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Abstract

The method of using short laser and X-ray pulses to investigate dynamics in materials
(pump-probe) has been used for several decades. This thesis presents work that was car-
ried out using these sources of light to reveal acoustic, thermal and non-thermal dynamics.
The dynamics were induced in the samples by depositing energy with a pulsed laser, and
probed with X-ray diffraction. The recent increase in the availability of ultrashort X-ray
source facilities, such as the FemtoMAX beamline at the MAX IV laboratory, has made it
possible to carry out increasing numbers of experiments with femtosecond time resolution.
The main part of the experiments were carried out on femto- and picosecond timescales.

When an intense laser pulse impinges on a semiconductor the large number of electrons
excited can result in melting of the material within a time much shorter than the time
taken to melt the material thermally. At lower intensities and on longer timescales the heat
will instead lead to thermally expansion of the material, generating acoustic waves that
propagate into the material. Part of the work presented in this thesis involves experiments
on atomic disordering during non-thermal melting and modification of the propagating
acoustic waves in the semiconductor indium antimonide (InSb). The other material studied
in this work was graphite.

The relaxation of the material thermally expanded by laser irradiation was studied to
measure the thermal cross-plane conductivity of a graphite film. An accurate measurement
of the film thickness was carried out at the same time. An intense laser pulse was also used
to generate large amplitude pressure waves in graphite, which may provide a means of driv-
ing a direct phase transition from graphite to diamond.

To summarize, this thesis presents experimental work and new findings that contribute
to our understanding of the physics in semiconductors, and to the development and prop-
erties of materials such as thin films and nano diamonds formed in graphite.
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Popular Scientific Summary

Light consists of electromagnetic waves, and is usually described by its wavelength. The
wavelength of electromagnetic waves extends over a wide range, from several meters (radio
waves) down to dimensions much smaller than the size of an atom. In the short-wavelength
part of the spectrum, where the wavelength is on the order of the distance between the
atomic planes in a crystal (∼ 10−10m), the radiation is called X-rays. At these short wave-
lengths, diffraction occur from atomic planes making X-ray radiation a perfect tool for
studying the structure of crystalline materials. The method used in the studies described in
this thesis is called time-resolved X-ray diffraction. Short pulses of X-ray radiation are used
to study the rapid changes in a material after excitation by a laser pulse. The changes over
time can then be studied by varying the arrival time of the X-ray pulse relative to the laser
pulse. The timescale studied was between 10−9s and 10−15s. Ultrashort laser pulses with
pulse durations on the order of ∼ 10−15s were used in the studies presented in this thesis.

Two different materials were studied, graphite and indium antimonide (InSb). The
thermal conductivity and the acoustic response of a thin film of graphite was studied after
heat deposition by a laser pulse. In another experiment, high-pressure waves were gener-
ated in a sample of natural graphite by an intense laser pulse. The pressure generated was
capable of transforming the material from graphite to diamond. In the studies on InSb,
acoustic phonons and non-thermal melting were studied. In the first experiment, acous-
tic strain pulses were generated and modified in InSb to switch X-ray reflection efficiency
from the sample. This was done by modifying the acoustic phonon spectrum in order
to produce short X-ray pulses. In the other kind of experiment non-thermal melting was
studied, which is a much faster process than normal thermal melting, and happens before
any material is heated.
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Populärvetenskaplig sammanfattning

I arbetet som presenteras i den här avhandlingen så används ljus för att undersöka materia.
Ljus är elektromagnetiska vågor som utbreder sig med ljusets hastighet (299792458 m/s i
vakuum). Egenskaper hos ljus beskrivs av dess våglängd. Våglängden för elektromagnetiska
vågor kan variera mellan att vara flera meter, så kallade radiovågor, till att vara extremt ko-
rta. I det kortare spektrumet av våglängder, i storleksordningen av avstånd mellan atomer
ordnade i en kristallstruktur (∼ 10−10m), så kallas vågorna för Röntgenstrålning. I arbetet
som den här avhandlingen baseras på så används väldigt korta pulser av Röntgenstrålning
för att i tid följa hur olika materials strukturer förändras. Själva strukturförändringarna
initieras av korta laserpulser. Laserpulserna som används är väldigt korta och har en varak-
tighet som bara är en ytterst liten del av en sekund, endast i storleksordningen∼ 10−15s. I
jämförelse så är det ungefär lika stor skillnad som att jämföra en dag på jorden med univer-
sums ålder. Dessa korta pulser av ljus behövs för att kunna studera ultrasnabba fenomen
på atomnivå eftersom det inte finns kameror på marknaden som är tillräckligt snabba för
att fånga dessa ögonblick.

Efter att en laser och en Röntgenpuls har träffat materialet som undersöks så fångas
ögonblicksbilden av Röntgenpulsen upp av en detektor. Genom att skjuta flera laser- och
Röntgenpulser som varierar i tid mellan varandra så kan ögonblicksbilder av dynamiken i
ett material fångas upp. Principen är densamma som att göra rörlig film med stillbilder. I
detta fall så fungerar laserpulsen som blixten och Röntgenpulsen som kamerans slutare.

I den här avhandlingen har egenskaper hos två olika material studerats, grafit och indi-
umantimonid (InSb). I grafit så har värmeledningen i en tunn grafitfilm med nanometer-
stor tjocklek studerats, samt hur en intensiv laserpuls kan användas för att generera kraftiga
tryckvågor i naturlig grafit. Studierna av indiumantimonid har handlat om hur man kan
använda en laserpuls för att akustiskt modifiera reflektionen av röntgenpulsen från mate-
rialet till att bli kortare i tid. Ett annat fenomen som har studerats i samma material är
icke-termisk smältning, som till skillnad från konventionell termisk smältning uppstår vid
intensiv laserstrålning och har ett tidsförlopp som är betydligt kortare än den tid det tar för
att termiskt smälta materialet.
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Chapter 1

Introduction

Since the discovery by Wilhelm Röntgen in 1895, X-rays have been used extensively in
both medical and scientific applications. The discovery of X-ray diffraction from crystals
[1] made X-rays a very important tool in the investigation of atomic and molecular struc-
tures, and has been a driving force in the development of powerful X-ray sources. The
number of studies of ultrafast phenomena in crystalline structures using X-ray diffraction
has increased in recent decades due to the development of lasers and X-ray facilities that
can produce ultrashort pulses. Such short X-ray pulses enable ”molecular movies” to be
captured as phase transitions occur. Extremely short femtosecond laser pulses, which are
on the same order as atomic motion, are used to induce effects in the materials to be stud-
ied. In the work presented in this thesis atomic dynamics was studied on the timescale from
hundreds of femtoseconds to a few nanoseconds, following excitation by an ultrashort laser
pulse. The majority of the experiments has been a part of the commissioning activities at
the FemtoMAX beamline at the MAX IV laboratory, making the beamline available for
user experiments.

The pump-probe concept is presented in Chapter 2, where the use of amplified laser
pulses is presented and methods of converting these pulses into other wavelengths are pre-
sented. The basics of X-ray diffraction is presented in Chapter 3. First the general scattering
equations are presented followed by the basic crystal structures and geometries used in these
experiments. Chapter 4 describes the dynamics probed by X-ray diffraction in this work.
This chapter starts with an introduction to strain generation, which is essential in these
experiments, then describes the probing of acoustic phonons as well as the Debye-Waller
effect. Chapter 5 provides an introduction to non-thermal melting of semiconductors and
the inertial model, which was used to describe this phenomenon. This chapter also describes
the principle of the X-ray geometry used to carry out the experiments. The generation and
detection of large compressive strains in natural graphite andmeasurements of thermal con-
ductivity in thin films of graphite are presented in Chapter 6. This chapter also describes
the simulations performed in this work. Chapter 7 presents the basic insertion devices of

3



a synchrotron radiation facility. A brief description of the FemtoMAX beamline at the
MAX IV laboratory is also presented. Discussion and conclusions from the experimental
work are presented in Chapter 8, while Chapter 9 summarizes the findings and presents an
outlook on future work.
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Chapter 2

Pump Sources

In the work described in this thesis, short laser pulses of near infrared radiation were used.
Additionally, pump sources providing THz radiation were developed at the FemtoMAX
beamline.

Figure 2.1: Illustration of a typical pump-probe setup. A pulsed laser beam is divided into
a pump beam and a probe beam. The travel time of the probe pulse is varied using a delay
line.

In ultrafast dynamics, such as atomic or molecular motion and displacements in a ma-
terial, the effects occur faster than can be resolved using conventional electronic circuits
and detectors. The pump-probe technique can be employed to solve this problem. An
electromagnetic pulse (the pump) deposits energy that changes the properties of a material.
The properties can then be followed in time by additional pulses (the probe) with varying
time delays relative to the pump pulse. The pump and probe pulses usually have different
properties to match the requirements of pump pulse energy deposition in the material, and
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probe pulse characteristics of the material. For example, X-rays are suitable when probing
atomic crystal structures, while optical pulses are used to probe surface properties, such as
reflection and transmission. The principle of a time-resolved pump-probe experiment is
illustrated in Figure 2.1.

2.1 Laser-induced non-linear responses and optical parametric am-
plifier

The pump sources used in this work were based on the amplification of pulses from a
Ti:sapphire laser. Amplified ultrafast optical pulses at a central wavelength of 800 nm that
can deliver several mJ of energy were used. The principle of generating short intense laser
pulses is based on the method of chirped pulse amplification [2]. This amplification process
makes it possible to amplify and compress a laser pulse in time without damaging the optics
in the amplification process. The amplified laser pulse can be used directly in experiments
as a pump source, or it can be used to further amplify or generate other light sources in
optically non-linear materials.

