficient GaAs/ZnSe rZnSe -0.087 Calc.
ZnSe QW thickness a 8 nm [9]
Speed of sound in heterostructure vZnSe 4×103 m/s [10]
Deformation potential in ZnSe c -8 eV Exp.
Resonance energy of QW E0 2.809 eV [9]
Resonance wavelength λ0 441.4 nm [9]
Resonance linewidth (instrumental) Γ 0.89 meV Exp.
Resonance lifetime Te 4.6 ps Exp.
Thickness of cap layer lr 53 nm Exp.

Table VI.1: Material parameters, relevant for the performed analysis
Exp.: determined from this experiment. Calc.: Calculated from tabulated values of phys-
ical constants.

strain pulse through the crystal slab. The probe beam was focused on the front side
of the slab to a spot with diameter < 50 µm, located precisely opposite the pump
spot (Fig. VI.1 a) ). The angle between the front and rear plane of the sample
was measured at < 0.018◦. Assuming wprobe ∼ 30 µm, the spread in acoustic
arrival time is < 1.9 ps. The specularly reflected probe beam was collected and
analyzed by a spectrometer and CCD camera with the readout synchronized with
the scanning optical delay line in the pump beam. The overall time resolution of
the setup was better than 300 fs.

Figure VI.1 b) shows the reflectivity spectrum in the absence of a pump pulse
in the energy range of the heavy-hole exciton resonance in the QW, which was
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Figure VI.1: Experimental conditions
a) Experimental scheme. b) Measured stationary reflectivity spectrum of the ZnSe QW
around the heavy-hole exciton resonance, normalized to the off-resonance background.
The vertical dashed line in shows the energy position of the resonance. c) Calculated
strain pulse (left) and phonon spectrum (right) as initially generated in the metal film
for excitation density I0 = 10.2 mJ/cm2, and d) its transformation to a soliton train after
propagation through 0.114 mm of GaAs. The time in c) is shifted towards that in d) by
the sample traversal time t0.

studied in detail earlier for similar samples [9]. The phase of the reflectivity spec-
trum is determined by the thickness of the top barrier layer [13]. For our sample,
the reflectivity normalized to the off-resonant background can be described by the
equation

r(E) = 1+A0
E−E0

Γ2 +(E−E0)2 , (VI.1)

with A0 a constant, E0 = 2.809 eV (441.4 nm) the static position of the exciton
line at this temperature, and Γ ∼ 0.9 meV the phenomenological width of the
resonance. This linewidth is determined by the instrumental resolution of the
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spectrometer (0.1 nm, corresponding to 0.6 meV) and residual inhomogeneous
line broadening, which can then be estimated to be 0.7 meV. These values are in
accordance with earlier works [9].

VI.3 Strain propagation

The temporal evolution of the injected strain pulse (Fig. VI.1 c) ) was calculated
using the known methods of ultrafast acoustics [11, 12] and coincides with results
from direct conventional pump-probe measurements [14]. The input pulse is a
nearly symmetric bipolar strain wave packet, which can be modeled to a good
degree of accuracy by a Gaussian derivative Eq. (III.6) with a width ∼ 7 ps, and
strain amplitudes reaching 8× 10−4 in GaAs for the highest pump fluence (we
will consider these data in more detail when discussing the simulation results). A
typical input strain wave packet is given in Fig. VI.1 c), along with its spectral
content.

The temporal and spatial evolution of the strain pulse sI(t,x) (where x is the
distance from the Al film) in the GaAs substrate depend on I0 and the linear and
nonlinear elastic properties of the crystal, and can be calculated numerically by
solving the Korteweg-de Vries (KdV) equation [1, 2, 3, 4, 5, 6]. At low pump exci-
tation energy density (I0 < 1 mJ/cm2), the injected strain pulse propagates linearly
through the GaAs slab with the velocity of longitudinal sound (vGaAs = 4.8×103

m/s) and reaches the ZnSe/ZnMgSSe heterostructure at a time t0 ∼ l0/vGaAs ∼ 24
ns without any sizable nonlinear or dispersive effects; sI(t,x) = s0(t,x).

At excitation densities I0 > 1 mJ/cm2 on the Al film, however, nonlinear elas-
tic effects start to play a role and the injected strain pulse transforms into a more
complicated waveform sI(t,x). At the medium fluences 1 - 3 mJ/cm2 the wave
develops into a shock wave - an intermediate stage in soliton development. Fi-
nally, above 3 mJ/cm2 dispersive features start to play a role, and the supersonic
compressive strain pulse develops into a train of short soliton pulses. Fig. VI.1 d)
shows an example trace for sI(t,x), calculated for our experimental conditions, I0
= 10 mJ/cm2 and x = l0. The most apparent characteristics are the development of
acoustic frequencies in the THz range, and the formation of solitons at the front
of the wave, travelling at a higher velocity than the speed of sound.

In these calculations, it was explicitly assumed that all sources of damping
can be neglected at liquid helium temperatures. Defect scattering and anharmonic
decay might be limiting factors, but earlier work on longitudinal acoustic phonon
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propagation in GaAs [15, 16] suggests that these effects become important at fre-
quencies significantly above 1 THz. Fig. VI.1 d) shows that the spectral intensity
at 1 THz is already quite low.

VI.4 Experimental results

The main experimental task of this work was to measure the ultrafast optical re-
sponse when the soliton train hits the QW. The results for several values of I0 are
shown in Fig. VI.2 as spectral/temporal contour plots. The color and tone in each
panel are a measure of the time-dependent reflected spectral intensity normalized
to the off-resonant value. The value t = 0 corresponds to the arrival time t0 of
the center of the initial bipolar wave packet (Fig. VI.1 c) ) at the QW. Animations
showing the development of the measured spectrum as a function of time for three
fluences can be found at the Physical Review Letters archive [17]. The time inter-
vals t < −25 ps and t > 100 ps correspond to the situation prior to the arrival of
the strain wave packet and after full passage of the heterostructure, respectively.
No temporal modulation is observed and the reflectivity spectrum is equal to the
one in absence of strain (inset of Fig. VI.2 a), dashed line).

In the time interval−25 < t < 100 ps, however, the measurements show strong
responses which depend on the pump excitation density I0. In the linear regime
(I0 < 1 mJ/cm2, Fig. VI.2 a) ) and upon arrival of the bipolar acoustic pulse at
the QW, the reflectivity spectrum shifts smoothly to higher energies, back to low
energies, and recovers to the original position. After reflection of the pulse at the
sample surface the same sequence occurs, but in the opposite direction. Qualita-
tively the optical response tracks the temporal evolution of the exciton resonance
in GaAs/AlGaAs QW for strain amplitudes less than 10−4 [18]. The important
point here is that the shape of the exciton resonance does not change and the exci-
ton resonance energy simply shifts in time (compare solid and dashed lines in the
inset of Fig. VI.2 a) ). Therefore, the strain-induced shift of the exciton resonance
∆E(t) can be approximated by ∆E(t) = csQW (t), where c is the deformation po-
tential and sQW (t) is the time-dependent strain in the QW, which consists of the
sum of the pulse incident from the GaAs slab (taking into account the impedance
mismatch, causing an 8.7% amplitude reflection), and a total reflection from the
sample/liquid helium interface:

sQW (t) = s0(t)− s0(t− tr). (VI.2)
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Figure VI.2: Contour plots of time-dependent spectra (Color figure: Fig. 4, p. 205)
Spectral/temporal contour plots of the reflectivity normalized to the off-resonance back-
ground, measured for pump fluences of a) 1.0 mJ/cm2, b) 2.0 mJ/cm2, c) 5.1 mJ/cm2,
d) 7.1 mJ/cm2, e) 8.2 mJ/cm2, f) 10.2 mJ/cm2. Black lines are calculated contours of
equal reflectance changes for corresponding pump fluences. Inset in a) shows the spectral
profile of reflectivity: blue (dashed line) is the stationary spectrum, red (light) and black
(dark) lines are respectively the measured and calculated spectra at the specified time, for
the corresponding fluence.
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Figure VI.3: Individual spectra for selected fluence (Color figure: Fig. 5, p. 206)
a) Temporal evolution of the reflectivity spectrum measured (left panel) and calculated
(right panel) for I0 = 9.2 mJ/cm2. Arrows indicate the arrival times of acoustic solitons
at the QW center. b) - e) Measured (red, solid line) and calculated (black, short dash)
reflectivity spectra for I0 = 9.2 mJ/cm2 at specified times. Arrows in b) and c) indicate
the shifted spectral lines due to acoustic solitons. Blue, long dashed lines are unperturbed
spectra.

Here, s0(t) is the strain pulse arriving directly at the QW and s0(t − tr) the one
arriving after reflection at time tr = 2lr/vZnSe (lr = 53 nm is the distance from the
QW to the surface in our sample, and vZnSe = 4 km/s is the mean longitudinal
sound velocity in the ZnSe/ZnMgSSe heterostructure [10]). The minus sign be-
tween the two strain components in Eq. (VI.2) accounts for the fact that the phase
of the strain pulse jumps by π upon reflection at the free surface.

Huge changes in the temporal evolution of the reflectivity spectra are observed
for higher fluences I0 (Fig. VI.2 b) - f) ). We have plotted similar data in Fig. VI.3
a), and spectra for specific times in Fig. VI.3 b) - e), for a fluence of 9.2 mJ/cm2.
In Figs. VI.2 and VI.3, some characteristic features can be distinguished:
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(i) sharp features in the temporal signal appear;
(ii) the leading edge of the detected signal shifts to earlier times with the increase

of I0 (Fig. VI.2);
(iii) the reflectivity spectrum broadens strongly (Fig. VI.3 b) - e) ); and
(iv) doublet structures appear at certain values of time (Fig. VI.3 e) ).

Features (i) and (ii) point to ultrafast solitons arriving at the QW. From the
simulations we know that the soliton pulses may become of the order of 1 ps
(see Fig. VI.1 d) ), explaining the sharp features in the temporal evolution of
the detected signal at high I0. Furthermore, the soliton velocity is supersonic,
which results in the early arrival of the front of the strain wave packet as observed
[1, 4, 6].

VI.5 Numerical calculations

In order to understand the optical response on a quantitative level, the temporal
evolution ∆E(t) of the exciton resonance was calculated upon passage of a soliton
train. We use GaAs material parameters (Table VI.1) and numerically calculate
the wave shape sQW

I (t,x) arriving at the QW. The strain waveforms arriving at the
heterostructure for the fluences shown in Fig. VI.2 are plotted in Fig. VI.4 a).

When calculating the strain profile at the QW, the reflection of 8.7% due to
impedance mismatch at the barrier layer/GaAs interface, and the fact that the QW
experiences both the strain of the incident pulse and of the pulse reflected at the
surface, were included. Due to the small distance between the QW and the surface,
the temporal shapes of the incident and reflected strain pulses are taken identical
except for the phase jump.

Fig. VI.1 d) shows the presence of THz frequencies in the wave packet, corre-
sponding to wavelengths of 1 ps × vZnSe = 4 nm, smaller than the QW width.
In the soliton regime the spatial variations therefore become so rapid that we
cannot consider the QW as an infinitely narrow object. To analyze this we use
the approximation of infinitely high barriers to find the electron wave function
ϕ(x′) =

√

2/acos(πx′/a) (x′ = 0 at the center of the QW). Effectively, the finite
size limits the time resolution to a/vZnSe ∼ 2 ps, the travel time through the QW.
This decreases the sensitivity of a QW as a detector for very short soliton pulses,
where the energy is concentrated mostly in the high-frequency components. In
addition, we assume that the strain does not change the potential profile of the
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QW significantly. Using perturbation theory, the energy changes of the exciton
resonance in the QW in the presence of the strain pulse are found to be equal to

∆E(t) = c

a/2
∫

−a/2

|ϕ(x′)|2sQW
I (t,x′)dx′. (VI.3)

Here we note that Eq. (VI.3) is reminiscent of the equation of matrix elements
for the exciton-phonon interaction in a QW [19] that produces a cutoff for high-
frequency phonons.

Fig. VI.4 b) shows the arrival times of solitons, for a range of fluences. For
low powers, the travel distance l0 is too short for solitons to be fully formed, see
for example 2.0 mJ/cm2 in Fig. VI.4 a). The resulting shift of the resonance, also
taking into account the reflection at the surface, is shown in Fig. VI.4 c) for the
highest fluence. Finally, Fig. VI.4 d) shows the resulting contour plot for this
fluence. Comparing to the measurement in Fig. VI.2 f), there is a remarkable
difference. This is, because one important factor is still missing in the analysis.

The QW interaction is resonant and takes place in a narrow wavelength range,
determined by the inhomogeneous linewidth. Therefore, the interaction of the
probe light with the exciton system is inherently not instantaneous (as is the case
for a metal film, in the previous chapters). Instead, it takes the corresponding
exciton coherence time Te, which in high-quality QWs and at low temperatures
is of the order of several picoseconds, close to twice the value of the radiative
exciton lifetime [20]. This is an order of magnitude larger than the probe pulse
length and the typical soliton widths. Thus a spectral broadening and shift of the
exciton resonance are induced by the strain profile arriving at the QW up to a
coherence time after the incident probe pulse.

To account for this phase memory, the transient reflectivity spectrum R(E, t)
is approximated as a convolution:

R(E, t) =
1
Te

∞
∫

t

r(E−∆E(τ))exp
(

−τ− t
Te

)

dτ, (VI.4)

where r(E) and ∆E(τ) are given by Eqs. (VI.1) and (VI.3), respectively.
To evaluate R(E, t), we have developed an automated fitting procedure in

which the width and height of the input wave and the coherence time Te are the
free parameters. The input wave width of 6.8 ps was determined for the lowest
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Figure VI.4: Intermediate simulation results (Color figure: Fig. 6, p. 207)
a) Soliton propagation for the fluences depicted in Fig. VI.2. b) Arrival times for solitons,
as found in calculations. c) QW resonance energy shift for a pump fluence of I0 = 10.2
mJ/cm2. d) Calculated contour plots given the resonance shift in c), and exciton lifetime
Te = 0.

fluences, and fixed at that value for the higher ones. The best agreement for the
values of the shift are obtained for c = −8 eV, close to the −6.7 eV reported by
Ref. [9]. The results for the amplitude are presented in Fig. VI.5 a). The de-
pendence s0 = (7.5±0.2)×10−5I0 is in good agreement with the values obtained
in the pump-probe measurements mentioned before. Further, for the exponential
decay time, we find Te = 4.6± 1.3 ps (Fig. VI.5 b) ). This value is close to the
measured dephasing time of excitons in similar QWs [21]. The value for Te found
from the fit slightly increases with increasing power, to 7 ps at the highest fluence.

At this point it is useful to briefly discuss other possible broadening effects
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that could affect this result. The typical roughness of our Al pump film of 100
nm thick, is ∼ 2 nm (estimated from AFM results in Ch. IV). This would lead to
an arrival time variation of ∼ 300 fs, much smaller than the calculated dephasing
time, and independent of power. For the 250-kHz laser system, the pulse stability
is better than for the 1-kHz system of Chs. IV and V, and intensity fluctuations
can be assumed to have a minor effect. A more important effect is the arrival time
difference over the finite probe spot size. Considering the solitons, we know that
their velocity depends on their amplitude as asolα

6ρvGaAs
with asol the soliton amplitude

[22]. Taking the probe spot size to be 30 µm and the pump spot 100 µm, the
spread in amplitude for the first soliton over the probe spot size is roughly 15%,
corresponding to a spread in arrival time (0.15t0vsol)/vGaAs ∼ 1.4 ps for a soliton
with an amplitude ∼ 10−3. Thus, although this effect is considerable, and likely
contributing to temporal broadening effects at the highest fluences, it is still much
smaller than the coherence time. We checked with simulations that the quality
of the fits reduced by a large amount when assuming only Gaussian temporal
broadening, signifying the (temporal) coherence present in the measured signals.

VI.6 Discussion

The results of the numerical calculations for the six values of I0 are shown in Fig.
VI.2 a) - f) as solid contour lines of equal reflectivity. The agreement between the
experiment and theoretical simulations at low power is excellent. At first sight, the
correspondence at high powers seems to be less. We note however, that the large
part of this mismatch already depends on the discrepancy between the measured
spectrum and the description in Eq. (VI.1), that is apparent mainly at the edges
of the spectrum, where the deviations are largest. The sharpening of the leading
edges at elevated I0 signifies the formation of ultrashort strain pulses, i.e. solitons.
The arrival time of the solitons decreases with the increase of I0, as correctly
described by the simulations.

The simulations and experiments at the highest energy density show individ-
ual soliton pulses, which however seem to be largely washed out. The passage
of incident and reflected solitons leads to a strong broadening of the reflectivity
spectrum over a broad range of times, reflected as an increase in green areas in
Fig. VI.2 c) - f). The reasons for this are that in the present case the duration
of individual soliton pulses as well as the delay between different soliton pulses
are shorter than Te. Thus when the soliton train arrives, the exciton resonance is
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chirped several times back and forth for each soliton during its coherence time Te.
The individual spectra, as shown in Fig. VI.3 b) - e), show better agreement

than the contour plots suggest. Fig. VI.3 b) shows the spectrum at the passage
of the first soliton. The change is mainly unipolar, indicating that we are dealing
here with a purely compressive strain. For the first soliton, the shifted exciton line
is positioned at the dip indicated by the arrow in Fig. VI.3 b). Since the temporal
width of the soliton is an order of magnitude smaller than the coherence time,
the full effect is of the order of the CCD noise level and background intensity
variations, and it is not possible to discern it in the measurement. In Fig. VI.3 c),
the dip caused by the reflection of the second soliton (also indicated by an arrow)
is more clearly visible in the measured spectrum, since the shift is smaller and the
soliton broader in time.

An even more elucidating example of ultrafast acoustic chirping is presented
in Fig. VI.3 e), which shows a clear doublet structure that can be observed around
times 25 ps and 52 ps (reflection). We can explain this by the tensile part of the
incident wave, shown in Figs. VI.1 d) and VI.4 a). Here, a dispersive tail of
high frequency and high amplitude develops. Since the typical phonon oscillation
period seen at the highest fluences is 2 ps, the exciton resonance is swept over
almost 7 meV in energy a couple of times within its lifetime Te ∼ 5 ps. The
origin of the doublet can be understood qualitatively by making the analogy with
a pendulum, which spends most of the time in its extreme positions.

