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Abstract

X-ray diffraction is an invaluable tool in the field of structural dynamics. In the
work described in this thesis, time-resolved X-ray diffraction experiments were
carried out to investigate ultrafast lattice dynamics. Ultrashort laser pulses
were used to induce non-thermal melting and large-amplitude strain waves, and
X-rays were used to probe these phenomena.

Non-thermal melting was studied in indium antimonide (InSb). It was found
that the inertial model, which states that the motion of the atoms is determined
by their initial vibrational energy at the time of laser irradiation, accurately
describes the process of non-thermal melting. It was demonstrated that the
model is valid over a large range of temperatures, from 35 to 500 K, when taking
the zero-point energy into account at low temperatures. It was also shown how
the process of non-thermal melting can be used as a timing monitor to determine
the relative timing of laser and X-ray beams in pump/probe experiments.

It was shown how the use of an opto-acoustic transducer could reduce the dur-
ation of an X-ray pulse. The transducer was made of a thin gold film deposited
on the surface of bulk InSb. Upon heating the thin gold film with an ultrashort
laser pulse, a strain wave was generated in the semiconductor. This resulted in
a modulated phonon spectrum and X-ray reflectivity. It was shown that a 100
ps long X-ray pulse can be transformed to a 20 ps pulse with an 8% efficiency.

A large-amplitude strain wave was generated in graphite using an ultrashort
laser pulse to elucidate the potential role of strain in phase transitions. The
temporal evolution of the strain wave was mapped, and the pressure deduced.
It was found that it was possible to induce a pressure and temperature cor-
responding to the region in the carbon phase diagram in which diamond can
form.
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Xiaocui Wang, J. C. Ekström, Å. Bengtsson, A. Jarnac, A. Jurgilaitis,
Van-Thai Pham, D. Kroon, H. Enquist, and J. Larsson.
Phys. Rev. Letters 124, 105701 (2020)

v Repetitive non-thermal melting as a timing monitor for femto-
second pump/probe X-ray experiments
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Popular Scientific Summary

The light from a laser can be used to both influence and investigate a material.
Ultrashort laser pulses can be used to deposit large amounts of energy in a
material in a very short time. This energy is sufficient to cause structural
changes in the material. A solid material can melt, and new structures can
form. It is interesting to study these effects not only to increase our basic
knowledge of physics, but also to develop new ways of manufacturing materials.

The study of these kinds of phenomena requires a “yardstick” of the same order
of magnitude as the atomic structures in question. X-rays are electromagnetic
radiation with wavelengths of the same order of magnitude as the interatomic
distances in solids, and can therefore be used to study structural changes in
materials. When X-rays meet a material they will be diffracted, giving rise to a
pattern that can be recorded in a detector. This is called a diffraction pattern,
and provides a map over the positions of the atoms. Each X-ray pulse gives a
snapshot of the structure, and these are combined to form a film that shows the
structural changes. These experiments place high demands on both the lasers
and the X-rays used. Synchrotron facilities, such as the MAX IV Laboratory
in Lund, have made it possible to generate high intensity, ultrashort pulses of
X-ray light.

The work presented in this thesis has focused on two phenomena, namely pres-
sure waves and melting. The energy from a laser pulse can generate high pressure
waves in a material. This has been studied in graphite and indium antimonide.
The laser energy heats the material in a localized region causing a change in
the density of the material. This strain propagates as a wave through the ma-
terial, and may result in a very high pressure. In one experiment presented in
this thesis, a laser-induced strain wave was generated in graphite, resulting in
a pressure high enough for the formation of diamond. In another experiment,
strain waves were used to change the way in which the material reflects X-ray
light, which can be used to create very short X-ray pulses.