2.1.1 Optically non-linear materials and three-wave mixing

Amplified laser pulses are necessary to induce strong optical ultrafast non-linear responses
that can be used to generate additional light. In a linear dielectric material the induced
polarization density, P , from an optical electric field E is given by [3]:

P = ϵ0χE (2.1)

where ϵ0 and χ are the permittivity in free space and the material susceptibility, re-
spectively. In a non-linear material the polarization density can be expressed by Taylor
expansion:

P = ϵ0χE + 2dNLE
2 + 4χ(3)E3 + .... = ϵ0χE + PNL + 4χ(3)E3 + .... (2.2)

where PNL = 2dNLE
2 is the second-order non-linear polarization density, and dNL

is the second-order non-linear coefficient that describes the strength of the second-order
non-linear response of the material. If the incident electric field consists of two angular
frequencies, E = E(ω1) + E(ω2), the resulting second-order polarization density will
have components that are combinations of the sum and difference of the two frequencies
ω1 and ω2. The polarization density PNL, will then itself act as a source of light that will
emit at the frequencies according to the non-linear wave equation [3]:

∇2E − 1

c2
∂2E

∂t2
= −µ0

∂2PNL

∂t2
(2.3)
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where c and µ0 are the speed of light in the material and the permeability in free space,
respectively. To ensure efficient generation of light, it is important to match the phase of
the propagating and generated light inside the material. The phase matching condition for
two light sources with wave vectors k⃗1 and k⃗2 that radiates light with wave vector k⃗3 can
then be written:

k⃗1 + k⃗2 = k⃗3 (2.4)

2.1.2 Optical parametric amplification

Incident light with angular frequency ω1 and a second wave from an intense laser with
angular frequency ω3 can be phase matched to amplify the first wave in a non-linear crystal.
This process is called optical parametric amplification (OPA) and is used to amplify tunable
light pulses. In the amplifying process residual light with angular frequency ω2 is also
generated and is called the idler.

It has been suggested in the research group that an optical parametric amplifier could be
used as a pump source at infrared wavelengths for non-thermal melting experiments as less
heat is deposited. This would finally lead to a non-thermally molten material without any
thermal melting. However, OPA excitation as a pump source for this type of experiment
had to be abandoned due to problems in matching the pump and probing depths.

2.2 Portable laser-pumped THz sources

Wavemixing in non-linear crystals such as zinc telluride (ZnTe) and lithiumniobate (LiNbO3)
can be used to enhance the generation of difference frequencies between the spectral com-
ponents in a laser pulse, and will result in single-cycle THz pulses [4]. A typical laser pulse
has a spectral width on the order of ∼ 1012Hz, which will induce a polarization density
at THz frequencies, as described in Section 2.1.1. To be able to combine the THz light
generated into a single-cycle pulse, it is important that the group velocity of the laser pulse,
cgr, is the same as the speed of light at THz frequencies, cTHz , in the material. Figure
2.2 illustrates THz generation in crystals of ZnTe and LiNbO3, commonly used for THz
generation from laser pulses.

In ZnTe the velocities of a laser pulse centered at a wavelength of 800 nm and THz
light around 1 THz are collinearly matched as cgr ≈ cTHz . This is not the case in the
LiNbO3 crystal. The slower generated THz light will lag behind the optical pulse, and
the THz phase front will be tilted. To solve this problem it is necessary to tilt the laser
pulsefront by this tilting angle to combine the THz light in phase. The result is an intense
single-cycle THz pulse that propagates in the direction of this tilting angle. The efficiency
of THz generation depends on the non-linear coefficient dNL. Due to the anisotropy of
the crystals, it is necessary to take the polarization and direction of the pump laser in the
crystal into account in directions where the non-linear coefficient is large.
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(a) (b)

Figure 2.2: Comparison of THz generation in (a) ZnTe and (b) LiNbO3. In ZnTe the
generated THz light adds up in phase to a pulse front. In LiNbO3 the laser pulse front
must to be tilted to efficiently combine the THz light into a single pulse. THz generation in
the LiNbO3 crystal is shown without and with pulse front tilting. The solid yellow circles
represent THz sources at the pulse front, and the dotted yellow circles previously generated
THz light.

2.2.1 Organic crystals

Organic crystals can also be used to generate THz pulses. These crystals have extremely
large dNL. The main advantages of these crystals are that collinear phase matching can
be achieved and the conversion efficiency is higher than in most non-organic crystals.
Examples of such crystals are N-benzyl-2-methyl-4-nitroaniline (BNA) [5] and 4-N, N-
dimethylamino-4’-N’-methyl-stilbazoliumtoyslate (DAST) [6]. BNA can be pumped with
amplified laser pulses at 800 nm while DAST must be pumped by longer wavelengths
(1200-1500 nm) to ensure phase matching and to avoid absorption [7]. The longer wave-
lengths can be achieved through OPA. In many cases it is favorable to use BNA since the
highly intense laser pulses from a Ti:sapphire amplifier can be used directly without any
optical conversion.

2.3 Probe sources

In the pump-probe setup illustrated in Figure 2.1, a laser is used as a probe source. However,
many different probe sources can be employed in ultrafast experiments, as described below.

2.3.1 Laser-based probing

Due to their short duration, pulses from a pulsed laser can be used as a probe source, for
example, to measure the transient reflection and absorption at a sample surface [8] and
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for spectroscopic measurements [9]. A novel way of probing ultrafast responses with laser
spectroscopy is by time-resolved Raman microscopy. A laser pump-Raman probe station
has recently been built at the Division of Atomic Physics at Lund University to measure the
coherence time of phonons in diamond [10]. However, laser-based probing methods are
usually limited to use in probing the reflection, transmission, and absorption of a sample,
and cannot probe the dynamics or changes in the atomic structure. To be able to probe
atomic structures other sources, such as X-rays and electrons, must be used.

2.3.2 X-rays

X-rays were used as the probe source in the work presented in this thesis. X-rays can be
used to measure reflectivity, absorption, and transmission, as in the case of a laser-based
source. However, an important property of X-rays is their diffraction from crystallographic
planes. This property makes it possible to directly probe the dynamics of the material.
X-ray diffraction are further discussed in Chapter 3, and X-ray sources in Chapter 7.

2.3.3 Electron diffraction

Accelerated electrons can be used as a probe source as a complement to X-rays. Diffraction
occurs due to the wave nature of electrons [11], and thus diffraction patterns can be ac-
quired. Wavelengths that are much shorter than those that can be produced at synchrotron
facilities can be achieved by accelerating electrons to several MeV. Our research group has
previously carried out experiments using time-resolved electron diffraction [12].
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Chapter 3

X-ray Diffraction

TheX-ray radiation used in this work was produced at synchrotron facilities, at wavelengths
between ∼ 0.4 and 6 nm. In X-ray science, the unit most frequently used to describe light
is energy, expressed in eV. The relation between wavelength and energy in eV is given by
the relation:

E =
hc

eλ
(3.1)

where h, c, e and λ are Planck’s constant, speed of light, elementary charge and wave-
length respectively. X-ray wavelengths are on the order of the distance between atomic
planes in crystals, which makes X-rays suitable as a tool to investigate atomic motion and
structural dynamics in crystal structures by diffraction. Diffraction arises from light scat-
tered by the electrons in the atoms of the crystal structure. The scattering of X-rays by
electrons can either be elastic (Thomson scattering) or modified (Compton scattering). In
elastic scattering the energy of the photons is preserved, while in the modified scattering
the energy of the photons is reduced. Elastic scattering is dominant in X-ray diffraction
experiments, and the modified scattering was thus disregarded in this work.

3.1 X-ray scattering

3.1.1 X-ray scattering from a single electron

A free electron accelerated by an oscillating electric field, in this case X-ray radiation, will
emit electromagnetic radiation as it oscillates around an equilibrium position. At a point
of observation at a given distance from the electron, the observable scattered intensity is
given by Equation [13]:

I = I0
e4

m2c4R2

(
1 + cos2 ϕ

2

)
(3.2)
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where I0 is the intensity of the incident oscillating field, e is the elementary charge,m
is the electron mass, c the speed of light, R the distance between the charge and the point
of observation and ϕ the angle between the direction of observation and the oscillating
charge.

3.1.2 X-ray scattering from an atom

In contrast to a free electron the intensity of the radiation scattered by an atom includes
contributions from all the electrons in the electron cloud surrounding the nucleus. An
important quantity in X-ray diffraction is the atomic scattering factor, f , which describes
the amplitude of scattered light per atom. The expression for the atomic scattering factor
is [13]:

f(Q⃗) =

∫ ∞

0
ρ(r⃗)eiQ⃗·r⃗dr⃗ (3.3)

where ρ(r⃗) is the radial density distribution of electrons, Q⃗ the scattering vector and r⃗
the position vector. Scattering factors for most materials can be found in tables for X-ray
crystallography [14].