At high fluences (Figs. VI.2 f), VI.4 c) ) both experiment and theory show that
the shift reaches almost 10 meV, or 20 times its linewidth, and that this effect is
induced at the position where the reflected, initially compressive solitons and the
tensile part of the original wave meet in the QW and interfere constructively. We
have plotted this event for I0 = 9.2 mJ/cm2 in Fig. VI.3 d). This interference is
absent at low powers and is additional evidence of nonlinear propagation, causing
the wave to stretch from its initial width∼ 7 ps to over 2 tr ∼ 27 ps at the QW. All
experimental results presented in Fig. VI.2 also show minor amplitude oscillations
with a period ∼ 10 ps after passage of the incident pulse which are not present in
the simulated curves, and are not understood yet.

VI.7 Conclusions and perspectives

In this chapter, we have experimentally demonstrated the response of the elec-
tronic states of a quantum well nanostructure as it is hit by a train of high-amplitude,
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a) b)

Figure VI.5: Results for free fit parameters
a) Initial strain amplitude s0 obtained from fit routine versus pump fluence. Solid line is a
linear fit to the strain amplitude. b) Calculated exponential decay time of the exciton state
Te versus pump fluence. Solid line indicates average value.

ultrashort solitons. Besides large shifts in energy, significant shape changes of the
reflection spectrum are observed, which can be explained by acoustic modulations
at timescales shorter than the exciton lifetime. All experimental results are accu-
rately described by calculations of the optical response, taking into account the
nonlinear strain propagation in the GaAs substrate, as well as the ultrafast shifts
of the exciton resonance this strain induces in a finite-size quantum well.

The presented work uses the QW as the archetypal object of semiconduc-
tor nanostructures. The observed constructive interference between incident and
reflected strain pulses is analogous to coherent strain control [23] and realizes ma-
nipulation of nanostructures by acoustic soliton pulses. The soliton-induced ef-
fects in more sophisticated nanostructures (e.g. tunneling devices, shallow QWs,
quantum wires, dots and molecules), where the adiabatic approximation for elec-
tron and lattice systems is not valid anymore may lead to the discovery of new and
ultrafast phenomena at constant carrier densities. The experiments and theoretical
analysis show that the effect of acoustic solitons on the electronic state may be
used as an ultrafast method for modulating the optical response in nanostructures.
The large value of the energy resonance shift may become a basis for picosecond
control of emission from nanophotonic devices (semiconductor microcavities, 2D
arrays, etc.) and other switching principles in nanoelectronic and -photonic de-
vices.
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Chapter VII

Generation and detection of high-amplitude
strain in InGaN/GaN quantum wells in the
saturation regime

Abstract

We detect strains generated by piezoelectric screening processes in ten-period InGaN/GaN
multiple quantum well samples with well thicknesses of 1.8, 2.7 and 3.6 nm, using ultra-
fast pump-probe techniques. At short times, coherent strain oscillations of the multiple
quantum well structures are observed, reaching a frequency up to∼ 1 THz for the thinnest
quantum wells. The measured vibrational eigenmodes of the multiple quantum wells
agree within 10% with the dispersion relation calculations based on the sample parame-
ters. The propagating wave in the GaN buffer layer and sapphire substrate is monitored
by time-resolved Brillouin scattering at ∼ 100 GHz. The Brillouin oscillation amplitudes
saturate when the internal piezoelectric field is fully screened, and scale with the thickness
of the quantum wells, as expected. Saturation sets in < 1 mJ/cm2, i.e. below saturation
of the absorption at ∼ 2 mJ/cm2. All these observations are in good agreement with THz
electromagnetic emission experiments performed earlier on the same samples.

VII.1 Introduction

The capability of growing high-quality thin layers of semiconductor materials al-
lows the fabrication of a wide variety of single and multiple quantum well and
superlattice structures, with tailored bandgap properties. The carrier dynamics
in these structures makes them excellent devices for lasing [1]. In1−xGaxN/GaN
quantum well systems have a large bandgap, which makes them suitable for lasing
in the blue and green [2]. Inherent to piezoelectric structures such as InGaN/GaN
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Figure VII.1: Quantum well samples
a) Schematic picture of the multiple quantum well (MQW) samples, consisting of ten
periods of GaN/InGaN material. b) Bandstructure of a quantum well, forming a potential
well. The electron and hole wavefunctions peak at the same position in space. Eg denotes
the energy difference between the lowest electron state and the highest hole state.

quantum wells is the built-in strain due to lattice mismatch, causing an internal
piezoelectric field. Optical excitation of such structures leads to THz electro-
magnetic emission [3, 4] and the generation of high-amplitude acoustic waves
[5, 6, 7, 8].

This chapter presents ultrafast pump-probe reflectometry measurements on
InGaN/GaN multiple quantum wells (MQWs). The aim of these experiments is
to study the acoustic generation by three specific MQW structures with differ-
ent well thicknesses, and compare it to electromagnetic THz generation studies
on the same samples [9]. After discussing the sample properties, the physics of
piezoelectric MQWs is reviewed, with emphasis on the generation and detection
mechanisms of acoustic strain. Subsequently, the results of pump-probe reflec-
tion and transmission measurements are presented. In the analysis of the data,
both localized modes in the MQW, and propagating modes in the substrate are
considered.

VII.2 Properties of InGaN/GaN quantum wells

VII.2.1 Samples

Fig. VII.1 a) is a schematic picture of the multiple quantum well samples used.
Quantum wells consist of typically a few nanometer thick layers of different semi-
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conductor mixtures. The well is sandwiched between two layers of semiconductor
material with a larger electronic bandgap. This leads to a square well potential,
as shown in Fig. VII.1 b). For our samples, GaN (with a bandgap of 3.44 eV at
room temperature) acts as barrier and In0.2Ga0.8N (bandgap around 2.55 eV) as
well [10].

The quantum well structures are grown on a (0001)-oriented sapphire sub-
strate by low-pressure metalorganic vapor-phase epitaxy. A 2-µm GaN layer be-
tween the quantum wells and the sapphire layer buffers the lattice mismatch with
sapphire. On top of the quantum wells a 180-nm GaN cap layer is deposited. The
MQW structure consists of ten layers of InGaN and GaN, creating a superlattice.
We performed experiments on samples with well thicknesses of 1.8, 2.7 and 3.6
nm, all with 7.2-nm thick barrier layers.

VII.2.2 Quantum-confined Stark effect

InN has larger lattice constants than GaN. The fraction of In in the QW therefore
increases the lattice unit cell, leading to permanent strain in the structure. Due to
the large piezoelectric constant of 0.375 C/m2 [11], this built-in strain results in
piezoelectric fields of 3.1 MV/cm in the well and 0.5 MV/cm in the barriers [9].
These fields are oriented in opposite directions, see Fig. VII.2 a).

The piezoelectric field across the quantum well tilts the band structure. This
leads to a modulation of the optical and electronic properties due to the spatial
separation of the conduction and valence band wavefunctions (Fig. VII.2 a) ), the
so-called quantum-confined Stark effect (QCSE) [12]. The transition dipole mo-
ment between the valence and conduction band depends on the overlap of these
wavefunctions. As a result, the absorption coefficient and recombination rate de-
crease as a function of electric field strength. The exciton resonance is also red
shifted, because the band states penetrate the gap for strong electric fields.

VII.3 Generation and detection of strain in GaN/InGaN
quantum wells

VII.3.1 Dynamic screening of the built-in piezoelectric field

When an electron in the quantum well is excited to the conduction band, charge
separation takes place due to the piezoelectric field, see Fig. VII.2 a). This charge
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Figure VII.2: Piezoelectric effects in QW samples
a) Schematic picture of a quantum well sample with built-in piezoelectric fields Epe. The
electric field tilts the energy levels in the well and shifts the electron and hole wavefunc-
tions in opposite direction. This effectively leads to a decreased gap Eg and a red shift of
the luminescence spectra. Upon excitation of carriers, electrons and holes create a dipole
field Edipole, which partly screens the piezoelectric field. b) Upon strong excitation, the
densities of electrons and holes become large enough to completely screen the piezoelec-
tric field. The wavefunctions of the electron and hole will overlap in space. The resulting
optical gap E ′g > Eg.

separation creates an opposite electric dipole field and screens the built-in piezo-
electric field. If sufficient electrons are excited (Fig. VII.2 b) ), the piezoelectric
field becomes completely screened, resulting in a flat-band potential inside the
well.

Since excitation in our experiments is performed with an intense ultrashort
pulse, screening of the piezoelectric field occurs within 100 fs [4]. This ultrafast
screening has several consequences. First, the absorption coefficient and recom-
bination rate in the quantum wells increase, because of the increased overlap be-
tween the electron and hole wavefunctions [4]. Second, the luminescence from
this recombination is blue-shifted, as illustrated in Fig. VII.2 b) [3]. Finally, the
ultrafast screening removes the internal field and thus induces a release of elec-
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Figure VII.3: Phonon dispersion in MQW systems
a) Dispersion of phonons in the InGaN/GaN MQW with well thickness of 1.8 nm. Inset
shows the first bandgap ∆ f1 at k = 0. b) Like a), but now calculated for the 3.6-nm
MQW. Vertical dashed lines indicate the k-vector of 400-nm probe light. f1 is the lowest
frequency for which the dispersion relation crosses k = 0.

tromagnetic [9] and acoustic [5] energy on a subpicosecond timescale. In a single
quantum well the coherent strain pulse will be emitted directly into the surround-
ing material [13], while in multiple quantum wells the strain is released via the
vibrations of the superlattice [5, 14]. The emitted strain escapes the MQW in
two directions, as shown in Fig. VII.4 a). Since acoustic generation occurs due
to rapid charge separation, a broad range of wavevectors can be generated. The
typical amplitude of the emitted strain reaches values of 0.1% [8].

VII.3.2 Dispersion relation of a superlattice

The acoustic dispersion for low frequencies in bulk GaN is given by the simple
relation ω = vsk, where vs is the sound velocity in GaN and k is the phonon
wavevector. For multiple quantum wells or superlattices, the periodic structure
imposes a condition on the dispersion [15]:

ω2 = vs
2(k +S)2, (VII.1)

with S = 2πm/d the reciprocal superlattice vector, m = 0,±1,±2, ..., and d the
total thickness of the superlattice structure. The periodicity creates zone-folding
of the dispersion relation within the first Brillouin zone (Fig. VII.3), and allows
several acoustic modes at each k-vector. Phonon modes with low k (i.e. near the
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wavevector of light) are now also present in the THz frequency range. Points at
the edges of the first Brillouin zone, k = 0 and k = π/d, correspond to standing
waves in the superlattice [16]. At the zone boundaries, small gaps are present in
the dispersion relation (Fig. VII.4 a), inset).

To calculate the dispersion of phonons in our InGaN/GaN quantum wells an
elastic continuum model can be used, extended with a periodic perturbation [17].
The resulting dispersion relation reads

ω2 =
vs

2

2 [k2 +(k−S)2]± [
vs

4

4 [k2− (k−S)2]2 + |Vs|2k2(k−S)2]1/2, (VII.2)

with the perturbation Vs given by

|Vs|= |
vs

2(ρw−ρb)

ρ0πm
sin[

mπd1
d

]|. (VII.3)

Here, d1 is the thickness of a single QW, ρw and ρb are the respective mass densi-
ties in the quantum well and barrier layer, and ρ0 and vs the average superlattice
mass density and sound velocity, respectively. The position of the first (nonzero)
frequency at k = 0 (m = 2) is given by

f1 =
mπ

dw
vw

+ db
vb

, (VII.4)

with vw and vb the sound velocities in well and barrier, respectively.
The calculated dispersion is shown in Fig. VII.3 a) and b) for the 1.8-nm and

3.6-nm thick quantum well, respectively. The bandgap ∆ f1 at f1 is ∼ 3 GHz for
our quantum well samples (inset Fig. VII.3 a) ), too small to detect in ultrafast
experiments. For larger QW thickness dw and constant barrier thickness db, the
frequency f1 decreases (compare f1 positions in Fig. VII.3 a) and b) ).

For a finite number of quantum wells, the dispersion is not continuous, but
will have discrete vibrational modes at k = n/N(π/d), with N the number of
QWs (N = 10 for our samples), and n ranging from 1 to N. The finite size of the
superlattice causes a smearing of these discrete k-modes.

With ultrafast pump-probe spectroscopy it is possible to detect the coherent
superlattice vibrations. These vibrations modulate the strain-induced piezoelectric
field, and hence the absorption resonance position, through the quantum-confined
Franz-Keldysh (QCFK) effect [12].
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Figure VII.4: Strain propagation, and detection through Brillouin scattering
a) Upon optical excitation, strain is emitted in two directions (upper panel). One contri-
bution travels through the cap layer and reflects at the free surface. The reflected wave
travels again through the quantum well structure into the GaN buffer, and finally propa-
gates into the sapphire substrate (lower panel). The other contribution will travel directly
in the sapphire direction. b) Principle of Brillouin scattering. The probe beam scatters at
a travelling acoustic wave, which interferes with the reflection at the surface. Since the
distance between the acoustic wave and the surface changes as a function of propagation
time, this interference is observed as an oscillation in the reflected signal.

VII.3.3 Time-resolved Brillouin oscillations

The coherent oscillations of the finite MQW structure are transferred to the sur-
rounding GaN layers. A specific propagating phonon frequency can be observed
by time-resolved Brillouin scattering [18]. The principle of Brillouin scattering is
depicted in Fig. VII.4 b). An acoustic wave locally changes the refractive index
of the material, leading to probe light reflection. This reflected beam will interfere
with reflections off the surface, the quantum well structure, and the GaN/sapphire
interface. Whether this interference is constructive or destructive depends on the
position of the acoustic wave in the sample, and the wavelength of the probe light
in the material. Since the acoustic wave moves, it can be observed as an oscillation
in the reflection signal. Because this is an interference effect, an increase in reflec-
tion is accompanied by a decrease in transmission, vice versa. An alternative way
to explain this effect, is to say that the oscillatory sensitivity function mentioned
in Ch. III is not damped due to the penetration depth in a transparent material
(κ = 0). As a result, the integral Eq. (III.1) therefore shows oscillatory behavior,
ultimately limited by the coherence length of the reflecting pulses. Note that in
the present case of a buried strain generator, two separate acoustic wavefronts are
formed (sketched in Fig. VII.4 a) ), leading to multiple interferences.

Although the acoustic pulse contains a broad range of frequencies, only one
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QW thickness R T α
1.8 nm 0.29 0.55 0.16
2.7 nm 0.11 0.53 0.36
3.6 nm 0.15 0.44 0.41

Table VII.1: Reflection, transmission, and absorption for the used QW samples
Values were determined for 400 nm, and at low fluence.

frequency, the Brillouin frequency, is Bragg-scattered and detected [18]. This
frequency f0 is given for the case of perpendicular probing by

f0 =
2nvs

λ
, (VII.5)

where n is the refractive index of the material, vs the sound velocity, and λ the
probe wavelength. From Eq. (VII.5), Brillouin frequencies of 107 GHz in GaN
and 100 GHz in sapphire are calculated for a probe wavelength of 400 nm.

The amplitude of the Brillouin oscillation is determined by the intensity of
the relevant phonon frequency in the wave packet, and the elasto-optic coupling
parameter of the material. Since the spectrum of the generated pulse does not
depend strongly on pump fluence, we assume that the oscillation amplitude is
proportional to the generated strain.

Since interference between the reflection at the acoustic wave and static inter-
face reflections is to take place, spatiotemporal overlap of these probe reflections
is required. For long propagation times, this overlap decreases. The coherence
time tcoh (the time in which the overlap decreases with a factor of 1/e) is given
by tcoh = (cτ)/(2

√
ln2nvs), with τ the pulse FWHM in time. Assuming that the

FWHM of the 400-nm probe pulse is comparable to that of the original 800-nm
pulse (App. B), we estimate tcoh ∼ 1.5 ns. Decrease of pulse overlap can therefore
be neglected on timescales < 200 ps.

VII.4 Experiment

VII.4.1 Setup

For the pump-probe experiments on the GaN/InGaN quantum wells, we use the
reflection-transmission setup described in Ch. II. BBO crystals were inserted in
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the pump and probe beam for pumping and probing at 400 nm, i.e. above the op-
tical gap of the MQWs both in the screened and the unscreened case. Pump and
probe polarizations are set orthogonally, and polarization filters are used to pre-
vent pump light from entering the detectors. The probe fluence was kept below
0.1 mJ/cm2 and the pump was varied from 0.1 to 20 mJ/cm2. In these experi-
ments both the relative changes in reflection ∆R/R and transmission ∆T/T were
measured, as well as the absolute reflection coefficient R and transmission coef-
ficient T collected in Table VII.1. The absolute values allow for a calculation of
the relative changes in absorption ∆α/α (α = 1−R−T ):

∆α
α

=−
(

∆R
R
×R+

∆T
T
×T

)

1
α

. (VII.6)

We note that the reflection also contains some higher-order reflection contribu-
tions (at the GaN/sapphire interface and at the sapphire surface), which are further
neglected.

VII.4.2 Ultrafast absorption modulation

The measured transmission ∆T/T and reflection ∆R/R for the quantum well with
a thickness of 3.6 nm for different pump fluences are shown in Fig. VII.5 a)
and b), respectively. The background caused by a small fraction of pump light
entering the detectors is subtracted from the data and t = 0 is set at the position
of maximum signal. The inset of Fig. VII.5 b) is a detailed plot of the reflection
signal where Brillouin oscillations are clearly visible. The calculated absorption
∆α/α for this quantum well is shown in Fig. VII.5 c).