During a normal melting process, so-called thermal melting, the material changes
from solid to fluid through strong atomic vibrations. When an ultrafast laser
pulse hits a material, a process called non-thermal melting can take place in-
stead. The electrons in the material are excited into a state such that the atoms
no longer hold together, and start to move away from each other. This happens
in just a few hundred femtoseconds (10−15 s). Part of the work presented in this
thesis was concerned with mapping how the atoms move during the non-thermal
melting process. By following the melting process in the semiconductor material

ix



indium antimonide it was possible to show that the motion of the atoms was
determined by their vibrational energy at the moment of laser excitation.
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Populärvetenskaplig sammanfattning

Ljuset fr̊an en laser kan användas för att b̊ade p̊averka och undersöka ett mate-
rial. Ultrakorta laserpulser kan användas för att deponera stora mängder energi
till ett material p̊a mycket kort tid. Energin som tillförs via laserljus är tillräcklig
för att åstadkomma strukturella förändringar hos materialet. Ett fast material
kan smälta, och nya strukturer kan bildas. Dessa effekter är intressanta att stu-
dera b̊ade för att öka kunskapen om grundläggande fysik, och för att de kan ge
upphov till nya sätt att tillverka material.

För att undersöka dessa fenomen krävs en måttstock av samma storleksord-
ning som de atomstrukturer som ska mätas. Röntgenljus är elektromagnetisk
str̊alning med en v̊aglängd i samma storleksordning som de interatomära av-
st̊anden i ett fast material, och kan därför användas för att undersöka struk-
turella förändringar i dessa material. Röntgenljus som skickas mot ett material
böjs fr̊an atomlagerna i detta materialet, och ger upphov till ett mönster som
kan f̊angas av en detektor. Detta mönster, ett s̊a kallat diffraktionsmönster, är
en karta över atomernas positioner. För att följa hur ett material förändras
över tid används korta pulser av röntgenljus. Varje puls ger en ögonblicksbild
av strukturen, och när de sätts ihop i en sekvens resulterar det i en film som
visar de strukturella förändringarna. För att utföra dessa experiment ställs höga
krav p̊a b̊ade lasrar och röntgenljus. Synkrotronljusanläggningar, s̊asom MAX
IV i Lund, har gjort det möjligt att generera högintensiva, ultrakorta pulser av
röntgenljus.

I detta arbete har främst tv̊a fenomen undersökts: tryckv̊agor och smältning.
Energin fr̊an en laserpuls kan ge upphov till kraftiga tryckv̊agor i ett material.
Detta har undersökts i grafit och indiumantimonid. Energin fr̊an en laserpuls
värmer materialet p̊a en begränsad plats och ändrar och denna töjning fortplan-
tar sig som en v̊ag genom materialet. V̊agen medför att ett högt tryck uppst̊ar
inuti materialet. I ett experiment, gav en laserinducerad tryckv̊ag upphov till ett
tryck som är tillräckligt högt för att diamant ska formeras. I en annan mätning
användes tryckv̊agor för att förändra hur materialet reflekterade röntgenljus,
vilket kan användas för att skapa mycket korta röntgenpulser.

Under en vanlig smältningsprocess, s̊a kallad termisk smältning, g̊ar materialet
fr̊an fast till flytande genom att atomerna vibrerar s̊a kraftigt att de inte längre
h̊alls ihop. När ett material träffas av en ultrasnabb laser kan istället en process
som kallas icke-termisk smältning ske. Elektronerna i materialet exciteras till
tillst̊and som inte längre till̊ater atomerna att binda till varandra, och atomerna
börjar röra sig ifr̊an varandra. Detta sker p̊a bara n̊agra hundra femtosekunder

xi



(10−15 s). En del av arbetet som presenteras i denna avhandling har ägnats
åt att kartlägga hur atomerna rör sig under den icke-termiska smältprocessen.
Genom att följa smältprocessen i halvledarmaterialet indiumantimonid var det
möjligt att visa att atomernas rörelser bestäms utav den rörelseenergi de har
fr̊an början, vid ögonblicket d̊a lasern träffar.

xii
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Overview
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Chapter 1

Introduction

X-rays are electromagnetic waves with wavelengths similar to interatomic dis-
tances, and can thus be used to investigate the structures of solids on the atomic
level by studying the way in which the material diffracts them. The develop-
ment of synchrotron radiation facilities, which generate intense X-ray pulses, has
made it possible to perform such studies. The short pulse duration enables the
course of structural changes in a material to be monitored in real time, revealing
the temporal evolution of the fundamental processes taking place. The subject
of atomic motion in materials is called structural dynamics, and experiments
that employ X-ray pulses in order to study this are called time-resolved X-ray
diffraction experiments. Studies of structural dynamics reveal the fundamental
properties of matter, and are of interest in both basic and applied research.