3.1.3 X-ray scattering from a crystal

In a crystalline structure, the atoms are arranged in a specific repeating order. The smallest
unique unit in this structure is called the unit cell. The scattering from a unit cell is a result
of the interference of the light scattered from all the atoms in the unit cell, which depends
on the position xn, yn, zn, of each atom, n, with a scattering factor, fn, within the unit
cell. This is described by the sum of the atomic scattering factors fn, and is called the
structure factor, Fhkl:

Fhkl =
∑
n

fne
2πi(hxn+kyn+lzn) (3.4)

The integers h, k, and l are called the Miller indices, and define the atomic planes in
the crystal. The square of the structure factor is proportional to the intensity of scattered
radiation from the crystal. For the two materials studied in this thesis, InSb and graphite,
which have zinc-blende cubic and hexagonal structures respectively, the structure factors
can be derived from the atomic positions in their respective unit cell. Due to this depen-
dence on the atomic positions, there are cases where the structure factor is zero and no
reflection is observed. These reflections are called forbidden reflections, and occur in InSb
when the Miller indices includes both even and odd integers. For graphite, all reflections
with l = odd will be forbidden.
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3.1.4 X-ray scattering from planes of atoms and Bragg’s law

In general, the atomic planes in a crystal can be illustrated as a chain of atoms which may
all scatter radiation in phase during irradiation, as illustrated in Figure 3.1.

Figure 3.1: Illustration of Bragg’s law. The blue circles denote the atomic planes with
interplanar spacing d.

The atomic planes are separated by the interplanar spacing, d. When incident X-rays
of a specific energy propagate through the atomic layers the electrons will scatter light with
the same wavelength as the incident radiation. If the angle of incidence is θ, then the X-
ray radiation scattered from the upper and lower atomic planes will be in phase when the
path difference of the light, 2d sin θ, is an integer multiple, N , of the wavelength, λ. This
condition is known as Bragg’s law [1], and is expressed as in equation 3.5.

2d sin θ = Nλ (3.5)

3.2 Crystal structures

3.2.1 Crystallographic planes and Miller indices

As mentioned above, the atoms in a crystal structure will form crystallographic planes that
can be defined using the Miller indices. If the crystallographic axes are a1, a2 and a3, then
the crystallographic set of planes hkl are defined as the planes going through the origin and
a1/h, a2/k and a3/l. The crystallographic axes and the planes with Miller indices (010)
and (002) are illustrated in Figure 3.2.
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Figure 3.2: Illustration of crystallographic planes withMiller indices (010) and (002). The
red bracket marks the distance a1/1 and a3/2 on each figure.

3.2.2 The reciprocal vectors and the scattering vector

A useful way of treating the crystallographic planes in X-ray diffraction is by defining a set
of reciprocal vectors, b⃗1, b⃗2, and b⃗3, each one perpendicular to two crystallographic axes.
The reciprocal vectors are defined as [13]:

b⃗1 = 2π
a⃗2 × a⃗3

a⃗1 · a⃗2 × a⃗3
, b⃗2 = 2π

a⃗3 × a⃗1
a⃗1 · a⃗2 × a⃗3

, b⃗3 = 2π
a⃗1 × a⃗2

a⃗1 · a⃗2 × a⃗3
(3.6)

The vectors in Equation 3.6 can then be used to define the scattering vector Q⃗hkl, as
the linear combination of the Miller indices and reciprocal vectors:

Q⃗hkl = hb⃗1 + kb⃗2 + lb⃗3 (3.7)

Since the reciprocal vectors are perpendicular to the crystallographic axes that define
each crystallographic set of planes (hkl), the scattering vector will be a vector perpendicular
to this set of planes. In the left-hand illustration in Figure 3.2, the interplanar spacing is
d010 = |a⃗2|. It then follows that:

| ⃗Q010| = |b⃗2| = 2π
|a⃗3||a⃗1|

|a⃗1||a⃗2||a⃗3|
=

2π

|a⃗2|
=

2π

d010
(3.8)

Hence the magnitude of the scattering vector is related to the interplanar spacing as:

|Q⃗hkl| =
2π

dhkl
(3.9)

Bragg’s law in vector form

Amore general way of expressing Bragg’s law is in vector form, where wave vectors represent
the incident and scattered X-rays. Since the magnitudes of the incident and scattered X-
rays are equal, it can be shown that Equation 3.5 is Equivalent to equation 3.10, where k⃗s
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and k⃗0 are the wave vectors of the scattered and incident X-rays, respectively, θ is the Bragg
angle, and Q⃗ is the scattering vector. Figure 3.3 illustrates Bragg’s law in vector form.

k⃗s − k⃗0 = Q⃗ (3.10)

Figure 3.3: Bragg’s law in vector form.

3.2.3 Crystals and lattice spacing

The two materials investigated in this work had different structures, and therefore, the
interplanar spacing, dhkl, is calculated differently. In a cubic crystal such as InSb all three
crystal axes are equally long, |a⃗1| = |a⃗2| = |a⃗3| = a, and orthogonal, while in the case
of hexagonal crystals, such as graphite, the interplanar spacing depends on the two crystal
axes, aa = |a⃗1| and ac = |a⃗3|. The different crystal structures are illustrated in Figure 3.4.

Figure 3.4: Illustration of a simple cubic crystal and a hexagonal crystal.

The relation between the crystal axes andMiller indices gives expressions for the spacing
in cubic and hexagonal crystals [13]:

Cubic: dhkl =
a√

h2 + k2 + l2
, Hexagonal: dhkl =

1√
4
3

(
h2+hk+k2

a2a

)
+ l2

a2c

(3.11)
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3.3 Diffraction geometry

3.3.1 Coplanar and non-coplanar geometry

When investigating the geometry of a certain X-ray reflection from a set of planes, two
geometries of diffraction, coplanar and non-coplanar, can be distinguished. In the coplanar
geometry the incident and scattered wave vectors, k⃗0 and k⃗s, and the scattering vector, Q⃗,
are in the same plane, which is normal to the crystal surface. All other geometries are called
non-coplanar. Figure 3.5 illustrates the two different diffraction geometries.

(a) (b)

Figure 3.5: Illustration of the coplanar (a) and non-coplanar (b) reflection geometry. In
the non-coplanar case the vectors are not in the same plane.

3.3.2 Asymmetric diffraction geometry

In contrast to a symmetric case, illustrated in Figure 3.6 (a), crystals can be cut relative
to a set of crystallographic planes so that the orientation of the sample surface and the
crystallographic planes will be different. In such cases the diffraction geometry is called
asymmetric. The simple case where the Bragg reflection geometry is coplanar is illustrated
in Figure 3.6 (b).

(a) (b)

Figure 3.6: Illustration of symmetric (a) and asymmetric (b) diffraction geometry for a
coplanar reflection.
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According to the Bragg condition illustrated in Figure 3.3, the angles of the incident
and scattered wave vectors relative to the crystallographic planes, θ, are equal. This means
that the surface is parallel to the crystallographic planes, and hence the incident and exit
angles relative to the sample surface are the same. In the asymmetric case, Figure 3.6 (b), the
surface and the crystallographic planes are not parallel, but are at an angle φ to the surface.
In order to fulfill the Bragg condition in this case, the angle of incidence relative to the
surface will be θ−φ, and consequently the exit angle must be θ+φ. Asymmetric diffraction
geometries with a very small angle of incidence have been used previously in experiments to
study non-thermally molten layers in InSb [15, 16]. These are usually referred to as grazing
incidence X-ray scattering (GIXS) experiments [17].

Probing depth

Using an asymmetric diffraction geometry, as illustrated in Figure 3.6 (b), can be benefi-
cial as the incident X-rays will propagate closer to the sample surface. This will make the
experiment more sensitive to probing the surface layers rather than deeper in the material.
In most materials, the refractive index for X-rays is less than unity [13]. This must be taken
into account when calculating the probing depth, dp. Refraction will thus take place at the
surface, and the angle in the material, θ2, will increase as a consequence of Snell’s law. This
will further decrease the probing depth, as illustrated in Figure 3.7.

Figure 3.7: Illustration of the probing depth, dp, at an X-ray incidence angle θ1. The
refractive index of the material is less than unity for X-rays, further reducing the probing
depth.

In some laser pump-X-ray probe experiments the probing depth of the X-rays must
be matched with the depth of laser excitation. This was the case in the study presented in
Paper IV, where only non-thermally molten effects at the sample surface were probed.
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Chapter 4

Probing Lattice Dynamics with X-ray
Diffraction

Heating a crystal using an ultrafast laser pulse will cause thermal expansion of the material
due to the increase in temperature. The crystallographic planes in the rapidly stressed ma-
terial will be displaced, and is usually referred to as strain. Probing the strain in a material
using time-resolved X-ray diffraction, allows acoustic phonons and strain-related properties
to be studied.

4.1 Acoustic wave propagation in solids

If we assume a one-dimensional structure, the relation between the absorbed fluence, F ,
from a laser pulse in a material and the temperature increase,∆T , at a depth z is given by:

∆T (z) =
W (z)

C
=

F

ζC
e−z/ζ (4.1)

where W (z) is the energy density, C the specific heat constant, and ζ the optical ab-
sorption depth of the material.

4.1.1 TheThomsen model

A simplified model describing one-dimensional longitudinal strain evolution during ultra-
fast excitation by a laser pulse has been given by Thomsen et al. [18]. In their model, the
thermal expansion of the lattice, and thus the stress driving the strain, is assumed to occur
instantaneously. The strain at depth z and time t is given by:

η(z, t) =
Fβ

ζC

1 + ν

1− ν

[
e−z/ζ

(
1− 1

2
e−vt/ζ

)
− 1

2
e−|z−vt|/ζsgn(z − vt)

]
(4.2)
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where β is the thermal expansion coefficient, ν the Poisson ratio, and v the speed of
sound.