The fact that ∆T/T and ∆R/R increase and the absorption ∆α/α decreases,
is counterintuitive. One would expect as screening takes place that the absorption
increases and thus the reflection and transmission decrease, due to a better overlap
between the valence and conduction band states. However, since pumping and
probing occurs well above the QW bandgap, saturation is not due to piezoelectric
screening but to bleaching of the quantum wells by the pump. In case of high
pump fluences, a substantial amount of carriers is generated by the pump and
absorption starts to saturate due to depletion of the valence band. As a result, less
carriers are excited by the probe than in the case of low pump fluence, and probe
absorption decreases. Measurable saturation of the absorption sets in at pump
fluences around 2 mJ/cm2 (Fig. VII.9 b) ).
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Figure VII.5: Pump-probe response for 3.6-nm MQW
a) Time-dependent transmission changes of the 3.6-nm thick multiple quantum well for
different pump fluences (indicated in mJ/cm2 at the left axis). b) Time-dependent reflec-
tion changes of the 3.6-nm thick multiple quantum well for the same pump fluences as a).
Inset is a detailed plot, showing clear Brillouin oscillations. c) Time-dependent relative
absorption changes for the 3.6-nm thick multiple quantum well for the pump fluences in
a). Inset shows the maximum absolute change in absorption ∆α as a function of pump
fluence, for all three MQWs. d) Amplitude of the relative change in absorption at t = 0 as
a function of pump fluence. The thinnest quantum well, which has the lowest absorption
coefficient, has the strongest relative absorption change.
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After pump excitation at t = 0 the signal decays exponentially with a decay
time of ∼ 30 ps, by exciton recombination. This implies that screening has van-
ished and the internal strain is restored. The traces for the 1.8-nm and 2.7-nm
MQW samples are similar to that of the 3.6-nm MQW shown in Fig. VII.5 a) - c).

To compare the absorption of the three multiple quantum wells, the amplitude
of the peaks in reflection and transmission at t = 0 was determined as a function
of pump fluence for the three different multiple quantum wells. The absorption
∆α is presented in the inset of Fig. VII.5 c), and the normalized absorption ∆α/α
in Fig. VII.5 d). For all three samples, the absorbed energies (∝ ∆α) and thus the
numbers of carriers generated at a given fluence are about equal. This allows us
to compare the acoustic generation results for the different samples presented in
the following sections.

VII.4.3 Zone-folded acoustic phonons

During the first 30 ps, fast coherent vibrations of the superlattice are observed, see
Fig. VII.8 b). We take a moving average of the original trace over a time interval
∼ 1/ f1 with f1 as specified in Eq. (VII.4), and subtract it from the original data
to remove the slowly decaying background [19]. The results for the differential
reflection and transmission for the 1.8-nm MQW and a pump fluence of 25.6
mJ/cm2 are shown in Fig. VII.6. This figure shows a fast oscillation of about 1.2
ps period exhibiting a beating pattern. A decay time of ∼ 30 ps is observed for
these high-frequency components, demonstrating that these acoustic frequencies
are not captured in the MQW efficiently, as compared to what one finds for larger
numbers of MQW periods [6]. However, this time appears to exceed the travel
time of sound through the MQW of ∼ 13 ps by some amount.

The absorption modulation through the QCFK effect caused by the vibrating
superlattice is shown in Fig. VII.6 b). To analyze the measured fast oscillation,
the spectrum of the signal in Fig. VII.6 b) is calculated by Fourier analysis. The
result is shown in Fig. VII.7 a), left panel. Several peaks can be observed. These
correspond to the allowed discrete vibrational modes 0.1nπ/d (n = 0,1,2, . . .) of
the MQW, with the frequency of the highest (m = 2,n = 2) mode around 1000
GHz. The calculated values are indicated by squares in Fig. VII.7 a), right panel,
which shows the phonon dispersion relation of the 1.8-nm thick quantum well as
derived from Eqs. (VII.2) - (VII.3). The acoustic Q-factor of the superlattice is
very low, resulting in broad spectral modes. The k = 0 mode (at 890 GHz) has the
highest peak, due to the fact that ∆α is strongest in transmission.
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b)a)

Figure VII.6: Coherent superlattice vibrations
a) Background-subtracted reflection and transmission for short times for the 1.8-nm
MQW and a pump fluence of 25 mJ/cm2. b) Absorption modulation due to the coher-
ent vibrations of the superlattice, derived from a).

In order to compare the generated zone-folded acoustic phonon modes of the
three different multiple quantum wells, the (normalized) absorption spectra for
all quantum wells are shown in Fig. VII.7 b). The shift of the k = 0 oscillation
modes to lower frequencies for thicker quantum wells is evident. The higher-order
modes can as well be observed in the absorption spectra of the 2.7-nm and 3.6-nm
MQW samples, but less pronounced as for the 1.8-nm quantum well due to the
lower quality of the measurements. The k = 0 modes (indicated by arrows) for
the 2.7-nm and 3.6-nm samples are 10% lower than expected. We presume that
this is due to slightly different layer thicknesses than determined in the deposition
process.

VII.4.4 Brillouin oscillations

A Brillouin oscillation can be observed as the generated acoustic wave travels
through the GaN buffer and cap layer. This oscillation is extracted by the same
moving average technique as described before, now over a time interval ∼ 1/ f0.
The resulting Brillouin oscillations in reflection and transmission for the 3.6-nm
MQW and a pump fluence of 15 mJ/cm2 are shown in Fig. VII.8 a). The ratio
of the two amplitudes reflects the T/R ratio of 1 : 3 (Table VII.1). The reflection
and transmission have a 180◦ phase shift with respect to each other, because the
oscillation is an interference effect and not due to absorption ∆α , shown to be
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Figure VII.7: Vibrational spectrum of superlattice
a) Plot of the phonon spectrum of the 1.8-nm superlattice vibrations (left panel) obtained
by Fourier transformation of ∆α/α in Fig. VII.6 b), together with the calculated disper-
sion curve (right panel). In the right panel, squares indicate the discrete modes of the
superlattice, calculated by the formalism in Sec. VII.3. b) Phonon spectra of the absorp-
tion modulations for the 1.8-nm (thick line), 2.7-nm (medium thick line) and 3.6-nm (thin
line) multiple quantum well samples. Arrows indicate the k = 0 mode positions.
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Figure VII.8: Brillouin oscillations
a) Observed Brillouin oscillations in reflection and transmission for the 3.6-nm thick mul-
tiple quantum well and an excitation fluence of 15 mJ/cm2. Electronic background is sub-
tracted from the data. Between 140 and 180 ps, acoustic waves travel from the GaN buffer
layer into the sapphire substrate. Bottom line is absorption ∆α calculated from reflection
and transmission data, displaced by −10−3. b) Observed Brillouin oscillations for the
2.7-nm thick multiple quantum well at an excitation fluence of 10.5 mJ/cm2. Before 22
ps (left of dashed line) generated acoustic waves travel in opposite directions (Fig. VII.4
a), upper panel), after that time both travel in the same direction (Fig. VII.4 a), lower
panel).

approximately zero in Fig. VII.8 a).
In Fig. VII.8 a), three different regimes can be distinguished, related to the

acoustic wave propagation sketched in Fig. VII.4 a). Between 40 and 140 ps,
both acoustic contributions travel through GaN. Since the distance between both
waves is constant, the amplitude of the Brillouin oscillation remains constant dur-
ing travelling. Between 140 ps and 185 ps, the oscillation is decreasing. Here, the
first acoustic wave reaches the sapphire layer, while the other returning from the
cap layer still travels in the GaN. The amplitude decreases slowly because it takes
time for the two contributions (separated by twice the thickness of the cap layer,
∼ 360 nm) to fully enter the sapphire. The last regime shows a much smaller
oscillation, signifying that both acoustic contributions travel through sapphire, in
which the elasto-optic coupling is much smaller [13].

The large and fast decaying electronic background prevents visibility of the
Brillouin signals at short times, which are not shown in Fig. VII.8 a). The quan-
tum well with a thickness of 2.7 nm has a lower background in the reflection
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a) b)

Figure VII.9: Brillouin oscillation amplitudes
a) Amplitude of the Brillouin oscillations observed in the reflection signal as a function
of pump fluence, for the three multiple quantum wells. b) Measured Brillouin oscillation
amplitudes (points, Fig. VII.9 a) ) and maximum absorption (solid lines, Fig. VII.5 c),
inset), divided by fluence and normalized to 1. Normalization is performed on the points
at lowest fluence.

signal. Fig. VII.8 b) shows a typical Brillouin oscillation for this sample. About
20 ps after arrival of the pump pulse, the amplitude of the Brillouin oscillation
changes. This 20 ps corresponds to the travel time (180×10−9 m/7.8×103 m/s)
of one of the acoustic contributions to the surface. Actually, reflection occurs
between 15 and 30 ps because of the ∼ 100-nm length of the acoustic wave.

The Brillouin oscillations are fit with a sinusoidal function. From these fits,
we calculate an average Brillouin frequency of 103.3± 0.2 GHz in GaN. This is
slightly lower than the calculated 107 GHz, and is probably related to a lower
sound velocity than expected. The oscillation amplitudes found in the reflection
signal as a function of pump fluence for the three MQWs are plotted in Fig. VII.9
a). Here, we corrected for the reflection coefficient R, to obtain the absolute re-
flection change ∆R. The amplitudes scale with the well thickness, which is in
accordance with the spectral amplitudes calculated by Fourier transformation of
the generation profile. The ratio of maximum amplitude of the Brillouin oscilla-
tions between the different quantum wells is about 1:2:3, while the ratio of the
quantum well thicknesses is 2:3:4. This can be traced back to the fact that it is
not the thickness of the quantum well that determines the amplitude of the strain
component at the Brillouin frequency, but rather the spatial separation between
electrons and holes. Since the electron and hole wavefunctions are reduced at the
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edge of the quantum well [4], this separation distance is ∼ 1 nm less than the
quantum well thickness, yielding the correct ratio.

Fig. VII.9 b) shows both the Brillouin oscillation amplitude and the deter-
mined absorption ∆α (inset Fig. VII.5 c) ) for the three samples, divided by the
pump fluence and normalized to 1. The strain generation already starts to saturate
at pump fluences around 0.6 mJ/cm2, comparable to what was derived from calcu-
lations and luminescence measurements on these quantum wells [3]. This fluence
is lower than the ∼ 2 mJ/cm2 at which the absorption decrease starts to saturate
for all quantum wells, indicating that after full screening of the internal field,
absorption still takes place. The observation that for thinner MQWs the strain
generation saturates at lower fluences [4], cannot be resolved from this series of
measurements.

VII.5 Conclusions

In conclusion, we have presented time-resolved pump-probe spectroscopy mea-
surements on InGaN/GaN multiple quantum wells (MQWs) with various quan-
tum well thicknesses. Upon pumping, a strong decrease in probe absorption is
observed, related to bleaching effects. The observation of the MQW vibrational
eigenmodes demonstrates the generation of a broad range of zone-folded acoustic
phonon modes in the 0.6 - 1.0 THz range by pump excitation. The oscillation
frequency increases with decreasing well width, consistent with calculated dis-
persion relations.

The acoustic generation by dynamical screening of the built-in piezoelectric
field is demonstrated by monitoring the Brillouin frequency as the emitted strain
travels through the surrounding material. The amplitude of the generated strain
roughly scales with the thickness of the quantum well. Saturation of the oscillation
amplitude takes place as the built-in piezoelectric field is completely screened, at
much lower fluences than the saturation of pump light absorption. The saturation
fluences for strain generation are in accordance with the ones found in electro-
magnetic THz emission experiments performed on the same samples.
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Chapter VIII

Coherent strain generation by optically induced
ultrafast phase transitions in YVO3

Abstract

We study the generation and propagation of acoustic pulses along the a-, b- and c-axes of
the semi-transparent material yttrium vanadate (YVO3) near the generation surface by ul-
trafast pump-probe techniques, at room temperature and below. To this end, time-resolved
Brillouin scattering was measured by a Sagnac interferometer. For propagation along the
YVO3 b-axis, no oscillations could be observed. Along the a-axis, strong oscillations
are measured. These can be described by two Brillouin frequencies of ∼ 42 GHz, yield-
ing a measure for the birefringence of the material along the two in-plane b- and c-axis
directions. The amplitude and phase of the Brillouin oscillations show no significant tem-
perature or pump fluence dependences. The strain generation can therefore be attributed
to ordinary thermoelastic effects, consistent with slow orbital reordering. The same is
true for the c-axis, above the spin ordering phase transition at TS = 77 K, which exhibits
a strong and sudden volume change. When cooling the crystal below this temperature,
we find strong evidence in both the measured Brillouin oscillation amplitude and phase
for coherent strain generation through a solid-solid phase transition on the Brillouin pe-
riod timescale (∼ 24 ps) in the YVO3 surface region. This suggests that when passing TS

orbital reordering occurs at different timescales in the a and c axial directions.

VIII.1 Introduction

In the previous chapter, the concept of time-resolved Brillouin scattering was in-
troduced. Here, the interaction between probe light and specific coherent acous-
tic phonon modes in (semi-)transparent materials gives rise to a sensitivity for a
single phonon frequency component, typically in the 10 - 100 GHz range. The
change in reflection intensity as a function of propagation time arises from con-
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structive or destructive interference of waves scattered off the travelling coherent
wave and the sample surface reflection. This situation is sketched in Fig. VII.5
b) and Fig. VIII.1. In the frequency domain, Brillouin scattering has been used
to detect the population dynamics of selected frequency modes, thereby proving
nonlinear acoustic propagation and soliton formation [1, 2]. In the time domain,
this technique has for example been applied to measure acoustic attenuation [3],
and transparent material growth rates [4].

In this chapter, we use this simple yet powerful technique to study yttrium
vanadate (YVO3) [5, 6, 7, 8, 9]. This material is a perovskite, showing several
electronic phase transitions below room temperature, some of which lead to a
significant change in lattice constant [10]. In other materials, ultrafast phase tran-
sitions induced by optical pumping have been shown to lead to coherent strain
emission [11, 12, 13]. The purpose of this chapter is to demonstrate strain gener-
ation by inducing phase transitions in YVO3. By looking at acoustic rather than
electronic effects, information is obtained complementary to the phase transition
dynamics previously investigated by the electronic response [14].

We first look at the properties of the material relevant to acoustic effects, and
the sample specifics. We then turn to the main topic of this chapter, the detection
of propagating acoustic waves along the three crystal axes of YVO3 as a function
of temperature and pump fluence, by monitoring the development of the Brillouin
component. The measured data will be discussed in a qualitative manner.

VIII.2 YVO3 and phase transitions

Yttrium vanadate belongs to the group of transition metal perovskite oxides. From
a fundamental point of view, these materials show exceptional electronic and mag-
netic properties [5, 8, 9]. Of particular interest to this research, is that magnetic
and electronic reconfigurations at specific temperatures have significant conse-
quences for the crystal structure, affecting for example the frequency of TO pho-
non modes [6].

In YVO3 one passes three phase transitions, cooling from room temperature to
liquid helium temperatures. At TOO = 196 K, an orbital ordering occurs, and the
material undergoes a structural phase transition into a Jahn-Teller ordered state.
At TN = 116 K, the V3+ magnetic moments order, and there is a transition from the
paramagnetic to the antiferromagnetic state. Finally, due to a symmetry change
(reordering) in the electronic d-band, a first order structural phase transition oc-
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Figure VIII.1: Strain generation mechanisms in YVO3
a) Sketch of thermoelastic strain generation in YVO3 along the c-axis, above the strong
structural phase transition at TS = 77 K. The pump pulse (upper panel) deposits energy
within the penetration depth ζ , and creates a near-exponential temperature profile δT (z).
The generated travelling strain shown in the bottom panel reflects the exponential profile,
in the case that electron diffusion can be neglected, and the thermal expansion coefficient
β is weakly temperature dependent. The strain is detected through interference of the
two optical probe pulse reflections (solid and dashed arrows). b) Strain generation caused
by the phase transition at TS, when the sample equilibrium temperature is below TS. The
pump pulse heats the sample surface region, and when the threshold energy for reaching
TS is surpassed, up to a certain depth the phase transition will occur (black region indicated
by PT), leading to a large and sudden strain contribution (lower panel). The generated
strain differs from the thermally generated strain in a) in several ways. Its amplitude
does not depend on pump fluence; its width (and therefore its acoustic spectrum) does.
Moreover, the phase of the wave is reversed with respect to that of the thermoelastic strain.

curs at TS = 77 K. The latter is the most dramatic when looking at lattice effects,
and is accompanied by a sudden volume change (of the order of 0.2%) [10]. The
lattice constants predominantly change in the b- and c-axis directions, in a com-
plementary fashion. Recent results suggest that the phase transition at TS (unlike
that at TN) occurs at very long timescales [14]. This is explained by the fact that
the transition is accompanied by a loss of symmetry.

Ref. [10] summarizes the consequences for the temperature dependence of
the lattice thermal expansion coefficient β (T ) along the different crystallographic
axes. For the a-axis, the effects at TS are relatively small compared to the other
axes. Furthermore, β (T ) does not change significantly for TS < T < 300 K. For
the c-axis, β (T ) is near 0 below TS. At TS, the impulsive expansion is negative
(i.e. contraction), at a value of −2.2×10−3. Between TS and TOO, β (T ) is again
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positive, and increases gradually to 6×10−5 K−1 at TOO. Above TOO, the expan-
sion coefficient stabilizes at around 2× 10−5 K−1. For the b-axis, the behavior
is qualitatively opposite to what is found for the c-axis. We can thus make some
important a priori observations:

(i) The structural changes connected to the phase transition at TS are strongly
axis-dependent;

(ii) Because of the sign difference between thermal and phase transition strain
contributions along all three crystal axes, the generated strains may have a
polarity reversal;

(iii) In order to reach the strain amplitudes corresponding to the phase transition
at TS (0.2%) by thermoelastic processes, a temperature difference of sev-
eral hundreds of Kelvin is required, requiring in general much larger pump
fluences;

(iv) The generated coherent phonon spectrum due to the phase transition at TS

depends strongly on pump fluence, because the volume in which the phase
transition occurs, increases with pump fluence.