In order to fulfill the initial condition, i.e., no strain has developed, the solution yields
two travelling waves and a static part at the surface, which can be identified by the terms
in the square brackets in Equation 4.2. As the travelling strain waves propagate, one will
immediately be reflected at the surface, and therefore a pulse consisting of negative and pos-
itive parts will form that propagate into the material. Equation 4.2 is illustrated in Figure
4.1 as a function of depth. The width of the strain parts depends on the heat deposited in
the material by the laser. Equation 4.1 shows an exponential deposition profile and hence
the strain will have the same profile. The absorption depth used in the case shown in Figure
4.1 was ζ = 100nm.

Figure 4.1: Strain development obtained using the Thomsen model at 5 (blue), 50 (red)
and 150 (black) ps after laser heat deposition, as a function of depth.

4.1.2 Acoustic reflection and mismatching

Equation 4.2 is valid until the travelling acoustic strain pulse reaches a part of the sample
where the acoustic impedance changes. From that point on, acoustic reflections must be
considered. Figure 4.1 illustrates the case for a thick sample (> 1µm). However, for
samples with a finite size, the acoustic strain pulse will be reflected from the back surface.
When the strain pulse propagates in a film on top of a substrate it will be transmitted
into the substrate. The reflection and transmission coefficients, Rη and Tη, depend on the
acoustic impedance, Zi, of the materials, and are given by the following equations [19]:

Rη =
Z2 − Z1

Z2 + Z1
, Tη =

B1

B2

2Z2

Z2 + Z1
, Zi = ρivi (4.3)

where ρi, vi and Bi are the density, velocity of sound, and bulk modulus, respectively.

20



The subscript i refers to the material of propagation (i = 1) and transmission (i = 2).
Propagating and reflecting strain pulses from a boundary are shown in Figure 4.2. In (a)
the second material is vacuum (Z2 = 0) and the strain pulse will have the same amplitude
but show a phase shift of π. In (b) the acoustic impedance of the second material is higher
so no phase shift occurs at the boundary.

Figure 4.2: Propagating (black) and reflected (red) acoustic strain waves. The boundary is
indicated by the solid orange line. The black and red arrows show the direction of propa-
gation of each strain pulse.

Applications

If the acoustic mismatch between the thin film and the substrate is large, the reflections of
the strain pulse can be used to determine the thickness of the film. This method was used
in the study presented in Paper VI to determine the thickness of the thin film of graphite
grown on a nickel substrate. In the study described in Paper I, the acoustic mismatch
between a gold film and an InSb substrate was used to transmit strain echoes into the
substrate with a periodicity that enhanced or cancelled out specific phonon modes.

4.2 Acoustic phonons

Lattice vibrations can be described by particles that are quantified by their frequency. These
particles are called phonons. Phonons are categorized by their vibrational direction relative
to their direction of propagation, transversal or longitudinal, and whether they are optical
or acoustic [20]. In the work presented here, only longitudinal acoustic phonons were
observed, and will be the only kind discussed. From the description of acoustic phonons,
the strain induced in a material during ultrafast excitation by a laser pulse can be considered
as a superposition of coherent acoustic phonons, and can thus be described to contain a
phonon spectrum. The acoustic phonons can be studied by time-resolved X-ray diffraction
[21, 22] and be modified by ultrafast laser pulses to enhance or cancel specific frequencies
[23, 24, 25, 19].
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4.2.1 Scattering condition for acoustic phonons

The Bragg condition, discussed previously in Section 3.2.2 and illustrated in Figure 3.3 is
valid for an unperturbed lattice. If a phonon with wave vector ±q⃗ exists in the solid, then
the wave vectors of the incident and scattered X-rays, k⃗0 and k⃗s, must be modified in order
to fulfill the Bragg condition. With a phonon wave vector the Bragg condition will be as
stated in Equation 4.4. Figure 4.3 illustrates the Bragg condition.

k⃗s − k⃗0 = Q⃗± q⃗ (4.4)

Figure 4.3: Bragg condition for probing acoustic phonons with a wave vector q⃗.

The condition in Equation 4.4 makes it possible to probe individual acoustic phonons
in a solid by detuning the X-ray energy away from the Bragg peak [22].

4.3 The Debye-Waller factor

In a perfect structure with well defined atomic positions, the scattered intensity will be de-
termined as described previously in Chapter 3. However, the atoms in the crystal structure
will vibrate, thus having an average kinetic energy depending on the temperature. These
vibrations will introduce an uncertainty in the positions of the atoms and decrease the scat-
tered intensity. To take thermal vibrations into account, the diffracted X-ray intensity from
a solid material is multiplied by a factor that depends on the average thermal displacement
of the atoms. This factor is called the Debye-Waller factor [13]. For a solid material with
one kind of atom, the diffracted intensity is given by:

I = I0e
−2M , 2M = 16π2⟨u2⟩sin

2 θ

λ2
(4.5)
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where I0 is the X-ray intensity, θ the Bragg angle and ⟨u2⟩ is the average of the squared
displacements from the equilibrium positions of the atoms in the normal direction of the
crystallographic planes.
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Chapter 5

Non-thermal Melting of
Semiconductors

Melting a solid to form a liquid is usually carried out by resistive heating. This will make
the atoms in the solid vibrate until the atomic bonds are broken. Once these bonds are
broken, the solid restoring forces disappear and a liquid state is formed. Melting can also
be induced by a laser pulse. The energy of the laser pulse is deposited in the electron system,
which then thermally equilibrates with the lattice through electron-phonon coupling, and
takes place on the timescale of picoseconds [26]. However, an additional non-thermal
melting process exists in laser-induced melting [27, 28], in which the bonds are broken
directly after laser excitation. The electrons that are excited are the same as those forming
the atomic bonds. When these electrons are excited into the conduction band the bonds
are broken, and the material turns into a liquid [29]. This melting process is faster than
thermal melting, and can occur within a fraction of a picosecond. Figure 5.1 shows the
reduction in X-ray intensity due to non-thermal melting of InSb, where it can clearly be
seen that the melting time is < 1ps.

Figure 5.1: Non-thermal melting in InSb. The decrease in the diffracted X-ray intensity
takes place on the sub-picosecond timescale.
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5.1 The inertial model

Lindenberg et al. developed amodel to describe the non-thermal melting process [15]. This
model assumes that atomic motion in the material after bond breaking will be completely
inertial, i.e. the move at their initial thermal velocities, and will thus be dependent on the
initial temperature of the material. This model has been found to be valid in InSb within a
range of excited carrier densities [16]. A simple illustration of the model is given in Figure
5.2.

(a) (b) (c)

Figure 5.2: Illustration of the inertial model in a simplified case with one In atom (red)
and the corresponding four bound Sb atoms (blue). Before laser interaction (a) the atoms
are bound and vibrate around their equilibrium positions. Upon laser irradiation (b) the
bonds are broken. As the bonds are broken the atoms will become disordered (c) and move
at their initial thermal velocities.

5.1.1 Lattice energy and the Debye-Waller formalism

Upon disordering, the description of the average displacement in time of the unbound
atoms is similar to the Debye-Waller effect in Equation 4.5. This led Lindenberg et al. to a
Debye-Waller description of non-thermal melting. If Equation 4.5 is modified to be time
dependent with a spatial average of all the excited atoms, then the decrease in the time-
dependent normalized diffracted X-ray intensity, I , can be used to describe the inertial
model [15]:

I(Qhkl, t) = e−
Q2
hklv

2
rmst

2

3 (5.1)

where Qhkl is the scattering vector of reflection (hkl), vrms the root mean square of
the atomic velocity, and t the time. For a given reflection, Equation 5.1 is then Gaussian
with a time constant depending on the scattering vector and the atomic velocity, vrms.
The velocity is dependent on temperature and can be calculated from the thermal atomic
vibration energy, U :
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vrms =

√
U

M
(5.2)

where M is the average atomic mass. Following the classical description the atomic
vibrational energy is then given by:

U = 3kBT (5.3)

where kB and T are the Boltzmann constant and temperature, respectively. In the
study described in Paper IV, it was found that the classical description could not adequately
describe the experimental findings at lower sample temperatures. This is further discussed
in Chapter 8.

5.1.2 Disordering times and atomic velocities

Thedisordering time in the work presented here is defined as the time taken for the intensity
to decrease from 90% to 10% of the initial value. The temperature dependence of the
inertial motion will affect the disordering time, as illustrated in Figure 5.3. The inertial
model predicts that at lower temperatures the atoms will move with a slower velocity than
at room temperatures. As a result, the disordering will be slower at lower temperatures and
faster at higher temperatures. The first investigation of the temperature dependence of non-
thermal melting in the inertial regime was investigated for the first time, and is described
in Paper IV.

Figure 5.3: Inertial model illustrated for the (111) reflection of InSb at two different sample
temperatures. The disordering will be slower at lower sample temperatures (black curve)
than at room temperature (red curve).
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5.2 Detection of non-thermal melting

To be able to measure fast disordering it is necessary to have good temporal resolution to
resolve the decrease in intensity, which takes place on the order of hundreds of femtosec-
onds. This can be achieved by using a geometry that projects the spatial axis of the sample
onto the time axis [30], and is illustrated in Figure 5.4.

Figure 5.4: Illustration of the spatio-temporal X-ray geometry in a non-thermal melting
experiment.

Using a grazing incidence geometry and an asymmetrically cut sample, the spatial co-
ordinates along the laser excitation can be mapped temporally within a time window of a
few picoseconds. The grazing incidence geometry is also important to confine the probing
depth of the X-rays to the non-thermally molten material, as explained in Section 3.3.2.

5.2.1 Spatio-temporal mapping

When the X-ray and the laser pulses arrive at the sample, they will both make a streak on
the sample surface. By changing the relative delay between the two pulses it is possible
to make the streaks overlap temporally, so that part of the X-ray reflection contains the
spatio-temporal information on the intensity decrease due to the molten material. From
the geometry shown in Figure 5.4, the conversion of position on the sample to time is given
by:

t =
L(cos θx − cos θL)

c
(5.4)
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whereL is the position along the sample, and c the speed of light in vacuum. θx and θL
are the incidence angles of the X-rays and laser relative to the sample surface, respectively.

5.2.2 Incidence angle calibration

Only the upper layers of the sample will be melted non-thermally, which means that the
probing depth, and hence the incidence angle of the X-rays must be calibrated. In a grazing
incidence geometry this can be done by using the total external reflection of X-rays, in
analogy to the total internal reflection in optics. There is external reflection in this geometry
since the refractive index for X-rays is less than unity. Good calibration can be achieved by
lowering and raising the sample, as illustrated in Figure 5.5 (a), and mapping the position
of the external reflection of the X-rays relative to the direct beam position on the detector,
(y), while stepwise rotating the angular motor stage. The position on the detector is plotted
against the angle of the motor stage and fitting gives a straight line, illustrated in Figure 5.5
(b). The intercept between this straight line and zero position gives the angle of incidence
θinc = 0◦.

(a) (b)

Figure 5.5: Illustration of the calibration of the incidence angle using total external reflec-
tion.
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Chapter 6

Strain and Heat in Graphite

Graphite consists of stacked layers of carbon atoms ordered in a hexagonal structure with
weak van derWaals bonds between the layers, as illustrated in Figure 6.1. Graphite is an in-
teresting material for several reasons. For example, it is an important component in lithium
ion batteries [31], and the characterization of single layer graphite (graphene) [32] has be-
come a model material in 2Dmaterial research. It is therefore important to characterize the
properties of graphite, such as its thermal conductivity, which can differ by several orders
of magnitude in the in-plane and cross-plane directions [33]. Studies of graphite during ul-
trafast laser excitation have also resulted in the generation of nanodiamonds [34, 35]. It has
been suggested that the resulting pressure waves rearrange the atomic layers in graphite to
form diamond structures. These laser-induced pressure waves can be studied by following
the strain waves propagating in graphite.

Figure 6.1: Illustration of the hexagonal structure of graphite.

The naturally found structures of carbon are graphite and diamonds. There are several
kinds of ordered graphite material in crystalline form, for example, single crystalline nat-
ural graphite, and synthetically made materials such as highly oriented pyrolytic graphite
(HOPG) and graphene.
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6.1 Large compressive strain in natural graphite

Natural diamonds are formed in the mantle of the earth, where the pressure and tempera-
ture are extremely high. However, pressure can be induced in graphite by irradiation of the
graphite surface using a laser. The pressure is related to the strain in the material, which is
defined as the relative displacement of the atomic layers.

Simulations were performed and compared with the strain measured experimentally in
X-ray measurements during high-intensity laser irradiation. A hydrodynamic simulation
code, ESTHER [36], was used to calculate the change in density between the solid and
perturbed material (Paper III). When the experimental values and the simulations were
compared, it was seen that the rapid change in density when the material changed from a
solid to a liquid state, in the simulations induces the pressure at the surface of the crystal
due to the change in volume. In one dimension, this will result in displacement of the
atomic layers, i.e. strain in the layers below the melted area. This strain, S, was calculated
from the simulations based on the difference in the density of the solid and liquid material
using the relation:

S(t) =
ρ0
ρ(t)

− 1 (6.1)

where ρ0 and ρ(t) are the densities of the solid and perturbed material, respectively.
The process is illustrated in Figure 6.2.

Figure 6.2: Strain wave generation in graphite above the ablation threshold. The laser pulse
melts the top layer of a graphite sample. The change in volume at the surface induces stress
that displaces the solid material, and resulting in a compressive strain wave.
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6.1.1 2D Diffraction simulations

In the experiment described in Paper III, the diffraction spots from the sample were cap-
tured by a 2D detector. A diffraction code software that simulates the diffraction pattern on
a 2D area detector were used to simulate the effects observed [37]. This code simulates the
diffraction pattern for all allowed reflections in a crystalline material. The input parameters
required are the experimental parameters such as X-ray energy and geometry, the detector
properties, and the crystal structure factors.

Figure 6.3: X-ray diffraction image of anHOPG sample captured by a 2D detector. The red
circles indicate the positions given by the diffraction simulation code. In this illustration
only non-coplanar simulated spots are shown. The white dashed circles represent the q
values of graphite.

The diffraction spots in Figure 6.3 represent reciprocal space, where the radial distance
from the beam center is determined by the scattering vector Q⃗hkl. The q values, qhkl, can be
calculated from the magnitude of the scattering vector (Equation 3.9). For an unperturbed
crystal reflection (hkl) the q value is constant. From geometry, the relation between the q
value and the Bragg scattering angle can be written:

qhkl =
2π

dhkl
=

4π

λ
sin θhkl (6.2)

where λ is the X-ray wavelength and θhkl is the Bragg scattering angle. The relation in
Equation 6.2 and pre-calculated q values can then be used to calibrate the detector distance
D between the sample and detector. This is done by calculating the Bragg scattering angle
from the distance r between the direct X-ray beam and the position of the reflection on the
detector, as illustrated in Figure 6.4.
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Figure 6.4: Calibration of the sample-detector distance using q-values.

6.1.2 Strain from q values

Strain in crystal layers will change the interplanar spacing, dhkl, which in the simulations
changes the position of the reflections, and hence the q values will differ from the static
values indicated by the white dashed circles in Figure 6.3. The deviation from the static q
values was used to calculate the strain with the equation:

S =
q − q′

q
(6.3)

where q and q′ are the static and perturbed q values, respectively.

6.2 Thermal conductivity in thin graphite films

Knowledge on the thermal conductivity of graphite has proved to be important in develop-
ing efficient lithium ion batteries [31], as well as in other applications, such as the removal
of heat from integrated circuits [33]. The thermal conductivity of crystalline graphite is
highly anisotropic. In bulk samples, the in-plane thermal conductivity is 2000 W/m-K,
whereas the cross-plane value is only 6.8 W/m-K [33]. Due to recent developments in the
growth of thin films on substrates, and methods using mechanical exfoliation, the proper-
ties of thin films with nanometer thickness can now be studied. In the studies presented in
this thesis, the focus was on the cross-plane thermal conductivity.

Heat can be deposited in a graphite film by a laser pulse, and the cross-plane thermal
conductivity can be determined by probing relaxation of the strain after heat deposition
with time-resolved X-ray diffraction. The first experiment using this method was carried
out by Harb et al. [38], and this method has been further developed and is used in the
present work (Paper VI).

The (002) reflection of graphite was probed, as this is only sensitive to strain in the
cross-planar direction, and allows direct measurement of the cross-plane thermal conduc-
tivity.
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6.2.1 Heat transport in graphite

The main carriers of heat through conduction in solids are electrons and phonons. In the
case of graphite which, in contrast to metals, does not have a high concentration of free
electrons, the carriers of heat are acoustic phonons [33]. Since the phonons are quantified
lattice vibrations, the number of phononmodes will depend on the sample size, the number
decreasing as the sample size decreases, thus reducing the thermal conductivity, κ [39]. This
is due to the following less heat transport from the phonons. It is therefore important to
be able to measure the thickness of the film. This is further discussed in Chapter 8.

6.2.2 Simulations

Strain

Simulations of the strain evolution in a thin film of graphite were carried out using the ther-
mal conduction model in the commercial software COMSOL. A 1-dimensional geometry
was implemented for a thin film of graphite on a nickel substrate. To prevent acoustic re-
flections from the back surface of the substrate influencing the strain profiles, a sufficiently
thick substrate, of 100µm, was used. An example of a calculated strain profile for a 33 nm
thin graphite film at time t = 5ps after laser excitation is illustrated in Figure 6.5.

Figure 6.5: Simulation of strain in a thin graphite film at t = 5ps. The red dashed line
indicates the interface between the film (Depth < 0 nm) and the substrate (Depth > 0 nm).

Heat source

In many cases, the heat transport from the laser-excited hot electrons to the crystal lattice
can be described by the two-temperature model [40, 41]. This model treats the electrons
and the lattice as two separate systems, where the thermal equilibrium time for the two
systems is given by the electron-phonon coupling factor.

However, the process has been found to be rather complex in graphite, where the hot
electrons interact with intermediate optical phonons before transferring heat to the lattice
through the acoustic phonons [42, 12]. Figure 6.6 illustrates the difference between the
two models.
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(a) (b)

Figure 6.6: Illustration of (a) the two-temperature model and (b) an extended model for
graphite including intermediate phonons. Te and Ta are the electron and lattice tempera-
tures.