The salient differences between thermoelastic strain generation (Ch. III) and
strain generation through the sharp phase transition at TS by means of ultrashort
pulse excitation are sketched in Fig. VIII.1.

VIII.3 Experimental details

The transient reflection measurements (both amplitude and phase) presented in
this chapter were performed with the interferometric setup outlined in Ch. III, i.e.
pump wavelength at 400 nm and probe at 800 nm.

VIII.3.1 Samples

The YVO3 sample growth procedure and structural information are supplied in
Refs. [5, 6]. After preparation, the samples were polished by hand to optical
quality. The experiments were performed on three samples, respectively with the
a-, b-, and c-axis in the propagation direction (i.e. perpendicular to the sample
surface). The orientation of the remaining two crystal axes in the surface plane is
shown in the insets of Figs. VIII.2 a), VIII.3 a), and VIII.6 a).
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VIII.3.2 Optical properties

The optical constants ε = ε1 + iε2 were extracted from ellipsometry measurements
presented in Ref. [6], where for now the differences between the different axes
as well as temperature dependences (in the percentage range) are ignored. The
values are used to recalculate the optical constants via the definition ε = (n +

iκ)2. For the probe wavelength of 800 nm, we arrive at n = 2.22 and κ = 0.018,
leading to a 1/e intensity penetration depth ζprobe of λ/(4πκ) = 3.54 µm. For
the pump wavelength of 400 nm, we calculate n = 2.23 and κ = 0.296, leading to
a penetration depth ζpump of 108 nm. The optical reflection coefficients Rpump and
Rprobe for 400 nm and 800 nm are calculated to be 0.152 and 0.143, respectively.

VIII.3.3 Brillouin scattering

The basic principle of Brillouin scattering was already discussed in Ch. VII.
Given the speed of sound vs for YVO3 of around 7.6× 103 m/s, n ∼ 2.22, and
using Eq. (VII.5), a Brillouin frequency f0 of 42 GHz is estimated. The observed
decay of the oscillation amplitude may be a measure for the acoustic attenuation
at this frequency [3]. An important experimental limitation here is the finite pulse
length. For a Fourier-limited probe pulse, the distance over which one can follow
the acoustic wave in the material lcoh (i.e. the distance over which the signal will
have dropped to a factor of 1/e due to loss of temporal overlap of the two reflec-
tions, shown in Fig. VIII.1) is equal to lcoh = (cτ)/(2

√
ln2n), with c the speed of

light and τ the pulse FWHM [3]. For a τ = 110 fs pulse, as for this experiment
(App. B), the typical length lcoh is 8.9 µm. This corresponds to a decay time of
τcoh = lcoh/vs = 1.2 ns. The measurements typically extend to up to 1 ns, which
means that this source of oscillation amplitude decay cannot be neglected. In the
specific case of YVO3, the limited transparency of the material is the limiting
factor. The field penetration depth for the probe is twice the intensity penetration
depth ζprobe of 3.54 µm, leading to a decay time for visibility of the acoustic wave
τpen = 2ζprobe/vs = 960 ps.

VIII.4 Results

Experiments were performed at T0 = 295 K (room temperature), ∼ 200 K, ∼ 100
K, and 30 K; the latter three with the sample in a continuous flow cryostat. The
pump fluences ranged from 0.1 mJ/cm2 to 15 mJ/cm2. Below TS, the maximum
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pump fluence was kept much lower, to reduce the risk of damaging the material.
At liquid helium temperatures, the heat capacity of the material is very low.

Since there is also absorption at 800 nm, the probe intensity was minimized. Es-
timating the probe focus waist to 10 µm, and keeping the probe energy per pulse
at the sample below 0.5 nJ, the temperature rise was < 10 K in all cases.

VIII.4.1 Experiments along b-axis

An overview of the amplitude measurement results for propagation along the b-
axis at various temperatures is shown in Fig. VIII.2. There is no sign of Brillouin
oscillations. Since these were found for the other axes under the same conditions,
and one would in all cases expect thermoelastic strain generation, we conclude
that elasto-optic coupling along this axis is negligible.

The decay of the slowly varying background can be fit with three exponen-
tials, with characteristic times τ1, τ2 and τ3. The traces for the a- and c-axes were
also analyzed in this way. The data show no significant temperature or axial de-
pendence. Therefore the results are averaged over all axes and temperatures and
collected in Table VIII.1. This three-component decay points to a fast thermaliza-
tion of the electron gas (τ1), energy transfer to the lattice and local equilibration
(τ2), and a slow decay due to heat diffusion out of the excited zone into the bulk
of the material (τ3). Comparing to the results of Ref. [14], good agreement for τ1
and τ2 is found. The long ∼ ns decay time τ3 is absent in the referred measure-
ments, since ζpumpÀ ζprobe in that case, and there is no significant heat diffusion
out of the probed region at the picosecond timescale.

The maximum signal amplitude (inset Fig. VIII.2 d) ) shows no strong tem-
perature dependence. There is a ∼ 55% increase in signal when cooling from
room temperature to lower temperatures, an effect which is also encountered when
looking at the Brillouin oscillation amplitudes for other axes.

We have also performed phase measurements (not shown), which would in
principle allow observation of propagating strain by surface displacement (Ch. II).
Like for phase measurements on the c-axis propagation (not presented) however,
electronic effects cannot be distinguished from surface displacement, since both
occur at relatively long timescales.
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Figure VIII.2: Pump-probe amplitude results for b-axis of YVO3
Selected pump-probe amplitude results ρ(t) for acoustic wave propagation in the b-axis
direction (inset of a) shows sample orientation), obtained at a) 295 K, b) 200 K, c) 100
K and d) 30 K. Dashed lines indicate three-component exponential decay, with a small
offset with respect to the measured trace. In all cases, there is no sign of acoustic wave
propagation (Brillouin oscillation). Inset of d) shows the maximum signal change, as a
function of fluence and for all temperatures. A 55% signal amplitude increase is found
when lowering the temperature from 295 K to 200 K; below that, hardly any change is
visible.

Decay time τ1 (ps) τ2 (ps) τ3 (ps)
Value (ps) 4.6 ± 3.1 34.6 ± 4.6 2380 ± 150

Table VIII.1: Extracted signal decay times from a-, b- and c-axis measurements
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VIII.4.2 Experiments along a-axis

The experiments for propagation in the a-axis direction for both amplitude ρ and
phase δϕ are shown in Figs. VIII.3 and VIII.4, respectively. First of all, we point
to the qualitative differences in background behavior between the 30-K data (Figs.
VIII.3 d) and VIII.4 e) ) and the data for higher temperatures. There is a strong
increase in background level over a time interval of several hundreds of picosec-
onds, for fluences of ∼ 1 mJ/cm2 and above (getting shorter for higher fluences),
saturating at around 4 mJ/cm2. This is a consequence of the phase transition in
the surface region [14]. For higher fluences the phase transition penetrates deeper
into the surface layer than the optical probe penetration depth ζprobe, and satura-
tion sets in. The measured settling times of several hundreds of picoseconds are
then determined by the time it takes to establish the phase-transformed state. The
inset of Fig. VIII.4 e) shows that at high fluences, the background behavior is
dominated by ordinary heating of the material also present at high temperatures.

The Brillouin oscillation is clearly visible in both cases, implying that the
elasto-optic effect is significantly larger than for the b-axis. At low temperatures,
beating effects are observed. For example, the data for 100 K, depicted in Fig.
VIII.3 c) and Fig. VIII.4 c), show a near-perfect destructive interference around
600 ps. We can explain this effect by the birefringence of the material. Literature
data shows, that the index of refraction n can differ by several percent for different
crystal axes [6]; the same applies to the elasto-optic coupling. Since probing at
the sample occurs with circular polarization in our interferometer (Ch. II), the
anisotropy in the b- and c-axis will give rise to a mixing of the effects in these
directions in the detection. The inset of Fig. VIII.4 c) shows the Fourier transform
of the measured signal in Fig. VIII.4 d), and demonstrates the presence of exactly
two frequencies, separated by ∼ 1 GHz.

To analyze the Brillouin oscillations, the slowly varying background was sub-
tracted by a moving average over the data, as in Ch. VII. Knowing that the
anisotropy can influence both the oscillation amplitude as well as the frequency,
the obtained traces were fit by two cosines with different amplitude and frequency
but the same damping and initial phase:

a(t) = [a1 cos(2π f1t−φ0)+a2 cos(2π f2t−φ0)]

×exp
( −t

τdec

)

× exp
(−t2

τ2
coh

)

. (VIII.1)
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Figure VIII.3: Pump-probe amplitude results for a-axis of YVO3
Selected pump-probe amplitude results ρ(t) for acoustic wave propagation in the a-axis
direction (inset of a) specifies the sample orientation), obtained at a) 295 K, b) 200 K,
c) 100 K and d) 30 K. In a) and b) measured signals have a slight (negative) offset for
reasons of presentation. Lowest temperature shows qualitatively different features.

The amplitudes a1 and a2, the frequencies f1 and f2, the phase offset φ0, and
an exponential decay time τdec (an effective time due to the finite penetration
depth and possible acoustic damping) are the free fit parameters. The value of
τcoh was fixed to the 1.2 ns established from pulse length measurements. From
measurements where the birefringence is large (e.g. at a temperature of 100 K),
it was possible to reliably determine the value of τdec, and it was found to be
960± 24 ps, exactly equal to τpen = 960 ps. We conclude that no detectable
acoustic damping is present at this temperature. Test fit routines did not show
any pronounced acoustic attenuation at higher temperatures either. Thus we set
τdec = τpen = 960 ps for all other traces. The background corrected traces and the
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Figure VIII.4: Pump-probe phase results for a-axis of YVO3
a) Phase signals δϕ(t) for 295 K and indicated pump fluences. b) Background corrected
signal for a fluence of 10.0 mJ/cm2 at room temperature, showing only the Brillouin
component (lower trace). Upper trace is a fit to the data, according to Eq. (VIII.1). c)
Phase signals obtained for a temperature of 100 K. Inset shows the Fourier transform of
the measured signal in d), and the two beating frequencies. d) Background subtracted
signal (lower trace), and fit (upper trace), for 7.22 mJ/cm2 at 100 K. e) Phase signals
measured at 30 K. Inset shows high fluence data. f) Background subtracted signal (lower
trace) and fit (upper trace) for 8.42 mJ/cm2 at 30 K.
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Temp. f1 (GHz) f2 (GHz) φ0 (rad) a1/a2
295 K ρ 42.17 ± 0.01 41.61 ± 0.01 2.94 ± 0.01 1.51 ± 0.09

δϕ 42.17 ± 0.01 41.58 ± 0.01 1.12 ± 0.01 1.57 ± 0.07
200 K ρ 42.13 ± 0.01 41.73 ± 0.02 2.99 ± 0.02 1.53 ± 0.09

δϕ 42.12 ± 0.02 41.72 ± 0.03 1.56 ± 0.05 1.42 ± 0.39
100 K ρ 42.61 ± 0.01 41.77 ± 0.01 3.16 ± 0.02 0.71 ± 0.02

δϕ 42.58 ± 0.01 41.78 ± 0.01 1.73 ± 0.02 0.70 ± 0.01
30 K ρ 42.46 ± 0.01 41.31 ± 0.01 3.27 ± 0.02 2.72 ± 0.18

δϕ 42.46 ± 0.01 41.35 ± 0.02 1.76 ± 0.04 2.81 ± 0.16

Table VIII.2: Brillouin fit information for the a-axis, extracted from amplitude and
phase measurements
Values are derived from a fit to the measured data according to Eq. (VIII.1). Here, f1 is
always taken to be the largest of the two frequencies. Data per temperature are averaged
over typically 4 - 8 different fluences. No fluence dependence was established.

fit results for three δϕ-traces at different temperatures are shown in Figs. VIII.4
b), d) and f). These figures show the excellent correspondence of the data to this
model.

The results, including the ratio of the amplitudes a1 and a2, averaged over
around eight curves per temperature, are collected in Table VIII.2. A difference
of π/2 between the values of φ0 for the ρ and δϕ measurements is observed, as
expected. The frequencies f1 and f2 are found to be around 42 GHz at all temper-
atures, in accordance with our estimates. The variation in frequency ranges from
0.4 GHz to 1.1 GHz. The ratio a1/a2 at 100 K compared to 200 K and 295 K sug-
gests that the birefringence has changed sign, while the value at 30 K shows that
the elasto-optical sensitivity in the b- and c-axis direction have strongly changed.
The large temperature steps in our measurements prevent a determination of the
relation between the birefringence and the electronic structure as a function of
temperature. Additional measurements at intermediate temperatures would yield
valuable results complementary to the measurements of the dielectric function
collected in Ref. [6].

In Fig. VIII.5 the value of a1 + a2, which we take to be a fair measure for
the strain amplitude, is plotted as a function of fluence and temperature. The total
amplitudes for ρ (Fig. VIII.5 a) ) and δϕ (Fig. VIII.5 b) ) are comparable. In fact,
the two measurement types form different ways of looking at the same signal. The
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b)a)

Figure VIII.5: Brillouin oscillation amplitudes extracted from amplitude and phase
measurements
a) Amplitude a1 + a2 of the Brillouin oscillation, derived from ρ measurements, as a
function of pump fluence, for the indicated temperatures. b) Like a), but now derived from
δϕ measurements. The amplitudes in b) are slightly lower due to the limited contrast
of the interferometric setup. When going from room temperature to 200 K and lower,
a multiplication factor of ∼ 4 can be seen in the Brillouin oscillation amplitude. No
differences are observed between results above and below TS.

values for δϕ are on average slightly lower because the interferometric contrast
is less than 100%. From these measurements, the contrast is estimated at 88%, in
good agreement with the results found in Chs. II - V.

The amplitudes at room temperature are almost a factor of four lower than
at 200 K and lower temperatures, similar to what was found for the b-axis (Fig.
VIII.2). Knowing that strain generation is not much different for 30, 100 and 200
K, this suggests that at low temperatures the sensitivity for thermal and acoustic
effects is larger. Since probing occurs near the optical band gap [6], temperature-
induced shifting of the band position may be the cause. Like for the b-axis, further
cooling does not yield any significant changes in sensitivity.

From these data we can conclude that there is no significant contribution to
coherent strain generation arising from the phase transition at TS observed in the
Brillouin data for the a-axis. This is remarkable because the measured static ex-
pansion along this axis predicts a significant contribution, be it smaller than that
along the b- and c-axes [10]. From recent measurements, reproduced in Fig.
VIII.3 d), it was concluded that the phase transition along this axis occurs very
slowly, on the order of the background variation times shown in Fig. VIII.3 d)
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Figure VIII.6: Pump-probe amplitude results for c-axis of YVO3
Selected pump-probe amplitude results ρ(t) for acoustic wave propagation in the c-axis
direction (crystal orientation is depicted in the inset of a) ), obtained at a) 295 K, b) 210 K,
c) 90 K and d) 30 K. The inset of d) shows part of the measurements obtained at 90 K and
a fluence of 12.0 mJ/cm2, and at 30 K and a fluence of 3.27 mJ/cm2, illustrating that both
the oscillation amplitude and phase are significantly different for the two temperatures.

[14]. Since the corresponding generated acoustic frequencies are extremely low
(∼ 5 GHz, much lower than f0), it is indeed reasonable to expect no contribution
at the Brillouin frequency.

VIII.4.3 Experiments along c-axis

In Fig. VIII.6, the amplitude (ρ) data obtained for the c-axis for four different
temperatures are presented. Clear oscillations are again visible, though the am-
plitudes are significantly lower than those for the a-axis. The slow (∼ 400 ps)
shift of the background at the lowest temperature in the a-axis results is absent
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Temp. f1 (GHz) f2 (GHz) φ0 (rad) a1/a2
295 K ρ 41.55 ± 0.06 40.55 ± 0.06 1.50 ± 0.06 1.20 ± 0.66
210 K ρ 40.76 ± 0.03 40.76 ± 0.03 0.39 ± 0.07 -
90 K ρ 41.18 ± 0.13 39.96 ± 0.21 0.72 ± 0.13 1.54 ± 0.12
30 K ρ 42.45 ± 0.22 41.19 ± 0.07 3.04 ± 0.06 0.57 ± 0.27

Table VIII.3: Brillouin fit information for the c-axis, extracted from amplitude mea-
surements
Values are derived from a fit to the measured data according to Eq. (VIII.1). Data per
temperature are an average result of 4 - 8 fluences. f1 is always the largest of the two
frequencies. For a temperature of 210 K, no beating is detected, and the trace could well
be fitted with a single frequency. Therefore, no value for the ratio could be established.

here. Assuming that this background behavior is connected to the phase transition
dynamics, this implies that the phase transition in the c-axis direction occurs at a
different timescale than in the a-axis direction.

The model of Eq. (VIII.1) was used to analyze the Brillouin oscillations. The
results are collected in Table VIII.3. For the frequency, slightly lower values are
found than for the a-axis, which is related to a different refractive index and sound
velocity along this axis. A distinct and striking feature appears in the phase φ0 of
the acoustic oscillation shown in Fig. VIII.7 a) when passing temperature TS. For
the temperatures of 90 K, 210 K and 295 K, an average value for φ0 of around 0.8
radians (−0.4 rad < φ0 < 1.5 rad) is found. φ0, however, makes a sudden jump to
a value of 3.04 radians at 30 K. The effect is shown to better advantage in the inset
of Fig. VIII.6 d), where the first tens of picoseconds are shown of traces obtained
at 90 K and 30 K. Since the data for the a-axis does not support the unlikely event
of a sign change of the elasto-optic constants, the phase jump demonstrates the
sign flip of the acoustic wave. This is expected for an impulsive contribution at TS

along this axis (Sec. VIII.2).
Due to the limited amount of data and small signals, it is not possible to draw

conclusions on the results for the ratio a1/a2. However, additional evidence for
coherent strain generation through a phase transition follows from the sum of
amplitudes a1 + a2, plotted in Fig. VIII.6 f). The amplitudes of the Brillouin
component at 41 GHz have significantly increased for 90 K compared to higher
temperatures. This can be explained by the strong increase of the thermal expan-
sion coefficient between 100 K and 200 K along this axis [10]. More importantly,
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b)a)

Figure VIII.7: Brillouin oscillation phase and amplitude for c-axis of YVO3
a) Extracted values for the Brillouin oscillation phase offset φ0 as a function of fluence
and temperature. There is a clear discontinuity when going from 90 K (above TS) to
30 K (below TS). b) Amplitude of the Brillouin oscillations a1 + a2 as a function of
fluence, for the indicated temperatures. There is a sharp increase in oscillation amplitude
for the lowest temperatures. The increase for the 90-K case is ascribed to the higher
thermal expansion coefficient β between 77 K and 200 K. The additional increase when
decreasing temperature to 30 K cannot be connected to the same fact, since β is very
small in the temperature range 30 - 70 K.

the amplitude of the Brillouin oscillation increases by about a factor of four for
30 K, relative to high temperature values. For an elasto-optic constant along the
c-axis independent of temperature below 200 K (as seems to be the case for the a-
and b-axis), this implies that not only the phase of the strain, but also its amplitude
has significantly changed.