To be able to treat these interactions in a simplified way, the process can be modeled
by the time-dependent rate equations:

dEi

dt
= −Ei

τp
+

Eel

τi
(6.4a)

dEa

dt
=

Ei

τp
(6.4b)

where Eel, Ei and Ea are the energy in the electron system, the energy of the interme-
diate phonons and the energy of the acoustic phonons, respectively, and τi and τp are the
electron-intermediate phonon and intermediate phonon-acoustic phonon time constants.
The solution of Equations (6.4a, 6.4b) gives a heat source profile such as that illustrated in
Figure 6.7.

Figure 6.7: Illustration of the kind of heat source profile obtained from the solution of
Equation 6.4.
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Diffraction curves

TheGID_sl online program, which can be accessed on the Stepanov X-ray server [43, 44], is
a tool used to simulate X-ray diffraction curves from strained crystals. The simulated strain
profiles in a thin film of graphite can be imported into the server using a MATLAB script,
and a collection of simulated diffraction curves can be saved for further analysis. Figure 6.8
shows the graphical interface of the symmetric Bragg diffraction template available on the
server, where the diffraction geometry and layer profiles can be implemented.

Figure 6.8: The graphical interface of the GID_sl on the Stepanov X-ray server [43, 44].
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Chapter 7

X-ray sources

A number of different sources can be used to produce short pulses of X-ray radiation,
for example, laser-generated X-ray sources [45], synchrotron radiation facilities based on
storage rings, and sources based on linear accelerators (LINAC). One of the experiments
presented in this thesis (Paper III) was conducted at a synchrotron beamline at the European
SynchrotronRadiation Facility (ESRF) inGrenoble, France. Four other experiments (Paper
I, IV, V and VI) were carried out at the FemtoMAX beamline at the MAX IV Laboratory
in Lund, Sweden, which is a LINAC-based X-ray radiation source (Paper II).

In a synchrotron, electrons are first accelerated to relativistic energies in a LINAC using
high-power electromagnetic radio-frequency (RF) fields produced by a number of RF am-
plifiers, such as klystrons [46]. These electrons are then stored in a storage ring, where they
are collected in bunches. However, the electron bunches become degraded over time in the
storage ring due to repulsive Coulomb interactions. In comparison, LINAC-based sources
generate X-ray pulses directly from single, accelerated electron bunches in the LINAC,
without any storage. LINAC-based sources allow compression andmodification of the elec-
tron bunches to provide short, intense X-ray pulses [47]. The most intense X-ray pulses are
achieved using free electron lasers (FEL), such as the Linac Coherent Light Source (LCLS)
at Stanford University, which provides coherent X-ray pulses with pulse durations < 100 fs
and 1012 photons per pulse [48].

7.1 X-ray insertion devices

Since an accelerating charge emits light the accelerated electrons from a synchrotron storage
ring or a LINAC can be used to produce X-ray pulses. To generate light, the electrons can
be bent using single magnets, or by periodic series of magnets, usually referred to as wigglers
or undulators.
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7.1.1 Bending magnets

The simplest device is a single magnet that will bend the electrons and consequently emit-
ting light. A magnet that bends electrons with a bending radius R will emit light with a
critical energy, Ec, in eV as [46]:

Ec =
3γ3hc

4πeR
(7.1)

where h, c and e are Planck’s constant, the speed of light in vacuum, and the elementary
charge, respectively, and γ is the relativistic constant γ = 1/

√
1− (ve/c)2, where ve is

the velocity of the electrons. A bending magnet produces a broad spectrum of light, and
Ec is defined such that half the energy is radiated above this value and half below.

7.1.2 Undulators

Undulators are periodic structures of magnets with alternating polarities, as illustrated in
Figure 7.1. When an electron passes through an undulator, the light emitted at each mag-
net will add coherently with the light emitted from a previous one. If the amplitude of the
electron path is large enough, the contributions from each magnet will instead add inco-
herently, and the device is then called a wiggler. The energy Eu generated by an undulator
with a magnetic flux density B and period λu is given by [46]:

Eu =
2nγ2hc

λue

(
1 +

K2

2
+ θ2eγ

2

)
, K =

eBλu

2πmec
(7.2)

where n, θe andme are the harmonic order, the angle of radiation relative to the optical
axis, and the electron rest mass, respectively. The parameter K is called the undulator
parameter, and is a measure of the undulator strength.

Figure 7.1: Illustration of an electron passing through an undulator with periodically alter-
nating direction of the magnetic fields, indicated by the arrows. The electron trajectory will
oscillate in the plane perpendicular to the magnetic fields and generate light with energy
given by Equation 7.2.
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7.2 The FemtoMAX beamline

During normal operation, the duration of X-ray pulses produced by synchrotron rings is
on the order of 100 ps [23], which limits the time resolution possible in experiments. There
are methods of shortening the pulse duration in storage rings, such as low-alpha mode [49]
and femtoslicing [50], but these have drawbacks in that they lead to a lower flux at the
beamline, or the synchrotron facility in general. In addition, the number of FELs available
is not sufficient to satisfy the demand for the many experiments that require femtosecond
X-ray pulses. The FemtoMAX beamline is a short-pulsed X-ray beamline dedicated to
producing ultrashort X-ray pulses, and currently provides pulses with a duration of ∼100
fs and 107 photons per pulse.

7.2.1 The laser

The laser system at the FemtoMAX beamline consists of a KM Labs Ti:sapphire amplifier
that currently delivers 13 mJ pulses centered at a wavelength of 800 nm, with a repetition
rate of 100 Hz. An optical parametric amplifier, capable of delivering tunable pulses with
central wavelengths of 0.2-10 µm is also available, and is pumped by the amplified 800
nm laser pulses. Synchronization is achieved between the laser and X-ray pulses by locking
the RF signal from the LINAC to the laser oscillator. The relative delay between the laser
pulse and the X-ray pulse is adjusted by modifying the phase of the RF signal with a phase
shifter, giving accurate delays for pump-probe experiments.

7.2.2 Sample environment

The experimental station currently provides an ultrahigh-vacuum sample environment (<
10−8mbar) in aGIXS geometry. The sample position in theGIXS geometry has a temperature-
controlled environment that allows sample cooling, using liquid nitrogen or helium, and
resistive heating. From the laser hutch, located on the floor above the experimental hutch,
the laser beam is transported to the experimental station through a vacuum system includ-
ing focusing and reflective optics to adjust the beam profile on the sample.

7.2.3 Beamline equipment

Two in-vacuum undulators at the beamline are capable of producing X-rays in the energy
range of 1.8 - 20 keV.The beamline is equipped with a series of monochromators for the ex-
traction of monochromatic light. These include double crystal monochromators (DCMs)
and multilayer (ML) monochromators. In the present work, an InSb DCM with a band-
width of 4 ·10−4 and a Ni-B₄CMLmonochromator with a bandwidth of 10−2 were used.
The X-ray signal is detected by diodes that measure the number of X-ray photons at several
positions along the beamline.
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Chapter 8

Experiments

This chapter describes the experiments performed on graphite and InSb at the FemtoMAX
beamline at the MAX IV laboratory, and at the ID09 beamline at ESRF

8.1 X-ray switch based on a gold-coated InSb crystal

In this study an X-ray switch was developed, and was the first study carried out at the
FemtoMAX beamlime during commissioning (Paper I). This switch was based on the gen-
eration of coherent acoustic phonons in InSb [21, 22]. In contrast to generating phonons
directly by pumping the InSb crystal with a laser, the crystal was instead coated with a gold
film that was pumped by the laser, and allowing a train of strain waves to be transmitted
into the sample, as illustrated in Figure 8.1 (a).

(a) (b)

Figure 8.1: Simulated strain profile in InSb, with a gold coating (a) and without a gold
coating (b).
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This was done in order to modify the spectrum of the phonons in InSb to enhance or
cancel phonon modes. The properties of modulation were determined by the material and
the thickness of the film. This is in contrast to a single strain pulse generated by direct
irradiation of an uncoated sample of InSb by a laser pulse, as illustrated in Figure 8.1 (b).
Simulations of the modulation were carried out using the software udkm1Dsim toolbox
[51], in which the two-temperature model was used to simulate the heat deposition, strain
propagation, and X-ray scattering signals.

A suitable coating material is needed in order to make a fast switch while maintaining
high diffraction efficiency. Persson et al. [19] investigated an optoacoustic transducer of
nickel. However, the peak diffraction efficiency was found to be only 0.2% in their study.

In the present study, gold was found to be a good candidate. The longitudinal speed of
sound in gold is slower than in most metals [52], making it possible to design a switch with
an acoustic propagation time through the film that is shorter than the electron-phonon
coupling time. This is important to generate a uniform high-amplitude strain in the film,
while keeping the film thin enough to generate strain waves with a short periodicity. The
periodicity of the train of strain waves in InSb, TInSb, corresponds to the enhancement or
cancellation of phonon modes. A short periodicity may be desirable in order to cancel out
higher-order phonon modes and thus decrease the switch pulse duration. Phonon modes
with a periodicity of n × TInSb will experience enhancement if n is an odd integer, and
cancellation if n is an even integer.

The 2D map in Figure 8.2 (a) shows the simulated X-ray diffraction intensity as a
function of X-ray energy offset and time delay after laser excitation using an InSb sample
with a 60 nm thick gold coating, i.e., the same film thickness as used in the experiment.

(a) (b)

Figure 8.2: (a) A 2D map of simulated diffraction intensity of InSb with gold coating. The
red dashed line indicates the first cancelled phonon mode. (b) Lineout at an energy offset
of∆E = −8eV .

This 2D map is the result of the diffraction condition in Equation 4.4 from an InSb
(111) Bragg peak centered at an X-ray energy of 5 keV. A lineout at an energy offset of -8
eV is shown in Figure 8.2 (b), and corresponds to the first theoretically cancelled phonon
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mode in the experiment. The experimental data acquired at an energy offset of -8 eV were
in good agreement with the simulation at an energy offset of -8.2 eV, shown in Figure 8.3.
It was found that the diffraction efficiency at a time delay of 50 ps corresponded to a 20 ps
X-ray pulse (FWHM) for this switch.

Figure 8.3: The experimental data and simulation of the gold-coated InSb X-ray switch
(from Paper I ).

8.2 Generation of large compressive strain in graphite

In this study, the laser-induced strain and pressure in a single crystalline natural graphite
flake were investigated (Paper III). The experiment was carried out at the ID09 beamline
at ESRF. A laser pulse centered at 800 nm wavelength with a pulse duration of 1.2 ps and
a fluence exceeding the ablation threshold of graphite were used to induce the strain pulse
in the sample. The angle of incidence of the X-rays relative to the sample surface was 12◦,
and an X-ray energy of 15 keV was used. The sample was azimuthally scanned to ensure
that the Bragg condition was fulfilled for the (103) reflection on the 2D detector, which
was 78 mm away from the sample. The X-ray pulse duration was 100 ps.

The strain was evaluated at two different times after laser excitation. The effect of
strain on the graphite layers was seen as an intensity streak towards higher q values than
those seen from the static reflection. Difference images were constructed between the static
image before laser excitation and the image acquired at each time delay in order to enhance
the contrast of the streak. The experimental difference image at time t = 100ps after laser
irradiation is shown in Figure 8.4.

A streak is clearly visible, and the upward direction, towards higher q values, indicates
that the strain is due to compression since the interplanar distance d103 must be reduced
to increase the q value. The dashed lines indicate the change in q value when the c-axis is
compressed. The lowest line corresponds to the static q value, and the lines above indicate
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Figure 8.4: Difference image of the experimental diffraction intensity of the (103) reflection
at t = 100ps (left) and the corresponding simulation (right).

increasing compression in steps of 2%. A maximum compression of 10% was found along
the c-axis, which agrees well with the simulation using the diffraction code [37], where the
simulated strain from the hydrodynamic simulation [36] was used as input.

The number of strained layers in the graphite sample could be estimated by comparing
the simulation and the experimental data assuming that the intensity of the streak is pro-
portional to the number of strained layers. By comparing the intensity at each time with
the unperturbed reflection, the width of layers with a strain exceeding 2% was estimated
to be 210 nm and 260 nm at 100 ps and 200 ps, respectively. The broadening of the strain
wave and the fact that the initial velocity exceeded the speed of sound along the c-axis [53]
indicate the properties of a shock wave.

The amplitude of the pressure wave induced in the sample can be calculated from the
bulk modulus of graphite. However, this stress-strain relationship is only valid for small
strains. At the values observed in this study the relation between the pressure and interlayer
compression is nonlinear. According to studies by Lynch et al. [54], 10% compression
along the c-axis corresponds to a peak pressure of 7.2 GPa at t = 100ps. At t = 200ps
the pressure had decreased to 4.8 GPa. As can be seen in Figure 8.5, the pressure induced
in the film may provide a means of inducing a direct phase transition to diamond at a
low temperature. The hydrodynamic simulation indicated a temperature of only 315 K
at the depth of the strain wave after 100 ps, which further supports this hypothesis. This
temperature is indicated by the orange dotted line in the figure.
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Figure 8.5: Phase diagram of graphite (from [55]). The temperature of 315 K is indicated
by the dotted orange line.

8.3 Thermal equilibrium dynamics during non-thermal melting

Non-thermal melting was first considered by Van Vechten et al. [27] 40 years ago, when
they could not explain the results of experiments performed in their laboratory. Since then,
non-thermal melting of InSb has been observed on the sub-picosecond timescale [29]. In
2005 it was suggested that the ultrafast melting process could be explained by the inertial
model [15]. This model describes the non-thermal disordering of the atoms forming a
liquid state as being dependent on the temperature equilibrium dynamics (see Chapter
5). However, the inertial model was strongly criticized in 2008 [56], and it has not yet
been possible to carry out an experiment to test the model. An experiment was therefore
carried out to investigate the effect of thermal equilibrium dynamics on non-thermally
molten InSb. The thermal equilibrium dynamics were studied during non-thermal melting
at sample temperatures ranging from 35 to 500 K (Paper IV).

The sample was an asymmetrically cut InSb wafer with the normal of the (111) plane
cut 30◦ relative to the surface normal. Due to the importance of the X-ray probing depth,
the angle of incidence of the X-rays on the sample, θinc, was calibrated using the external
reflection of the X-rays from the sample surface and the direct X-ray beam.

The experiment was set up in a geometry that allowed the spatial coordinates to be
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mapped to time, as described in Chapter 5 and Figure 5.4.
An angle of incidence of 45◦ was used for the laser in order to obtain a good spatio-

temporal conversion, which was calculated from the geometry to be 14.6fs/px, and to
ensure a sufficiently high laser fluence along the streak.

Because of the spatio-temporal mapping, the time axis resolution is sensitive to the
finite bandwidth of the X-rays diffracted from the sample, and will depend on the sample-
detector distance.

(a) (b)

Figure 8.6: (a) Illustration of the spectral smearing. An X-ray beam with a spectral dis-
tribution between E1 and E2 that diffracts from the sample will lead to an uncertainty
∆x. (b) Measured spectral smearing in the experiment (black dots) fitted with a Gaussian
function (solid black line).

The influence of the spectral components is illustrated in Figure 8.6 (a) where it is clear
that the diffracted X-rays, containing spectral components between E1 and E2, from one
position on the sample will end up at different positions on the detector. This will lead
to smearing of the spatial time axis by an amount ∆x. The smearing was measured by
placing the edge of a razor blade on the sample and measuring the decrease in diffracted
X-ray intensity. Figure 8.6 (b) shows the spectral smearing effect, where ∆x was found to
be equivalent to a disordering time of 145 fs in with the geometry used in the experiment,
which is shorter than the non-thermal melting disordering times measured in this study.

Single shots of the (111) reflection from the InSb sample were captured on the X-ray
camera at several sample temperatures. The diffracted intensity along the spatial time axis
was evaluated in each shot by fitting the Gaussian Debye-Waller equation (Equation 5.1).
Figure 8.7 shows the diffracted intensity from two single shots as a function of time at two
different sample temperatures, together with the corresponding fits. It can be seen from the
figures that the disordering takes place faster at the higher temperature. The disordering
times were extracted from the fits.

The experimental disordering time, τexp, defined as the time taken for the intensity to
fall from 90% to 10% of the initial value, was determined for several sample temperatures
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(a) (b)

Figure 8.7: Decrease in intensity along the time axis for two single-shot diffraction patterns
(orange and black squares), and the corresponding fits (solid lines) for sample temperatures
of (a) 70 K and (b) 500 K.

from 35 to 500 K. The values are given in Table 8.1, together with the theoretical values
obtained from the inertial model.

The experimental disordering times are in excellent agreement with those predicted by
the inertial model at sample temperatures ≥ 70 K, but there was a deviation at low tem-
peratures. First, an accelerating potential was included. However, one important factor
for low temperatures was not initially considered in the model. At low temperatures quan-
tum fluctuations must be included in the vibrational energy. For a vibrating crystal lattice
this energy is given by the zero-point vibrational energy. Including this gives the following
expression for the energy [57]:

Uv =
9

8
kBTD + 3kBTD3(TD/T ) (8.1)

where kB, T, TD and D3 are the Boltzmann constant, temperature, the Debye tem-
perature and the Debye function, respectively. The first term in Equation 8.1 is the lattice
zero-point vibrational energy, and will contribute more to the total energy as the temper-
ature decreases. At higher temperatures, above the Debye temperature, the second term

Table 8.1: Theoretical and measured disordering times during non-thermal melting at dif-
ferent sample temperatures.

Temperature [K] Classical theory [fs] Quantum theory [fs] Experiment [fs]

500 380 380 410 ± 40
300 490 490 470 ± 50
150 690 670 760 ± 60
70 1010 910 960 ± 110
35 1430 1050 1000 ± 80
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will dominate, and will approach the classic result of Ucl = 3kBT . The inertial model
described by the energy in Equation 8.1 was found to be in excellent agreement with the
experimental data without the need for an accelerating potential, as can be seen in Figure
8.8.

Figure 8.8: The disordering time as a function of sample temperature. The experimental
data (blue diamonds) are shown together with the results of the calculations using the
inertial model with classical vibrational energy (gray curve). The orange curve shows the
disordering times predicted by the inertial model including the zero-point energy (Equation
8.1).

The results of the calculations show that the disordering of the atoms is more accurately
predicted by the inertial model, than the model proposed by Zijlstra et al. [56], which
predicts that the disordering time is independent of the sample temperature.

The property of the constant disordering time at thermal equilibrium during non-
thermal melting was studied further (Paper V) to investigate the optimal conditions of a
timing monitor based on repetitive non-thermal melting of InSb. This is further discussed
in Section 8.5.