VIII.5 Discussion

The data in the a- and c-axis directions show different behavior, both when look-
ing at the electronic and at the acoustic response. All of the observations made
here point to the fact that there is an impulsive contribution due to the phase tran-
sition at TS for the c-axis at the Brillouin frequency. This fact also signifies that
there is strain release at a timescale ∼ 1/ f0 ∼ 24 ps, much faster than what was
found for the a-axis.

It is still unclear whether the transition effect is due to a full or just a partial
reordering, and what the required time to reach the transformed state is exactly. In



150 Chapter VIII Coherent strain generation by phase transitions in YVO3

order to analyze this problem more quantitatively, a model along the lines of Ch.
III is required. A complicating fact is that not all material parameters are known.
Furthermore, the spectral intensity at f0 can depend strongly on the input param-
eters. An experimental improvement would be to develop an geometry where
one looks at the temporal strain profile, rather than at a single frequency com-
ponent. In the analysis, symmetry considerations are not yet taken into account.
If an intermediate state exists where reordering in the c-axis direction increases
the symmetry of the electron system, this could explain the strong difference in
response along the two studied crystal directions.

Additional support for the occurrence of a phase transition would be the pres-
ence of a threshold in the fluence dependence. The threshold power can be esti-
mated as

∫ TS

T0
Ci(T )dT =

Ithr(1−Rpump)

ζpump
, (VIII.2)

with Ci(T ) the lattice heat capacity [5, 7]. Due to strong absorption at 400 nm
and a low heat capacity in this temperature range, a threshold pump energy Ithr of
only 0.3 mJ/cm2 is required to bridge the temperature difference between T0 = 30
K and TS. This value lies too close to zero to establish threshold behavior. Larger
pump wavelengths increase Ithr and would allow for a test on threshold behavior.

VIII.6 Conclusions

A large set of interferometric pump-probe measurements on YVO3 was analyzed
as a function of pump fluence and sample temperatures, for three different crys-
tal orientations. The thermal background signal shows a three-component decay,
where the ∼ 35-ps decay time is identified as the transfer time of heat from the
electron gas to the lattice.

Along the b-axis, no sign of acoustic propagation was found, indicating a
minute elasto-optic coupling. Along the a-axis, strong Brillouin oscillations are
observed, indicative of a substantial elasto-optic coupling and acoustic wave prop-
agation. The oscillations show a beating pattern due to anisotropy of both the
refractive index and the elasto-optic constants for the two probe polarization com-
ponents. The former gives rise to two slightly different beating frequencies and
an accurate determination of the birefringence, the latter to different amplitudes
of these beating frequencies. The a-axis results can be accounted for by ordi-
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nary thermoelastic strain generation, and show no sign of a contribution due to
lattice deformation by the orbital ordering phase transition at TS = 77 K. This is
consistent with experiments interpreting the electronic response, and proves that
the phase transition occurs at much longer timescales than the Brillouin period
1/ f0 ∼ 24 ps.

Along the c-axis, the Brillouin oscillation features depend strongly on temper-
ature. The oscillation amplitudes at 90 K strongly increase with respect to higher
temperatures, confirming the strong increase of the thermal expansion coefficient
between TS and TOO. At a sample temperature below TS, the oscillation amplitudes
increase by an additional factor of four at low fluences. Moreover, the oscillation
phase is opposite to the one above TS. These facts form conclusive evidence of
coherent strain generation through the solid-solid phase transition on a timescale
≤ 1/ f0. The release of strain occurs first along the c-axis, followed by the release
in the a-axis direction on a much longer (∼ 100 ps) timescale.
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Chapter IX

Ultrafast carrier dynamics in ZnO nanowires

Abstract

This final chapter focuses on the ultrafast optical properties of disordered arrays of ZnO
nanowires, grown on sapphire substrates. The nanowire samples were pumped uniformly
by 800-nm pulses with fluences I0 ranging up to 200 mJ/cm2. Both time-integrated lumi-
nescence and time-resolved transmission of a 400-nm probe were detected. The integrated
luminescence increases faster than I0

3 (i.e. proportional to the carrier density), showing
that nonradiative decay gains importance for higher fluences. This superlinear increase
with carrier density saturates at the highest pump fluences. The transmission at 400 nm in-
creases strongly directly after arrival of the pump, and rapidly decays with a time constant
dependent on fluence, as short as ∼ 9 ps at the highest fluence. We explain our results
by direct carrier recombination, stimulated emission, and saturation effects. Calculations
based on rate equations for carrier and photon densities show good agreement with the
measured data.

The results in this chapter were obtained in close collaboration with drs. M.A.M.
Versteegh.

IX.1 Introduction

Over the last decade, the use of complex nanostructures as building blocks in
electronic and optical circuits has been made possible by advanced growth tech-
niques. Epitaxially grown semiconductor nanowires [1] already find application
as polarization-dependent photodetectors [2], light emitting diodes [3], solar cells
[4], lasers [5, 6], and subwavelength waveguides [7]. These nanowires typically
have lengths ranging from a few up to hundreds of micron and diameters ranging
from one up to hundreds of nm [8]. Because of the wide bandgap of zinc oxide
(ZnO) of 3.37 eV at room temperature, it is an important material for optical ap-
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plications in the UV. Of both fundamental and practical interest are recent claims
of polariton lasing in nanowires [5, 9].

The lasing behavior is connected to carrier dynamics on a picosecond timescale
[10, 11]. In this chapter, we explore the carrier dynamics in ZnO nanowires in
the degenerate electron-hole plasma (EHP) regime by applying our femtosecond
pump-probe techniques to in-house grown disordered ZnO nanowire arrays on
sapphire. After briefly describing the sample details and the generated carrier
densities, luminescence and ultrafast pump-probe transmission experiments are
presented. These will be analyzed by a general laser model for semiconductors
[10, 12]. Finally, we will discuss some future directions of research on these
fascinating structures.

IX.2 ZnO nanowires

This section summarizes the ZnO nanowire growth method and shapes as exten-
sively studied in our Institute [9, 13, 14, 15]. The relevant electronic properties as
well as the discussed effects are accurately described in Ref. [12].

IX.2.1 ZnO nanowire structure

The ZnO nanowires were grown in the Debye Institute by H.-Y. Li MSc in the
group of Prof. Dr. D. Vanmaekelbergh. The nanowires are grown epitaxially by
a vapor-solid mechanism on a sapphire substrate of thickness dsample = 214 µm.
Here, sputter-deposited gold nanodroplets act as catalyzer [14]. With this tech-
nique, a high density of wires is obtained. Fig. IX.1 shows images taken with
a scanning electron microscope (SEM) of a typical sample. The wire length is
uniform over a large fraction of the sample. For our sample, the wires have an
average diameter∼ 100 nm and length∼ 10 µm. The crystalline (0001) direction
(c-axis) is oriented along the long axis of the wires. The a-axis of the sapphire
substrate is oriented perpendicularly to the plane to achieve a minute lattice mis-
match at the ZnO/sapphire interface. The nanowire diameter varies between 50
and 400 nm over the sample surface (Figs. IX.1 c), d) ) because of the yet uncon-
trolled Au droplet size. The wires have facets due to the wurtzite crystal structure,
clearly shown in Fig. IX.1 f).
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a) b)

c) d)

f)e)

Figure IX.1: SEM images of epitaxially grown ZnO nanowires on a sapphire sub-
strate
a) Overview of the sample. b) Edge of the sample. Note the poor nanowire alignment
perpendicular to the sample surface. c) Magnified image of the sample center, with well-
aligned nanowires. d) Top view of the sample center, clearly showing the distribution of
wire thicknesses. On the sapphire surface lies a thin bulk ZnO layer. e) Detailed image
of single nanowires. f) Detailed top view image. The wires are not circular but have the
facets of the wurtzite crystal structure.
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IX.2.2 Electronic properties

Optical excitation above the band gap (3.37 eV in ZnO at room temperature) in
a semiconductor produces electron-hole pairs. Due to the Coulomb attraction
between electron and hole, a bound state called an exciton can form. The exciton
binding energy in ZnO is ∼ 60 meV (c.f. at room temperature kBT ∼ 25 meV),
resulting in stable excitons with a ∼ ns lifetime [16]. The exciton Bohr radius
reh is in the range 1.5 - 8 nm, much larger than the lattice spacing, but still much
smaller than our typical wire diameters. Therefore, quantum confinement effects
do not play a role.

For carrier densities above the Mott density nM ∼ 5×1017 cm−3, the density
at which the plasma screening length becomes comparable to the exciton Bohr
radius, no stable excitons can exist, and an electron-hole plasma (EHP) forms
[17]. At carrier densities nM′ ∼ 1019 cm−3, more than an order of magnitude above
the Mott density, the carriers form a degenerate electron-hole plasma. In case
of three-photon absorption from an 800-nm pump, experiments and calculations
show that the Mott density is reached already at low excitation fluences ∼ 10
- 20 mJ/cm2 [18]. Then, the degenerate EHP is reached at pump fluences ∼
25 - 35 mJ/cm2. Our experiments are typically performed at fluences above 50
mJ/cm2, well in the degenerate regime, and therefore at too high carrier densities
to investigate exciton-polariton dynamics [5, 9].

IX.3 Experimental results

IX.3.1 Luminescence spectroscopy

Before discussing the time-resolved experiments, we present time-integrated lu-
minescence measurements on the same sample, although not measured simultane-
ously and at the same position. The nanowires are excited at room temperature by
three-photon absorption from 150-fs, 800-nm pump laser pulses. Luminescence
spectra are measured for different pump fluences I0 by a double monochromator
and CCD-camera combination. The results are shown in Fig. IX.2 a).

The spectra contain two peaks. First, the broad luminescence peak around
385 nm, attributed to luminescence. This peak shifts for higher pump fluences,
because of many-body effects i.e. band gap renormalization largely balanced by
degeneration of the carriers [12]. A decrease in peak width at the highest pump
fluences in the lasing regime is not observed [19]. However, the distribution of
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a) b)

Figure IX.2: Luminescence results
a) Measured nanowire luminescence spectra for pumping at 800 nm at indicated fluences
(in mJ/cm2), in absence of 400-nm probe. Peak at 385 nm is due to luminescence, and
peak at 400 nm due to second harmonic generation. b) Squares: integrated luminescence
around 385 nm, divided by I0

3, as a function of fluence. Lines are calculations according
to Eq. (IX.3) using the results from the solution of Eqs. (IX.1) - (IX.2). Dashed line: for
a single nanowire diameter, and uniform carrier density. Solid line: for a distribution of
nanowire diameters and effective carrier densities.

nanowire thicknesses will broaden the lasing profile and obscure line narrowing
effects. Since three-photon absorption is required to excite electrons over the
bandgap, the number of carriers is expected to increase as ∝ I0

3, at least in absence
of saturation. In Fig. IX.2 b), the (normalized) integrated luminescence divided
by I0

3 is shown. Between 40 and 150 mJ/cm2, the emitted luminescence increases
faster than the third power, suggesting that for these fluences radiative decay at
the luminescence wavelengths is gaining importance with respect to nonradiative
decay channels. Saturation sets in around 150 mJ/cm2.

The second peak at 400 nm is due to second harmonic generation (SHG) in
the nanowires. For the integrated SHG contribution at the sample center ∝ I0

n

a value for n of 1.57± 0.03 was determined, below the (expected) value of two.
This suggests significant absorption of 400-nm SHG light in the nanowires for
high fluences. This SHG contribution appears in pump-probe experiments as a
constant positive background, independent of the delay between the pump and
probe pulses.
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IX.3.2 Time-resolved pump-probe spectroscopy

Time-resolved pump-probe transmission experiments on the nanowire sample were
performed using the reflection-transmission setup described in Ch. II. Transient
reflection ∆R/R is not measured since the reflected intensity was too low to reach
an acceptable signal-to-noise ratio. The nanowires are pumped by a 165-µm
waist, 800-nm beam via three-photon absorption. The 400-nm probe is focused to
30 µm on the nanowires with a f = 6 cm focal distance lens, and is collected af-
ter passing the sample with a f = 6 cm, 5-cm diameter lens to achieve the largest
possible collection angle from the strongly scattering sample. In front of the trans-
mission photodetector, a 10-nm FWHM bandpass filter, centered at the 400-nm
probe wavelength, was inserted to reject most of the luminescence at 385 nm.

A selection of the results is shown in Fig. IX.3 a). Signals appear when
pumping with fluences I0 > 30 mJ/cm2, the point at which we also estimate car-
rier densities ∼ nM′ at which the EHP becomes degenerate. This supports our
assumption that the measured effects originate from a degenerate EHP. The back-
ground caused by SHG and residual luminescence is subtracted from the data. Its
value as a function of pump fluence is shown in Fig. IX.3 b). The fit of the back-
ground data gives n = 2.0± 0.12. This value is higher than determined for the
SHG peak in the luminescence measurements, probably because not all lumines-
cence is rejected by the bandpass filter.

At t = 0, the time that pump and probe arrive at the sample simultaneously,
the transmission strongly decreases to approximately −50%, rapidly returning
to zero at later times [20]. Echoes of this dip in the signal at 2.6, 5.2, . . . ps,
correspond to the travel time ttravel of the pump light back and forth through the
sapphire substrate (ttravel = 2ndsample/c, with c the speed of light, and n = 1.78 the
refractive index of sapphire). After about 2 ps, a rapid increase in transmission of
up to +40% is observed. This positive change is followed by a decay with a time
constant that strongly depends on pump fluence. The maximum amplitude of the
positive signal as a function of pump fluence is plotted in Fig. IX.4 a) and shows
a clear threshold behavior. For fluences below 60 mJ/cm2, the growth of the peak
amplitude depends on fluence as roughly ∝ I0

n with n = 6.0±1.3 (inset Fig. IX.4
b) ). This behavior saturates when increasing the pump fluence to 160 mJ/cm2.
Above 200 mJ/cm2, the intensity in the center of the Gaussian beam reaches the
damage threshold of the nanowires. Permanent damage is probably due to heating
of the ZnO to above the melting temperature.

In Fig. IX.4 b), the half-life time t1/2 of the enhanced transmission after t = 2
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a)

b)

Figure IX.3: Time-resolved transmission results
a) Measurement of the time-dependent 400-nm probe transmission changes, for different
800-nm pump fluences (numbers indicate fluence in mJ/cm2). b) Background, determined
mainly by SHG, subtracted from the data in a), as function of pump fluence. Solid line
indicates power law fit to the data for low fluences.

ps is shown. For the lowest fluences, the value of t1/2 exceeds 100 ps, consis-
tent with luminescence measurements from literature [16] which suggest up to
nanosecond timescales. The decay time becomes shorter for higher pump flu-
ences and saturates above ±150 mJ/cm2 at a value of 9 ps.

IX.4 Discussion

IX.4.1 Carrier dynamics in ZnO nanowires

In the degenerate EHP regime, direct radiative recombination is the mechanism
behind radiative decay [10, 18, 19]. This recombination can be enhanced by stim-
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Figure IX.4: Amplitude and decay time as function of fluence
a) Maximum amplitude of ∆T/T increase in Fig. IX.3 at 2 ps, as a function of pump
fluence. b) Half-life time t1/2 of increased ∆T/T signal after t = 0, as a function of pump
fluence. Inset shows the data of a) in a logarithmic plot, together with a dashed line ∝ I0

6.

ulated emission due to a large population of low-density optical modes in the
nanowire at the luminescence or the probe wavelength. We model these processes
by rate equations commonly used for laser processes in semiconductors. Here, we
approximate the radiative transition as a single optical mode. With p(t) denoting
the optical mode population, and n(t) the carrier density, these equations read

dn
dt

= −(1+ p)g(n)− γnrn
2, (IX.1)

dp
dt

=
1

ρ∆ν
(1+ p)g(n)− p

τp
. (IX.2)

The optical mode density is ρ∆ν = 8πν2

c3 ∆ν = 6.9×1012 cm−3, with c the velocity
of light, ν the mode frequency, and ∆ν the gain bandwidth, for which we take the
width of the lasing peak for a single ZnO nanowire [21]. The first term on the right
side of Eqs. (IX.1) and (IX.2) describes both spontaneous (∝ n2) and stimulated
(∝ n2 p) radiative decay, with g(n) the gain. Since two carriers are required for
recombination, it is fair to assume that g(n) = γrn2, with γr a proportionality factor
[22]. The second term on the right side of Eq. (IX.1) describes losses due to
nonradiative decay, also scaling ∝ n2 and thus also gaining importance at high
carrier densities. However, since the radiative process is stimulated, the radiative
decay process potentially becomes the dominant decay mechanism. The second
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term on the right side of Eq. (IX.2) describes depopulation of the photon mode,
due to outcoupling of light at the nanowire end faces. Since the quality factor of
the nanowire “cavity” is very low, τp is very short. The gain time for a 10-µm
wire is ∼ 70 fs, the time required to reach the wire endpoints [10].

In this model, ∆T/T for t > 0 is proportional to the gain g(n) at time t. Then,
∆T/T ∝ n2, the square of the carrier density. Likewise, the integrated (stimulated
and spontaneous) luminescence around the maximum at 385 nm equals:

IL =
∫ ∞

0
(1+ p(t))γrn(t)2dt. (IX.3)

In the following, we numerically evaluate the coupled equations (IX.1) - (IX.2),
assuming that a carrier density n(0) = n0 is created instantaneously by the pump
at t = 0, and make a best fit to the set of ∆T/T data. The values of γr, γnr, n0,
and an arbitrary scaling factor to convert the calculated quantities to the measured
transmission were left as free fit parameters. We assume that p(0) = p0 ¿ 1 in
all cases and τp can be fixed at the value of 70 fs. After fitting the time-resolved
traces, we use the determined fluence dependence to calculate the luminescence.

IX.4.2 Comparison to measurements

The carrier dynamics model of Sec. IX.4.1 is first checked against the transmis-
sion results. Typical fits according to Eqs. (IX.1) - (IX.2) together with the mea-
sured signals are depicted in Fig. IX.5 a) [23]. The already mentioned negative
peaks at multiples of 2.7 ps due to subsequent pump reflections (Sec. IX.3) cause
deviations between measurement and calculation. Moreover, below a fluence of
130 mJ/cm2, the measured signal is significantly higher than the calculated ones.
The slow variations in the high-fluence measurements are probably due to varia-
tions in pump intensity and pointing instabilities (App. A). The latter effects are
relatively important in measurements on a chaotic sample like the present one.

The fitted values for the absolute carrier density n0 are shown in Fig. IX.5 b),
together with the saturation curve

n0(I0) = n00
I0

3

a+ I0
3 , (IX.4)

showing good agreement. We compute a value of n0 = 1× 1019 cm−3 at 35
mJ/cm2, close to our earlier estimates. In our calculations, the carrier density
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b)a)

Figure IX.5: Fit results of stimulated carrier decay
a) Measured data for a pump fluence of 190 mJ/cm2, along with a fit according to the
model of Eqs. (IX.1) - (IX.2) (gray line, given a small offset). Inset shows similar data for
pump fluence of 57 mJ/cm2. b) Values of scaled initial carrier density n0 determined from
the fit routine, as a function of pump fluence. Generation of carriers shows clear signs of
saturation in this regime. Solid line is a fit along Eq. (IX.4). Inset shows the maximum
(solid line) optical mode population pmax. Dashed line indicates ∝ I0

3-dependence.

n0 starts to saturate significantly around 100 mJ/cm2, ultimately to a value of
nS ∼ 2×1020 cm−3. This is much lower than the estimated maximum saturation
value nmax ∼ 1/2V 3

0 = 1× 1022 cm−3 (with V0 the lattice unit cell volume). Our
explanation is, that the calculations assume that n and p are constant over the
nanowire cross section. However, for wires with diameter d < λ , the effective
diameter of the optical mode will be much larger than d [24]. In other words,
the optical mode will experience an effective carrier density ne f f dependent on d,
lower than the true carrier density inside the wire. It is very likely that the reason
for the deviation between the time-resolved measurement and calculation for flu-
ences < 130 mJ/cm2 directly after pumping is caused by the fact that stimulated
emission starts at lower fluences for thicker wires in the distribution. Another
possibility is that less free carriers are available for laser processes in nanowires
with a large surface-to-volume ratio, for example by binding of carriers to surface
O-defects. Recent experiments on a sample with thicker nanowires showed more
than an order of magnitude larger peak heights than in the current experiments
[18], demonstrating the importance of the nanowire diameter d [25].

The calculated maximum population of the optical mode pmax is plotted versus
pump fluence in the inset of Fig. IX.5 b). We can discern three regimes. For
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fluences < 50 mJ/cm2, p¿ 1. The p-population is a small fraction of n, and
pmax increases proportional to I0

3. For fluences 50 < I0 < 120 mJ/cm2, pmax ∼ 1
and stimulated emission becomes operative. From the fit routine, we find that
γr ∼ 10−4γnr [23]. Above 120 mJ/cm2 the radiative decay becomes boosted since
pmaxγr > γnr shortly after the pump pulse. This also results in a stronger decay
of the carrier population, as can be seen for t < 3 ps in Fig. IX.5 a). The growth
of pmax in the amplifying regime is limited by the saturation of n0 shown in Fig.
IX.5 b). The population number p depends strongly on the gain time τp, which
is proportional to the wire length. Experiments using longer wires [18, 26] have
demonstrated strong lasing (pγr > γnr) at much lower fluences than in the current
experiments.

Next, we have used the calculated p(t) and n(t) to determine the integrated
luminescence Eq. (IX.3) as a function of fluence. The result is shown as a dashed
line in Fig. IX.2 b). Since p shows a sharp transition around 120 mJ/cm2, the
luminescence follows this sharp increase, which is apparently not found in the
measurements. The nanowire distribution, however, is bound to broaden the sharp
edge. As a first approximation, we may assume that the effective carrier density
ne f f ∼ (d/λ )2. As an example, we have calculated the fluence-dependent lumi-
nescence for a Gaussian distribution of wires with an average thickness of 130
nm, and a standard deviation of 40 nm, the solid line depicted in the same figure.
Under these assumptions, the calculated profile nicely approaches the measured
one. Additional broadening will be produced by a distribution of photon modes,
each with a specific gain profile. Deviations can further be caused by the ±10%
accuracy in determination of I0, allowing for slightly different fluence gauges for
separate measurements, and by the fact that pumping occurred at different posi-
tions on the sample in the luminescence and the pump-probe measurements.

IX.5 Conclusions

In this chapter, a sample with epitaxially grown, chaotically distributed ZnO nano-
wires at room temperature was pumped via three-photon absorption from an 800-
nm beam to create a degenerate electron-hole plasma. Both time-integrated lumi-
nescence and ultrafast pump-probe transmission of a 400-nm probe after pumping
were measured as a function of pump fluence I0. The integrated luminescence
shows an increase above ∝ I0

3 and saturates for the highest fluences.
In time-resolved measurements an increased transmission signal of up to +40%
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is observed after ∼ 2 ps due to stimulated emission at the probe wavelength. The
decay time of this signal decreases strongly with fluence, down to ∼ 10 ps. These
effects can be explained by stimulated emission processes, and are described ac-
curately by coupled rate equations for the carrier density and optical mode popu-
lation.

IX.6 Prospects

The experiments and theoretical investigations in this chapter are only a first step
in a full analysis of ultrafast dynamics in ZnO nanowires. The samples used in
the presented experiments consist of nanowires of equal length but with a wide
distribution of diameters. This results in a highly scattering sample with strongly
varying optoelectronic properties. Improvements in nanowire synthesis leading
to higher ordering and a monodisperse size distribution allow resolution of the
wire lasing properties with more precision. In addition the possibility arises in
highly ordered samples to excite and observe coherence effects between individual
nanowires [6].

To reduce sensitivity to ensemble effects, probing can best be performed on
single nanowires. A broadband tunable probe beam is needed to characterize
the wavelength dependence of ultrafast carrier dynamics in nanowires [26]. The
hypothesis of carrier stimulation to the probe wavelength could be tested by si-
multaneous time-resolved luminescence measurements by a CCD-spectrometer
and transmission of the 400-nm probe by a photodetector, as a function of delay
time between pump and probe [10]. The stimulated emission at 400 nm should
be accompanied by a suppression of luminescence at shorter wavelengths (Fig.
IX.2 a) ). Very challenging would be to perform local time-resolved probing. For
long wires, one can focus on a section of the wire, as was already performed in
semi-CW mode [21], and probe position-dependent dynamics.

Finally, returning to the main subject of this thesis, these one-dimensional
structures allow for a new class of low-dimensional acoustic wave propagation
experiments [27, 28]. By exciting far above the bandgap, a pressure gradient
will be generated, analogously to Ch. VIII. The resulting strain propagation in
the nanowire long axis direction can subsequently be monitored by time-resolved
Brillouin scattering [29]. Using knowledge from Chs. III and IV, large ampli-
tude acoustic pulses can be generated in a planar geometry and sent through ZnO
nanowires, sandwiched between two substrates. This way, acoustic waveguiding
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effects become experimentally accessible. Quite interestingly, acoustic pulses can
be used to modify the electronic properties on ultrafast timescales, analogous to
the ZnSe QW experiments in Ch. VII. For acoustic waves of the order of the wire
length, strong shifting of ZnO nanowire emission wavelengths can be expected
[30], while acoustic waves much smaller than the nanowire length allow for local
manipulation.
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Appendix A

Setup electronics and noise characteristics

A.1 Introduction

In standard, typically 80-MHz repetition rate pump-probe experiments, where
small variations on a large reflection or transmission background signal are to
be detected, improvement of the signal-to-noise ratio is achieved by lock-in am-
plification at the modulation frequency in the MHz range of the pump signal by
an acousto-optic modulator [1]. This leads to a sensitivity for relative changes as
good as 10−7/

√
Hz. A recently developed novel technique makes use of two high-

repetition laser systems, where the ∼ 1-GHz repetition rates are slightly different
but coupled, so that with fast electronics and an integration time of ∼ 1 second a
resolution of 10−9 can be reached (the shot-noise limit of the photodiode), at the
same time eliminating the need for an optical delay stage [2].

At 1 kHz and lower, lock-in techniques are less efficient since the repetition
frequency is very low; in this frequency range, one encounters a large amount of
spurious effects (e.g. mechanical vibrations in the table, air turbulence, harmonics
of 50-Hz AC power connections). In low-repetition rate experiments such as the
ones described in this thesis, one additionally suffers from the fact that less pulses
are available for signal averaging.

At this stage it is important to realize that the main reason for ’statistical’
detection through lock-in techniques is, that not each pulse in a high-repetition
rate can be measured separately, since digitizing electronics at present cannot go
below ∼ 1µs integration times while maintaining a high sensitivity. In 1-kHz
experiments, one gains the opportunity to decrease the noise not by statistics,
but by correcting on a single-shot basis. To this end, some elements specific to
this method are required: sensitive timing, a fast digital voltmeter to read out
the photodiodes, and efficient data collection. In this appendix, we discuss the
developed detection scheme, and its ultimate sensitivity.

169
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A.2 Setup characteristics

A.2.1 Measurement control

Fig. A.1 a) shows the electronics scheme. We use standard Hamamatsu silicon
photodiodes (S2386-5K). The voltage on each photodiode is read out by separate
Agilent 3458A multimeters. Timing and delay of pulses is done by a Stanford
DG535 gate and delay generator. In our setup, we have the possibility to use
two delay lines, the Newport ILS250CC fast scanning delay line, and a relatively
slow but highly accurate home-built delay line connected to the serial port of the
computer. Flow control and overall data acquisition are monitored by a Labview
program, able to communicate through GPIB channels and the serial port.

A.2.2 Timing

In Fig. A.1 b), traces 1. - 4., the timing of measurements in our setup is described.
A “Hurricane” laser pulse (1.) hits a photodiode in the pump path, behind the
chopper (2.), and generates a trigger pulse which is sent to the input of the DG535
delay generator. This trigger signal is delayed by ∼ 1 ms (the period between two
subsequent laser pulses), and then sent to the multimeters (3.). The multimeter
internal clock determines the integration time to obtain the signal voltage VS on
the photodiodes, and the times to start and stop the background measurement to
obtain the background voltage VB (4.). The critical timing is therefore determined
by the multimeters, with a jitter ≤ 50 ns [3].

A.2.3 Measurement speed

An overview of the effective scanning rate for a given number of measurements,
compared to the initial setup discussed in earlier publications [4, 5] is given in
Fig. A.2 b). Great improvements have been made.

When aiming for efficient measurements, one wants to limit data reading and
processing time. The reading rate across the GPIB bus was increased by going
from single real (SREAL) format to the so-called double-integer (DINT) format,
allowing in principle a data transfer speed of 50000 measurements per second [3]
(speed of the used GPIB-card: > 1Mbit/s). Multiplication by a scaling factor,
which can readily be queried from the multimeter, is required to arrive at the ab-
solute voltages (this step might be skipped, since we are only interested in relative
changes, Ch. II). In our case, the net transfer across the bus was roughly 6000
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Figure A.1: Properties of the detection scheme
a) Electronics scheme. Connections that are not denoted as GPIB are BNC cables. Cables
from photodiodes to the multimeters are shielded. b) Timing configurations. 1. “Hurri-
cane” laser pulses, and their purpose in the measurement. 2. Idem, after the chopper. The
pulses at 0, 3, . . . ms trigger the delay generator. 3. Electronic pulse emitted to the mul-
timeters by the delay generator. 4. Photodiode signals, and integrated time intervals as
determined by the multimeter internal clock. 5. Sample-and-hold timing configuration.
tS and tH are sample time and hold time, respectively, and are determined by the delay
generator. Integration interval of the multimeters in this case is also indicated.

measurements per second. This might have to do with subsequently reading mul-
tiple 3458A’s. In any case, this increased the data transfer rate by roughly a factor
of 4, as compared to the previously used SREAL format.

A second improvement was the replacement of the serial delay line by a GPIB-
controlled one. Where the full movement cycle (sending the movement command,
waiting for the delay line to reach the desired position, waiting for the arrival
command, waiting for delay stage stabilization) took about 2.5 seconds for the
old delay line and 0.1 mm displacement, the Newport ILS250CC does the same in
only 0.13 seconds. This step especially makes measurements with a low number
of averages (< 500) efficient.

Finally, shorter measurement acquisition times were achieved by increasing
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a) b)

Figure A.2: Detection setup performance
a) Time demand for operations in performing measurements, for a range of averages. b)
Effective scan rates, at the start of this research (squares) and at present (open circles).

the repetition rate from 250 Hz to 333 Hz, without influencing the measurement
procedure itself. The pump beam is chopped at 333 Hz, giving a three-pulse
sequence: the first to trigger the detection sequence, the second to induce an effect
on the sample (the measurement with pump, ’signal’), and the third to perform the
measurement without pump (’background’), see Fig. A.1 b) (trace 1.).

The time demand for each of these steps is plotted in Fig. A.2 a). The total
gain in efficiency can be seen in Fig. A.2 b). A reduction in measurement time of
a factor 3 to 6 is reached. We can currently operate the setup at an effective scan
rate of around 220 averages per second.

A.3 Noise characteristics

A.3.1 Experimentally determined noise levels

When discussing the experimental noise levels, we first note that the sensitivities
mentioned here can only be reached when there is optimal correlation between the
probe detector(s) and the reference. There can be no (partly) closed diaphragms
in between and the entire beams should be focused on the detectors, so that there
are no edge effects.

In the current setup, if no corrections are made, the noise per measured point is
roughly 1%. This is of the same order as specified by the pulse-to-pulse intensity
variation of the Hurricane laser system [6]. This is by far too large to measure
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expected signals on the scale of 10−4, even after a significant number of averages.
For each measured point, the signal and background measurements are nor-

malized by simultaneous measurements at the reference diode. Subsequently, the
normalized background measurement are subtracted from the normalized signal
measurement and divided by the normalized background to obtain ∆, the differ-
ential signal, being reflection (Chs. IV and VII), transmission (Chs. VII and IX),
or one of the components of an interferometric signal (Chs. III - V and VIII):

∆ =

Vsig,probe

Vsig,re f
− Vbg,probe

Vbg,re f

Vbg,probe

Vbg,re f

(A.1)

=
Vsig,probe×Vbg,re f

Vsig,re f ×Vbg,probe
−1. (A.2)

Close inspection shows, that a double correction takes place [7]. The division of
two simultaneous measurements on different multimeters eliminates laser inten-
sity noise. Division of two (signal and background) measurements from the same
multimeter eliminates sources specific to this detection channel, which mainly
consist of trigger and timing effects in the multimeter, and photodiode charac-
teristics. When looking at the two correction paths, we find that each step is
responsible for more than a factor of 5 decrease in noise level. In total, the ex-
perimentally found noise level is reduced from 1% per shot to about 4×10−4, or
2× 10−5 for an integration time of one second. Stated otherwise, if the voltage
on a photodiode is typically around 100 mV, we are able to observe effects of
around 2 µV for a one-second integration time. This sensitivity is of the same
order as can be obtained with a standard low-frequency lock-in, as known from
experiments that were also performed in our group [8, 9]. The ultimate sensitivity
of our setup is limited by the number of measurements that can be stored in the
multimeter memory (∼ 2000), and leads to 9×10−6 /

√
Hz over a nine-second in-

tegration time. Of course, in this case, one also has to be concerned with changes
in the setup over the long collection time of the measurement.

An important problem are the slow variations in pump intensity. The amplifier
is an unstable laser source, giving rise to variations on a one-second timescale
of the order of 1%, either caused by variations in overall intensity, or by beam
pointing varying over time and changing the local intensity at the probe spot. This
leads to variations in signal amplitude of the order of 10−2 of the total signal per
measured point, and makes this method less efficient for detection of small signals
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on a large background, as for example measurements shown in Ch. III.
We will now discuss various sources of noise; all contributions are collected

in Table A.1. Here, one can observe that for large signal amplitudes, indeed the
pump intensity noise limits the detection. Performing a large number of averages
is therefore only useful for low signals (typically below 10−3).

Noise source Typical value per shot
Experimentally found noise limit 2.7×10−4

Photodiode shot noise 6×10−5

Multimeter statistical noise (voltage scale 1 V) 2×10−5

Multimeter trigger timing jitter ≤ 4×10−4

Sample-and-hold (expected) (voltage scale 1 V) 3×10−5

Pump intensity fluctuations (for a signal of 5×10−3) 5×10−5

Table A.1: Overview of noise sources
These values are valid for a signal derived from two independent multimeters, and an
integration time of 100 µs, except for the sample-and-hold sensitivity, where we used an
integration time of 800 µs. Pump intensity fluctuations occur for an arbitrary number
of averages. The jitter due to timing accuracy in the multimeter is probably the limiting
noise source in the current setup.