8.4 Thermal conductivity of a thin graphite film

Experiments were carried out to study the cross-plane thermal conductivity of a thin graphite
film (Papar VI). The study was performed by depositing heat with a laser pulse and using
X-ray diffraction to probe the strain relaxation, and was carried out at the FemtoMAX
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beamline at the MAX IV laboratory. The sample was a thin film of graphite grown by
chemical vapor deposition on a nickel substrate [58].

Timed scans were used up to probe the strain relaxation, where the delay between the
laser and the X-ray pulses was changed on the picosecond timescale. The diffracted (002)
reflection from the graphite film was recorded at each delay with a detector at a distance 125
mm away from the sample. The series of images of the X-ray reflection was then analyzed
by calculating the average displacement of the Bragg reflection as a function of time.

The thickness of the graphite film must be known as the cross-plane thermal conduc-
tivity is expected to vary with the thickness in thin films [59, 60]. The thickness of the
film was determined at the same position on the sample as the conductivity measurements.
The transient acoustic response of the graphite film could be used to measure its thickness
due to the picosecond temporal resolution. The periodic variation in the transient response
resulting from interference between the propagating and reflected strain waves in the film,
was reproduced with the same periodicity as predicted by the simulations, as can be seen in
Figure 8.9 (a). As an illustration an arbitrarily simulated thickness of 60 nm is illustrated
in Figure 8.9 (b).

(a) (b)

Figure 8.9: Periodic variation in the Bragg angle in the graphite film as a function of time
delay between the laser and X-ray pulses of up to 100 ps. The best agreement with the
simulations indicated a film thickness of 33 nm. (b) A simulated film thickness of 60 nm.

Several simulations with different thicknesses were carried out and the best agreement
was found to be 33 nm from the sum of the squared residuals between the experimental
data and the simulations. A compressive induced strain can be seen in the experimental
data in Figure 8.9 during the first 10 ps. This was attributed to the property of graphite
being a saturable absorber, which means that the absorption depth changes upon laser
irradiation [8]. An increase in the absorption depth in the graphite film will lead to an
increase in the heating of the underlying substrate, thus compressing the graphite layers
at the film-substrate interface as the substrate expands thermally. A transient compressive
strain was seen in the simulations as the absorption depth was increased. However, the
absorption properties were not further investigated in this study as the thermal conductivity
was measured from the strain relaxation.
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Using the thickness of the graphite film, the strain relaxation was found to fit a simu-
lation with a thermal conductivity of κ = 0.5 W/m-K, as shown in Figure 8.10. This result
is close to previously measured values for graphite films of similar thickness at room tem-
perature [38, 61]. However, in contrast to previous measurements, the film thickness was
measured at the same position on the sample as the thermal conductivity measurements in
the current study.

Figure 8.10: Experimental data and simulations showing the deviation in Bragg angle as
a function of time delay for the first 8 ps, for a film thickness of 33 nm. The best fit was
found for a thermal conductivity of 0.5 W/m-K, indicated by the solid orange curve. The
dotted curves show simulations at thermal conductivities of 0.3 W/m-K and 0.7 W/m-K.

8.5 Non-thermal melting as a timing monitor

X-ray timing diagnostics of the deviation (jitter) and the difference in arrival time between
the laser and the X-ray pulses in a pump-probe experiment is important to be able to carry
out experiments on femtosecond dynamics. Due to the ultrafast timescale of non-thermal
melting, repetitive non-thermal melting has been suggested as a timing tool [62], and the
properties of non-thermal melting have also been used to verify other timing tools [63].
The optimal conditions for repetitive non-thermal melting and regrowth of InSb were in-
vestigated in an experiment at the FemtoMAX beamline (Paper V).

The experimental geometry was as described in Section 8.3. A number of single shots
were made at the same sample position. The decrease in intensity along the temporally
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mapped diffraction streak and the degradation of the diffraction intensity were analyzed
after each shot. The time at which the intensity had fallen to 50% of its initial value was
used as the reference time, referred to as t = 0. Experiments were repeated at sample
temperatures between 300 and 500 K.

The diffraction intensity after multiple shots was found to decrease less at a sample
temperature of 500 K than at lower temperatures. Hence, the reference time could be
determined after more than 100 shots, compared to measurements at room temperature,
where the sample degraded rapidly, after only a few shots, as can be seen in Figure 8.11.

Figure 8.11: X-ray diffraction intensity as a function of number of shots at different sample
temperatures. Rapid degradation of the sample was seen after only a few shots at room
temperature.

However, the visual contrast in determining the decrease in diffraction intensity re-
sulting from non-thermal melting at higher sample temperatures was found to be limited
by laser-induced periodic surface structures [64, 65]. The position on the spatio-temporal
streak at which the diffraction intensity had fallen to 50% of the initial intensity was ex-
tracted for each shot to investigate the performance of a jitter monitor based on an RF
cavity at the FemtoMAX beamline. The precision of the jitter monitor was determined to
be 600 fs in this study.

It can be noted that there is a slower degrading during the regrowth at higher tempera-
tures. Further time-resolved studies were carried out to investigate the velocity of regrowth.
The regrowth velocity of InSb has previously been suggested to be a limiting factor in or-
dered re-crystallization after laser excitation [66]. Figure 8.12 shows the diffracted X-ray
intensity as a function of time after laser irradiation.
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Figure 8.12: Time-resolved X-ray intensity during regrowth of InSb at sample temperatures
of 300 K and 500 K.

A notable difference in intensity can be seen at times ≥ 500 ns at sample temperatures
of 300 K and 500 K. No significant difference was seen in the regrowth rate at shorter times,
and further investigations are required before any conclusions can be drawn concerning the
regrowth velocity. One possible explanation of the difference in intensity could be that the
lower thermal conductivity of InSb at 500 K leads to a reduction in the regrowth velocity,
and hence the sample re-crystallizes with fewer impurities than at room temperature.
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Chapter 9

Summary & Outlook

9.1 Summary

The experiments described in this thesis were focused on two materials, graphite and InSb.
Both materials were studied above and below the damage threshold from short-pulse laser
irradiation with a central wavelength of 800 nm, and probed using X-ray diffraction. In
graphite, a strain of 10% was observed close to room temperature, which generated a pres-
sure of 7.2 GPa. It was therefore concluded that it is possible to directly induce a graphite-
diamond transformation through pressure in a natural graphite sample using an intense
laser pulse. The unique heat conduction properties along the c-axis was determined for a
thin graphite film grown on a nickel substrate. A cross-plane thermal conductivity of 0.5
W/m-K was found for a graphite film with a thickness of 33 nm. The thickness and ther-
mal conductivity of the film were determined at the same time and at the same position on
the sample.

Phonons and non-thermal melting were studied in InSb. It was shown that short X-ray
pulses of 20 ps could be obtained by the generation and modification of coherent acoustic
phonons in InSb. To modify the phonon spectrum, the InSb sample was coated with a
60 nm gold film, which enhanced or cancelled out specific phonon modes in the sample
due to the acoustic echoes transmitted by the gold film. In the case of non-thermal melt-
ing, the inertial model of atomic disordering was investigated. By cooling and heating the
InSb sample and studying the disordering time, it was concluded that the disordering time
followed the inertial model. It was also concluded that the zero-point vibrational energy
had to be included in the model in order to describe the dynamics at lower temperatures.
Repetitive non-thermal melting and regrowth of InSb was also investigated, and it was
found that the degeneration of the sample was lower at higher sample temperatures. It was
also demonstrated that this could be used as a timing tool at synchrotron radiation facilities.
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9.2 Outlook

Most of the experiments presented in this thesis were carried out at the FemtoMAX beam-
line, demonstrating the importance of an alternative short-pulsed X-ray source to FELs.
The experiments were part of the important commissioning activities towards making the
beamline available for user experiments.

9.2.1 2D materials

Time-resolved X-ray diffraction experiments may be challenging in 2D materials, due to
the weak X-ray scattering. As the FemtoMAX beamline is developed towards higher rep-
etition rates, it will be possible to carry out studies of 2D materials using time-resolved
X-ray diffraction in a reasonable time. 2D materials have attracted considerable interest
due to their exotic properties [67], and ultrafast X-ray diffraction studies could reveal as yet
unknown dynamics on the fs-ps timescale.

9.2.2 THz-pump-X-ray-probe experiments

X-ray diffraction experiments using a laser-induced THz pump source were also carried
out at the FemtoMAX beamline, although this was not part of the work included in this
thesis. The development of a THz pump source producing intense THz pulses is part of the
ongoing work at the beamline to allow time-resolved THz-pump-X-ray-probe experiments
to be carried out. THz pump experiments have recently become the subject of considerable
interest due to the possibility of direct excitation of lower energy states and the high-peak
electric fields that can be generated [68]. Due to the femtosecond time duration of the
X-ray pulses, this setup can be used to study, for example, sample responses on a sub-cycle
time scale [69].

9.2.3 Regrowth of InSb

The temperature-dependent regrowth of InSbwas clearly shown to have a significant impact
on the performance of a timing monitor based on repetitive non-thermal melting (Paper
V). However, too little data were obtained to allow any convincing conclusions to be drawn
about the physics of regrowth, such as the properties that may govern the regrowth velocity,
of whether the regrowth velocity is modified by thermal conductivity. Single shots could
also be performed at different time delays to improve the quality of the data. The data in
Figure 8.12 were measured at the same sample position for each sample temperature, and
degradation effects may therefore have contributed significantly to the data acquired.
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