A.3.2 Photodiode shot noise

The shot noise level of a single photodiode can be calculated as [10]

σI

I
=

2e∆ f
αP

. (A.3)

Here, α is the photosensitivity of the diode (0.55 A/W for a Si photodiode at
800 nm), and the power P around 0.6 µW near saturation. ∆ f is the detection
bandwidth, which can, for a measurement time of 1 second and an integration
time of 100 µs every millisecond, be estimated at 1/(.1× 1 s) = 10 Hz. For a
measurement near saturation of the photodiodes and the former parameters, an
ultimate noise level is calculated of 3×10−6 per second, or 4×10−5 per shot. For
two or three multimeter measurements, one should multiply this number with

√
2

or
√

3, respectively.
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A.3.3 Multimeter statistical noise contributions

Besides the effects due to timing jitter, the multimeters also show intrinsic, statis-
tical noise errors [3]. These are mainly determined by the limited integration time.
From the specifications, we estimate these errors around 16 ppm, or 1.6× 10−5.
It should be noted here that the multimeters have additional absolute error sources
of the order of 10−5, arising from temperature effects and loss of calibration ac-
curacy over time. In the present experiments, these effects are not important due
to the fact that we are only interested in relative changes.

A.3.4 Multimeter timing jitter

Since the multimeters can only achieve a high degree of accuracy when integrating
signal over a sufficiently long period of time, a long period with stable voltage on
the input channel of the multimeters is required. But at the same time, the voltage
should be gone after a millisecond, when the next pulse arrives at the diode. In
the current version of the setup [5], this was solved by building a RC-circuit.
Knowing the capacitance of photodiode and cabling of ∼1000 pF, and putting it
in parallel with a 150 kΩ resistor, yields a signal decay (RC-) time τRC of roughly
150 µs, enough to go virtually to zero within a period of one millisecond. The
peak voltage reached before photodiode saturation and nonlinear behavior occur
is at most 375 mV.

The voltage changes significantly during the integration time of 100 µs, so
that limited timing accuracy of the multimeters becomes an origin of noise. We
can estimate the magnitude of this source in the following way. Suppose that the
voltage drops exponentially during the measurement:

V (t) = V0 exp−t/τRC. (A.4)

Assuming that the measurement starts at some time t = 0, the voltage V̄ deter-
mined by the multimeters is then

V̄ =
1
t

∫ t ′

0
V0 exp −t

τRC
dt = V0

τRC

t ′

(

1− exp(
−t ′

τRC
)

)

. (A.5)

One can estimate the voltage noise per pulse by calculating the same integration
with integration limit variations ±∆t, giving V̄ exp(±∆t

τRC
), which, for ∆t¿ τRC, is

approximately V̄ ∆t
τRC

. With ∆t ∼ 50 ns, and τRC ∼ 150 µs, this gives a relative
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noise of 3×10−4 per shot, and per individual multimeter. When comparing to the
experimental noise limit, i.e. the measurements presented in this thesis, one finds
that the reported noise is of the order of the effect we describe here.

A.4 Sample-and-hold setup

The previous analysis of noise sources shows that the current noise limit is deter-
mined by the multimeter timing accuracy. One can imagine that a sample-and-
hold strategy, by which the photodiode voltage (charge) is kept constant during
the multimeter integration time, and the diode is unloaded after the measurement
but before the next pulse, will give an even more sensitive detection, at least for
low signal amplitudes when pump intensity noise is not limiting. This is of course
true only if this system can be accurately timed by letting the critical timing be
performed by the DG535, with its sub-ns jitter, but more importantly, if it does
not introduce any additional noise.

Currently, we are building such a sample-and-hold timing circuit. The new
timing configuration is depicted in Fig. A.1 b), trace 5. Central in this circuit is
the Analog Devices AD781. The four independent channels on the DG535 are
used to alternately switch it to its sample state at time tS and its hold state at time
tH (see Fig. A.1 b) ). Sampling starts before the arrival of the probe pulse at the
photodiode (to unload the charge induced by the previous pulse), and stops and is
switched to hold at the time where the photodiode signal is approximately largest,
and only slowly varying. The multimeters start measuring after the voltage is fixed
by the sample-and-hold circuit, with a programmable delay. Since the settling
time of the circuit is around 1 ns, the intrinsic delay of the multimeter response to
an external trigger [3] is by far enough to stabilize the voltage before starting the
measurement.

Because the integration time will be longer, the photodiode shot noise will also
decrease, leading to an expected 3×10−5 per shot; almost an order of magnitude
lower than the current limit. We were unfortunately not able to obtain first results
before finalizing this thesis.

A.5 Conclusions

We have discussed the scheme of our 1-kHz pump-probe setup, correcting noise
on a shot-to-shot basis. This setup can reach an effective scan rate of around 220
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Hz. The sensitivity per average of 2.7× 10−4 is equivalent to around 1.8× 10−5

1/
√

Hz. Signals of the order of 10−3 can be excited without being limited by
the 1% pump intensity fluctuations. This is a factor of 100 larger than typical
results for an 80-MHz laser system. The noise level of 10−7 1/

√
Hz for the latter,

indicates that the signal-to-noise level of this low-repetition rate setup is of the
same order as that of conventional high-repetition rate pump-probe experiments.
The sensitivity is equivalent to low-frequency lock-in, with the outlook of beating
it by integrating the sample-and-hold electronics.
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Appendix B

Autocorrelation and laser pulse characterization

B.1 Introduction

In ultrafast experiments it is important to have information about and control over
the laser pulse lengths. The “Hurricane” laser system, as used in our experiments,
has a tunable compression mechanism for output pulse length optimization, but
one requires knowledge on what this length is exactly, and also how it changes
(stretches) in the remainder of the setup. This is a consequence of dispersion due
to transmission through glass elements in the setups presented in Ch. II.

Most pulse length measurement methods use autocorrelation, i.e. the interac-
tion of the pulse with itself, either in collinear (usually interferometric) [1, 2] or
non-collinear (second harmonic generation) [3, 4] geometry. For obtaining both
temporal and spectral information, commercial systems are nowadays available
[5]. For our purpose, where the pulse shape is expected to be roughly Gaussian or
sech2, obtaining only the temporal information suffices.

In this appendix, we briefly discuss the autocorrelator used to determine the
pulse length, and the specific results for the experiments presented in this thesis.

B.2 Results

The setup is based on a non-collinear, second harmonic generation technique, and
is sketched in Fig B.1 a). The 800-nm pulses are split, and the two parts are fo-
cused in the vertical direction by a cylindrical lens on a (KDP) frequency doubling
crystal under an angle 2ϕ (the dispersion due to the splitter can be neglected for
pulses longer than 20 fs). One of the arms is of variable length. When phase
matching, and temporal and spatial pulse overlap conditions are fulfilled [3, 4],
there is not only 400-nm generation in the beam directions, but also at the half an-
gle between both, see Fig. B.1 b). For the present pulse intensities, the resulting
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Figure B.1: Autocorrelator operation
a) Overview of the setup. b) Sketch of the geometry in the KDP frequency doubling
crystal. Upper part shows the beams crossing in the KDP, and the fact that it is the pulse
length that determines the width of the autocorrelation signal. Lower part illustrates phase
matching conditions. c) - d) Test measurement results. c) Autocorrelation trace (left) and
corresponding spectrum (right) for a compression-optimized pulse. d) Like c), but now
for the beam with a 3-nm FWHM interference filter centered at 794.7 nm placed in it.
Solid lines are fits to the data, assuming a Gaussian beam shape.

signal is strong enough to capture with a standard line array CCD.
Under the conditions specified in the literature, one can make a reliable deter-

mination of the pulse length. In our autocorrelator, with beam waist wbeam ∼ 2.5
mm, 2ϕ ∼ 5◦, and a KDP thickness dcryst ∼ 1 mm and size ∼ 1 cm, pulse lengths
can be measured from ∼ 50 fs up to ∼ 500 fs, where eventually the beam size
becomes limiting.

The pulse length (FWHM) is given by

δ t =
kδxsinϕ

c
, (B.1)

with c the speed of light, δx the measured (spatial) width on the CCD, and k a
numerical factor, which is

√
2 for Gaussian pulses, and ∼ 1.3 for sech2 pulses.

In our calculations, we have further corrected for the finite beam size effects by
multiplying the obtained δ t by a factor (1 + (δx/wbeam)2).
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Pulse FWHM Spectral width Pulse FWHM
(Gaussian, fs) (FWHM, nm) from spectra (fs)

“Hurricane”, at laser exit 108 ± 4 8.44 ± 0.07 112 ± 1
Idem, with 3 nm IF filter 362 ± 3 2.72 ± 0.03 342 ± 4
Idem, new 8-pass DL 182 ± 2
Idem, old 8-pass DL 312 ± 2

Table B.1: Overview of autocorrelator and pulse spectrum measurements
Pulse temporal FWHM is determined from the width of the autocorrelation traces, and
error margins are obtained from the fit routine. The true accuracy is ±5% due to the
uncertainty in the determination of ϕ .

Fig. B.1 c) - d) present test results for the amplifier beam. Fig. B.1 c) shows
the autocorrelation trace, and the spectrum (measured by a CCD spectrometer),
for the laser pulse directly behind the laser, and Fig. B.1 d) the same, but now with
a 3-nm FWHM interference filter with a center wavelength of 794.7 nm placed
before the autocorrelator. In the latter case the spectrum has narrowed, while at
the same time the pulse length has increased. The non-Gaussian shape of the
wider autocorrelation trace in Fig. B.1 d) is likely due to the poor quality of either
the amplifier beam or the KDP crystal. Quantitative results are summarized in
Table B.1. Values of 108 fs and 362 fs are found for the pulse length for these two
cases, assuming a Gaussian pulse shape. Similar fits were performed with a sech2

shaped pulse, and the results differed less than 5% from the Gaussian values.
It is useful to compare the pulse length as implied by the autocorrelation, to

the values implied by the spectral width. To this end the FWHM values were
determined for the measured spectra. A correction for the resolution of the CCD
spectrometer was included. For a Fourier-transform-limited Gaussian pulse, the
FWHM in time and space (δ t and δν , respectively) are related as δ t×δν ∼ 0.441
[6]. So,

δ t =
0.441

δν
=

0.441λ 2

cδλ
. (B.2)

The resulting values for the pulse length as obtained from the spectral information
are also stated in Table B.1. From the good agreement between the temporal and
the spectral determination we conclude that the original pulse is transform limited,
and that the estimates for the pulse lengths are reliable.
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a) b) c)

Figure B.2: Autocorrelation traces at several positions in the setup
Measured CCD traces a) directly behind the laser, b) with the new delay line configuration
(12 cm of BK7 glass), and c) with the old 8-pass delay line configuration (32 cm of BK7
glass).

The pulse lengths were also measured further on in the setup. Since there is a
lot of glass in the setup, we expect to see dispersive effects. During this research
project, we decided to replace a prism in the original eight-pass delay line [7] by
two mirrors, hereby removing 20 cm of glass from the delay line. The difference
in autocorrelation trace can be seen in Fig. B.2 b) and c), and compared to the
original trace in Fig. B.2 a). A reduction in pulse length of 40% is the result
(Table B.1). The effects of dispersion can be estimated by applying the dispersion
parameter of 450 fs2/cm for BK7 glass [6] to an input pulse of 108 fs. Propagation
through 12 cm of glass gives 176 fs, and through 32 cm of glass gives 385 fs.
These values agree very well with the results measured with the autocorrelator.

B.3 Conclusions

In conclusion, we have demonstrated the principle of our autocorrelator, and we
have made reliable pulse length determinations for the experiments presented in
this thesis. In most of the experiments, the pulse length was minimized at BBO
frequency doubling crystals in either the pump or the probe (typically after prop-
agation through ∼15 cm of glass) to optimize second harmonic generation. The
pump pulses might be a little longer due dispersion of 400-nm light in the BBO.
For the probe, the propagation length through glass in the remainder of the setup
was an additional 12 cm or less in all cases. Therefore, the ultimate temporal res-
olution for our experiments can be estimated to around 180 femtoseconds, which
is by far enough to observe THz acoustic frequencies.
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Nederlandse samenvatting

Inleiding Dit proefschrift gaat voornamelijk over de voortplanting van geluid in
vaste stoffen. Mensen kennen geluid als een van de manieren om dingen waar te
nemen, naast bijvoorbeeld licht (zicht) en gevoel. Geluid is een golfverschijnsel,
om precies te zijn een drukgolf, waarbij een lokale druk in een medium wordt
doorgegeven aan naburige deeltjes. In een vaste stof zijn deze deeltjes atomen,
die in een regelmatige structuur zijn gerangschikt.

Het ons bekende geluid bestrijkt een groot frequentie- of toonhoogtegebied,
van veel minder dan een hertz (1 trilling per seconde) tot enkele terahertz. Voor-
beelden lopen van seismische golven (met frequenties lager dan 1 Hz), via hoor-
baar geluid (spraak, omgevingsgeluid, 50 - 20.000 Hz) en ultrasoon geluid (echo-
scopie en ultrasone materiaalkarakterisatie, 100 kilohertz (kHz) - 100 megahertz
(MHz)), naar de ultrasone frequenties die wij onderzoeken (10 gigahertz (GHz)
en hoger). Zie Figuur A a) op pagina 187 voor een illustratie van de voor dit
proefschrift relevante frequenties en lengteschalen. Voor geluid geldt dat de golf-
lengte λ gelijk is aan vs/ f , met vs de geluidssnelheid, en f de frequentie. Anders
gezegd, hoe hoger de frequentie, hoe korter de golflengte. Van praktisch belang is
dat voor golven met terahertz-frequenties, de golflengte in de orde van nanometer
ligt. Dit is op dit moment de typische lengteschaal voor bijvoorbeeld componen-
ten op computerchips. Ook zijn de laatste jaren veel technieken ontwikkeld om
kunstmatige structuren op deze lengteschaal te vormen die bijzondere optische,
electrische, thermische etc. eigenschappen hebben, in populair taalgebruik nano-
structuren.

Moderne technieken gebruiken licht, in het bijzonder laserlicht met een goed
gedefinieerde golflengte en -fase, om kristallen en nanostructuren te bestuderen.
Daarnaast is de laser een populair middel om materialen te manipuleren. Dit kan
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bijvoorbeeld door verhitting (absorptie) of door gebruik te maken van het elec-
tromagnetische veld. Licht en geluid zijn analoge golfverschijnselen. Beide zijn
bijvoorbeeld gevoelig voor verstrooiende effecten ter grootte van de golflengte.
Licht is makkelijker te meten, als bron eenvoudiger beschikbaar, en heeft verder
als voordeel dat het zich buiten een bestudeerde vaste stof kan voortplanten. Ge-
luid kan het medium niet verlaten, en bronnen in het 100-nanometergebied zijn
lastiger beschikbaar. Daartegenover kan geluid ook reizen in optisch dichte ma-
terialen, waardoor je kunt “waarnemen” op plekken waar licht niet kan komen.
Sommige structuren zijn bovendien gevoeliger voor akoestische dan voor opti-
sche manipulatie.

Men zou dit proefschrift kunnen opvatten als een poging te onderzoeken in
hoeverre hoogfrequent geluid en korte geluidspulsen in vaste stoffen gebruikt kun-
nen worden, parallel aan optische methodes, voor karakterisatie van vaste stoffen,
en daarnaast in hoeverre het haalbaar is om deze geluidspulsen te gebruiken om
materialen te manipuleren.

Ultrasnelle akoestische generatie en detectie Een eerste vraag is hoe je deze
akoestische golven maakt. De “klassieke” manier om dit te doen, met behulp
van een dunne metaalfilm, is ontwikkeld in de jaren ‘80 en wordt beschreven in
Hoofdstuk III. Het experiment is geı̈llustreerd in Figuur 1 a) op pagina 202. We
schieten een korte lichtpuls op een dunne metaalfilm. “Kort” betekent hier van
de orde van 100 femtoseconde, zoals gemeten in Appendix B. Verhitting van
een dunne oppervlaktelaag door absorptie van licht leidt tot een uitzetting en dus
een lokale druk (stress), die aanleiding geeft tot een reizende vervormingsgolf
(strain). Deze bestaat uit een samendrukking (compressie) aan de voorzijde, en
een uitrekking (decompressie) aan de achterzijde.

De gegenereerde frequenties hangen samen met de interactietijd tussen het
object dat de drukgolf maakt en het materiaal waarin deze wordt gemaakt: hoe
korter de contacttijd, hoe hoger de frequenties. Ook: hoe korter de contacttijd,
hoe korter in tijd de gegenereerde puls. Om een klok te kunnen laten klinken
bij zijn karakteristieke toon is bijvoorbeeld een contacttijd met de klepel nodig
van een milliseconde of minder. Met onze 100-femtoseconde “optische klepel”
maken we frequenties veel hoger dan een gigahertz. Een bijzonderheid in onze
experimenten is dat deze pulsen gedurende deze zeer korte tijd een extreem hoge
energie bevatten. Zo heeft de gemiddelde laserpuls waarmee wij onze effecten
opwekken in die 100 femtoseconde een vermogen vergelijkbaar met dat van een
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Figuur A: Tijdsschalen en interferometrie
a) Typische tijds-, frequentie- en lengteschalen behorend bij de experimenten in dit proef-
schrift. Hier:
ns = nanoseconde = 10−9 s = 0,000,000,001 s. ps = picoseconde = 0,001 ns.
GHz = gigahertz = 109 Hz = 1.000.000.000 Hz. THz = terahertz = 1.000 GHz.
nm = nanometer = 10−9 m = 0,000,000,001 m.
b) Illustratie van de interferometrische techniek. Wanneer een compressive golf naar het
oppervlak van een vaste stof reist (bovenste plaatje), zal hij bij reflectie van teken omkeren
en als decompressieve golf terugreizen (onderste plaatje). Als gevolg hiervan verplaatst
het oppervlak. Wanneer men een lichtpuls op het oppervlak stuurt na reflectie, en deze
vergelijkt met een lichtpuls die reflecteerde vóór passage van de akoestische puls, zal de
fase van de golven een klein beetje verschillen, evenredig met de oppervlakteverplaat-
sing. De schaal is zwaar overdreven in de figuur: typisch verplaatst het oppervlak over
één tienduizendste van de golflengte, oftewel zo’n 100 picometer. Uiteraard kunnen we
ook kijken tijdens passage van de akoestische puls, en hieruit valt de pulsvorm af te leiden.

flinke (100-megawatt) electriciteitscentrale. Dit heeft tot gevolg dat er bijzondere,
niet-lineaire effecten optreden die bij lage pulsvermogens niet te zien zijn.

De typische eigenschappen van zo’n akoestische puls hebben we onderzocht
voor generatie in chroom en nikkel in Hoofdstuk III. De gemeten golven die
hieruit kunnen worden afgeleid staan in Figuren III.6 b) en III.7 b) op respec-
tievelijk pagina 46 en 48. De typische tijdsbreedte is zo’n 4 picoseconde, en de
typische frequentie zo’n 70 gigahertz, overeenkomend met slechts 25 nanometer.
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We kunnen pulsen genereren met een amplitude van 1% (overeenkomend met het
verplaatsen van de atomen van hun rustpositie over 1% van de roosterafstand). De
typische druk in zo’n golf is maar liefst 20 kilobar.

Een nog niet beantwoorde vraag is hoe je deze golven detecteert. Het ligt
voor de hand om een zogenaamd pomp-probe experiment te doen, waarbij men
op een moment het materiaal exciteert met een lichtpuls (“pomp”), en op een
later moment de geı̈nduceerde effecten “bekijkt” met een zwakke optische puls
afkomstig van dezelfde laser (“probe”). De manier waarop deze detectie precies
in zijn werk gaat is beschreven in Hoofdstuk II (met schetsen van de opstelling).
De technische details staan in Appendix A. De ultieme tijdsgevoeligheid in zo’n
experiment is van de orde van de lengte van de optische puls, 100 femtoseconde.

De akoestische golf resulteert in twee effecten die allebei zijn gemeten in onze
experimenten. De eerste is een verandering in de hoeveelheid reflectie van de
probe. Het probelicht reflecteert in een zeer dun gebiedje aan het oppervlak van de
metaalfilm waar de puls in is gegenereerd. De aanwezigheid van een akoestische
golf drukt de atomen iets samen (of brengt ze iets verder van elkaar af), waardoor
de optische reflectiecoëfficiënt verandert als functie van de positie en vorm van
de akoestische golf. Een tweede methode is geavanceerder en is geı̈llustreerd
in Figuur A b). Wanneer een akoestische puls het oppervlak bereikt, keert hij om
van teken en reist de film weer in. Hierdoor verandert de positie van het oppervlak
van de metaalfilm, en dus ook de fase van het reflecterende probelicht (onderste
plaatje). De akoestische puls kan nu gekarakteriseerd worden door de fase van
deze gereflecteerde puls te vergelijken met de fase van een optische referentiegolf
die reflecteerde wanneer er niets aan de hand was (bovenste plaatje).

Merk op dat voor een enkele verzameling meetpunten, zoals in vele figuren in
dit proefschrift weergegeven, een meting van typisch een half uur nodig is, waar-
in hetzelfde fysische proces zich afspeelt op een tijdsschaal van enkele tientallen
picoseconde, enkele honderdduizenden keren, en met de regelmaat van een Zwit-
sers uurwerk. Deze experimenten vormen daarmee een voorbeeld van de extreme
controle die in een modern fysisch experiment kan worden bereikt.

Schokgolven Nu de gegenereerde golven gekarakteriseerd zijn, willen we de
voortplanting in het substraat bekijken. In Hoofdstuk IV bekijken we het ge-
deelte van de golf dat het substraat inreist (Figuur 1 b) ). Saffier is een ideaal
substraat, omdat het van alle bekende en gangbare substraten de laagste akoesti-
sche demping heeft. Hierdoor bereikt de golf na tientallen nanoseconde slechts
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licht gedempt de overzijde van het substraat, dat typisch 0.1 millimeter dik is.
Aan deze kant is opnieuw een (chroom of aluminium) metaalfilm gedeponeerd,
en hierop meten we de reflectie en de faseverschuiving.

Het blijkt, dat bij hogere amplitudes er niet alleen demping optreedt, maar
ook een vervorming van de golf ten gevolge van niet-lineaire voortplanting. De
voorkant (compressieve gedeelte) van de golf gaat hierdoor “sneller reizen” (su-
persoon), en de achterzijde (decompressief) “langzamer” (subsoon). Figuur IV.3
op pagina 72 laat het resultaat zien van een serie berekeningen. Er vormt zich een
schokgolf, ook wel N-golf genaamd (een logische naam kijkend naar de figuur).

Bij hoger pompvermogen wordt deze schokgolf breder, maar ook worden de
fronten steeds scherper, tot het uiteindelijk nog maar 9 roosterafstanden (10 nano-
meter) duurt om van bijna geen tot maximale vervorming te komen. De typische
frequenties in de golf gaan hierdoor omhoog naar zo’n 500 gigahertz.

Akoestische solitonen In een discrete structuur als een kristalrooster komt bij ho-
ge frequenties het effect van dispersie in het spel. Dit betekent dat hoge frequen-
ties effectief een lagere geluidssnelheid hebben. Bij kamertemperatuur worden de
hoogste frequenties gedempt, zodat dispersie niet wordt waargenomen. Wanneer
we het kristal afkoelen naar zo’n −250 ◦C, worden de hoge frequenties nagenoeg
niet gedempt, en gaat dispersie de voortplanting van de golf beı̈nvloeden. Nu reist
bij niet-lineaire voortplanting de voorzijde van de golf sneller, maar dit is tegelij-
kertijd het gebied met de hoogste frequenties (dus effectief langzamer). Hierdoor
ontstaat er een bijzonder evenwicht, leidend tot zogenaamde akoestische solitonen
aan de voorzijde van de originele puls.

De eigenschappen van solitonen werden al in 1895 berekend door de Neder-
landse wiskundigen Korteweg en De Vries. Een bijzondere eigenschap van deze
solitonen is dat de snelheid, breedte en amplitude nauwkeurig met elkaar samen-
hangen. In Hoofdstuk V presenteren we metingen (Figuren V.3 tot V.5 op pagina‘s
90 tot 93), waarin maximaal zeven solitonen te zien zijn. Uit deze metingen kun-
nen het volume en de snelheid van deze solitonen worden afgeleid. Vanuit de
gemeten snelheid van deze solitonen (die zoals gezegd samenhangt met de breed-
te) kunnen we afleiden dat de minimale breedte zo kort is als 200 femtoseconde
(2 nanometer)!
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Nanostructuren manipuleren met akoestische solitonen Nu is gedemonstreerd
dat deze zeer korte solitonen zich kunnen vormen, kunnen we ook kijken of we
ze kunnen gebruiken om structuren te manipuleren op zeer korte tijdsschaal. De
resultaten zijn weergegeven in Hoofdstuk VI. Als modelsysteem nemen we een
zogenaamde quantum well, Figuur VII.1 b) (pagina 118). Dit is een enkele na-
nometers dikke, gegroeide laag waarin gebonden electrontoestanden bestaan. Bij
een bepaalde golflengte heeft deze quantum well een specifiek reflectiepatroon
(bij de zogenaamde excitonresonantielijn), getoond in Figuur VI.1 b) op pagina
104. Door de structuur iets samen te drukken of uit te rekken, verschuift de golf-
lengte waar dit patroon optreedt. Deze verschuiving kan ook bereikt worden met
korte optische pulsen (door absorptie en verhitting), maar het duurt vaak relatief
lang voordat de structuur weer afgekoeld is en terugkomt in de originele toestand.

Inderdaad zien we een verandering van het reflectiespectrum. Bij “langza-
me” manipulatie (langer dan de ongeveer 4 picoseconde die de reflectie duurt)
zien we dat de resonantielijn onder invloed van de drukgolf verschuift. Nu is
het mooie, dat wanneer we de quantum well bestoken met akoestische solitonen
(die zoals eerder is opgemerkt veel korter zijn dan vier picoseconde), we een zo-
genaamd chirping-effect waarnemen: het reflectiepatroon wordt dan vervormd
doordat de resonantielijn heen en weer wordt geschoven binnen de duur van de
reflectie (chirping kan vertaald worden als “tsjilpen”, zoals van een vogel. Ook in
dat geval verandert de frequentie tijdens het fluiten). Hier tonen we dus aan dat het
mogelijk is om met behulp van geluidspulsen de optische eigenschappen van een
nanostructuur te veranderen op een tijdsschaal van slechts enkele picoseconde.

Generatie van akoestische golven in door nanostructuren Tot nu toe hebben we
gebruik gemaakt van de “klassieke” manier om akoestische pulsen van picosecon-
de lengte te genereren, namelijk met behulp van een metaalfilm. Een “moderne”
manier is door hiervoor bijvoorbeeld een gegroeide nanostructuur te gebruiken.
Een zeer interessante structuur is dan een gallium nitride/indium gallium nitride
meerlaags quantum well (Hoofdstuk VII). De structuur heeft een ingebouwde ver-
vorming, die vrijkomt wanneer deze met een korte laserpuls gepompt wordt. Bij
dit pompen zendt deze structuur niet alleen akoestische golven, maar ook electro-
magnetische golven uit, in hetzelfde frequentiegebied (rond 1 terahertz).

We gebruiken drie meerlaags quantum well-systemen met verschillende dik-
tes. De gegenereerde golven worden op twee manieren bekeken. Allereerst kijken
we naar de vibraties van de quantum well-structuur. De vibratiefrequentie hangt
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samen met de dikte van de structuur, en verschilt inderdaad voor de drie gebruikte
structuren. Deze resultaten laten zien dat er frequenties worden gegenereerd in
de orde van 700 tot 900 gigahertz. Interessanter is de waarneming van de 100-
gigahertz Brillouinfrequentie. Wanneer de gegenereerde golf uit de nanostructuur
reist en het omringende materiaal in (Figuur VII.4 a) op pagina 123), ontstaat er
een constructieve dan wel destructieve interferentie tussen de reflectie van licht op
de golf, en de reflectie op het oppervlak van het materiaal, zie Figuur VII.4 b). In
de meting zien we dit als een oscillatie. Door te kijken naar de amplitude van deze
oscillatie vinden we dat de akoestische emissie en de verzadiging ervan voor hoge
pompvermogens overeenkomen met verwachtingen op basis van de verschillen-
de diktes, en bovendien met eigenschappen als gemeten in experimenten waarbij
men kijkt naar de emissie van electromagnetische straling.

Akoestische emissie door faseovergangen Yttriumvanadaat (YVO3) is een bij-
zonder materiaal. Wanneer het afgekoeld wordt van kamertemperatuur tot 30
kelvin (−243 ◦C), gaat het door enkele electronische faseovergangen. Hierbij
verandert de electronische configuratie van het materiaal. Bij 77 kelvin treedt
een faseovergang op waarbij ook de roosterafstand tussen atomen sterk verandert.
Door middel van verhitting door optische excitatie met een pomppuls, kunnen in
zeer korte tijd deze reconfiguraties in tegenovergestelde richting doorlopen wor-
den. De roosterafstand kan dan ook zeer snel veranderen, wat gepaard gaat met
emissie van een drukgolf.

In Hoofdstuk VIII is de amplitude van de eerder genoemde Brillouinoscilla-
tie gebruikt om de emissie als functie van pompvermogen te meten langs de drie
verschillende kristalassen (a, b en c). We meten asymmetrisch gedrag voor de ver-
schillende richtingen. Eén as (de b-as) laat niets zien. Interessanter zijn de a- en
c-as. De a-as laat bij verhitting vanaf lage temperaturen geen bijzondere effecten
zien in de amplitude van de Brillouinoscillatie, maar wel een zeer langzame veran-
dering van het achtergrondsignaal, waarschijnlijk veroorzaakt door een langzame
reconfiguratie van het rooster. De c-as echter laat bij deze temperaturen niet alleen
een vier keer hogere amplitude van de Brillouinoscillatie zien, maar ook nog eens
een fasesprong van deze frequentie. Dit is volledig in overeenstemming met in
de literatuur gemeten roostervervormingen bij de faseovergangstemperatuur van
77 kelvin, en betekent dat in deze richting de reconfiguratie snel is. Hier is der-
halve aangetoond dat ook een akoestische puls gemaakt kan worden middels een
faseovergang.
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Ultrasnelle dynamica in zinkoxide nanodraden Dit hoofdstuk is een buiten-
beentje in dit proefschrift, en bekijkt ultrasnelle electronische effecten in zink-
oxide nanodraden. Nanodraden (zie Figuur IX.1 op pagina 155 voor plaatjes)
zijn structuren met een lengte van enkele micrometers, en met een diameter van
typisch 100 nanometer. Bijzonder aan deze draden is dat ze laserwerking kun-
nen vertonen, dus een versterkte emissie van licht bij een gegeven golflengte
door gestimuleerde processen. De laserwerking bij zeer hoge pompintensiteiten
is gekarakteriseerd met behulp van de eerder besproken pomp-probe technieken.
Tenslotte inventariseren we een aantal mogelijkheden om ook in deze structuren
akoestische propagatie te bestuderen.

Conclusies en vooruitzichten Het is terecht de vraag te stellen hoe de mensheid
nu verder is geholpen met dit onderzoek.

Op een fundamenteel niveau hebben we een aantal materialen gekarakteri-
seerd middels hun akoestische respons op ultrasnelle optische excitatie. Het gaat
hier zowel om de generatie van de vervorming (Hoofdstukken III, VII en VIII),
als de propagatie ervan (Hoofdstukken IV, V). Het uitvoeren van de solitonex-
perimenten van Hoofdstuk V bij hogere pompvermogens geeft wellicht de moge-
lijkheid om golfpropagatie te onderzoeken in extreem dispersieve media.

De solitonresultaten van Hoofdstukken V en VI bieden mogelijkheden tot
praktische toepassingen. In feite hebben we hiermee de beschikking gekregen
over een bron van akoestische pulsen met een lengte van enkele nanometer. De
mogelijkheden van optische gepulste systemen kunnen met enige beperkingen
worden nagebootst in het akoestische veld. Een optie is materiaalkarakterisatie
met nanometer en picoseconde precisie. Impliciet hebben we dit al gedaan door
de akoestische transmissie van metaalfilms van verschillende kwaliteit te vergelij-
ken in Hoofdstukken III - V. De resultaten van Hoofdstuk VI vormen een eerste
voorbeeld van ultrasnel akoestisch schakelen. Zonder veel problemen kan deze
techniek worden uitgeprobeerd op andere nanostructuren.
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Figure 1: Ultrafast pump-probe experiments in this thesis in a nutshell (Fig. I.1, p.
14)
a) Picosecond ultrasonics technique (Chs. II, III). 1. Absorption of energy from pump
beam, and heating of the surface region. Coherent strain is generated by thermal expan-
sion of the lattice. 2. The generated strain travels into the film. 3. Part of the wave
is reflected at the metal/substrate interface. 4. The part that returns to the interface is
detected by a delayed, weak probe pulse. b) Propagation of the high-amplitude acoustic
wave launched into the substrate at room temperature: due to nonlinearity, the wave trans-
forms into a N- or shock wave. The shock wave is detected at the other side by the same
technique as in Fig. I.1 a). c) Like b) but now at low temperatures: the wave develops
into a train of solitons, and high-frequency tail. d) Detection of soliton train by analyzing
wavelength dependent reflection of a broadband colored pulse on a quantum well with a
spectrometer. e) Reflection and transmission of multiple gallium nitride - indium gallium
nitride quantum wells. Pumping leads to coherent vibrations, and acoustic wave propaga-
tion in the surrounding material. f) Generation of low-frequency, high amplitude acoustic
waves in yttrium vanadate through structural phase transitions. g) Pump-probe transmis-
sion experiments on zinc oxide nanowires. First attempts are made to access the ultrafast
carrier dynamics.
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Figure 2: Nonlinear temperature dynamics in Cr (Fig. III.11, p. 57)
Electron (left panel) and lattice (right panel) temperatures for Cr as a function of time and
position in the film, for pump fluences a) I0 = 0.83 mJ/cm2, b) I0 = 14.0 mJ/cm2, and c)
I0 = 20 mJ/cm2.
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Figure 3: Nonlinear temperature dynamics in Ni (Fig. III.12, p. 59)
Electron (left panel) and lattice (right panel) temperatures for Ni as a function of time and
position in the film, for pump fluences a) I0 = 0.54 mJ/cm2, b) I0 = 8.56 mJ/cm2, and c)
I0 = 14.1 mJ/cm2.
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Figure 4: Contour plots of time-dependent spectra (Fig. VI.2, p. 107)
Spectral/temporal contour plots of the reflectivity normalized to the off-resonance back-
ground, measured for pump fluences of a) 1.0 mJ/cm2, b) 2.0 mJ/cm2, c) 5.1 mJ/cm2,
d) 7.1 mJ/cm2, e) 8.2 mJ/cm2, f) 10.2 mJ/cm2. Black lines are calculated contours of
equal reflectance changes for corresponding pump fluences. Inset in a) shows the spectral
profile of reflectivity: blue (dashed line) is the stationary spectrum, red (light) and black
(dark) lines are respectively the measured and calculated spectra at the specified time, for
the corresponding fluence.
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Figure 5: Individual spectra for selected fluence (Fig. VI.3, p. 108)
a) Temporal evolution of the reflectivity spectrum measured (left panel) and calculated
(right panel) for I0 = 9.2 mJ/cm2. Arrows indicate the arrival times of acoustic solitons
at the QW center. b) - e) Measured (red, solid line) and calculated (black, short dash)
reflectivity spectra for I0 = 9.2 mJ/cm2 at specified times. Arrows in b) and c) indicate
the shifted spectral lines due to acoustic solitons. Blue, long dashed lines are unperturbed
spectra.
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Figure 6: Intermediate simulation results (Fig. VI.4, p. 111)
a) Soliton propagation for the fluences depicted in Fig. VI.2. b) Arrival times for solitons,
as found in calculations. c) QW resonance energy shift for a pump fluence of I0 = 10.2
mJ/cm2. d) Calculated contour plots given the resonance shift in c), and exciton lifetime
Te = 0.
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