Femtosecond lasers can be used to deposit large amounts of energy in a material
in a very short time. This can result in different phenomena, depending on the
material and laser fluence. The main focus of this work was on melting and
strain generation in graphite and indium antimonide . When a sample is irradi-
ated by a laser pulse, the energy is first deposited in the electron system, which
then equilibrates with the lattice, causing heating of the material. At fluences
above the melting threshold, the material undergoes a phase transition from
solid to liquid. At even higher fluences, excitation of the valence electrons to the
conduction band causes the atoms to break apart on the sub-picosecond times-
cale, so-called non-thermal melting. Laser irradiation can also induce strain in
a material. Heating a sample, above or below the melting threshold, induces
stress in the material, which is released by the generation of a strain wave. The
high pressure related to such a strain wave can be sufficient to induce phase
transitions in a material.
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The high X-ray flux and short pulse durations available at facilities such as
the FemtoMAX beamline at the MAX IV Laboratory in Lund, which delivers
107 photons in pulses of 100 fs duration, are needed for these kinds of studies.
However, several technical challenges must be overcome in order to perform
such experiments. The ultrafast phenomena presented in this thesis can also be
used to address some of these challenges. One example is the need for precise
determination of the relative timing of the pump laser and X-ray probe, where
non-thermal melting in semiconductors can be useful as a diagnostic tool.

The aim of the studies presented in this thesis was to study ultrafast laser-
induced phenomena in solids using time-resolved X-ray diffraction, in order to
gain a deeper understanding of these fundamental processes and the ways in
which they can be used for technological advances.

Chapter 2 gives an overview of the materials studied in this work, and the light
sources used to induce and study these effects. Chapter 3 covers the light-matter
interactions involved in the studies presented in this thesis, such as heating and
strain generation. The principles of X-ray diffraction and X-ray radiation gen-
eration are given in Chapter 4, together with an overview of the FemtoMAX
beamline, at which most of the experiments described in this thesis were conduc-
ted. Chapter 5 describes how X-rays have been used to probe lattice dynamics
in the experiments described in this thesis, and some of the practical consider-
ations required. Chapters 6 and 7 describe the experiments performed during
this work. Chapter 6 describes the experiments performed to elucidate the fun-
damental processes of strain generation and non-thermal melting, while Chapter
7 presents the experiments geared towards developing applications that are rel-
evant at synchrotron radiation facilities. A summary and outlook are given in
Chapter 8.
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Chapter 2

Matter and Light

2.1 Matter

Matter is a very broad term, covering everything in the universe made up of
particles. It can take solid, liquid or gaseous form. The work described in this
thesis was concerned with solid materials in which the atoms are arranged in a
periodic pattern. These materials are called crystals, as opposed to amorphous
materials which lack order. Crystal structures can be described by their unit
cell, i.e., the smallest volume that is repeated in the structure, and the positions
of the atoms within this unit cell. Figure 2.1 shows an example of a crystal
structure in two dimensions.

Figure 2.1: A two-dimensional crystal, where a1 and a2 are the crystal axes.
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The crystal axes a1 and a2 (and a3 in three dimensions) are the vectors that
describe how the unit cell is translated. In X-ray diffraction, the crystallographic
planes are of interest. A crystallographic plane is defined by three integers (h,
k and l), called the Miller indices. The set of parallel planes where one plane
intercepts the points a1/h, a2/k and a3/l, and the nearest intercepts the origin,
are called the (hkl) planes. The (112) planes in a cubic crystal structure are
depicted in Figure 2.2, as an example.

Figure 2.2: A three-dimensional crystal. The (112) plane (shaded purple) intercepts the points a1, a2 and a3/2.

In the work described in this thesis, mainly two materials were studied: graphite
and indium antimonide (InSb). Graphite is one of the naturally occurring forms
of carbon. The atoms are arranged in planes, where the atoms within a plane
are covalently bound. The planes are held together by weak van der Waals
bonds. This means that graphite can be relatively easily cleaved into very thin
samples consisting of just a few atomic layers[1]. The 2D material graphene
consists of a single layer of graphite. Due to its structure, graphite is highly
anisotropic regarding both its thermal and acoustic properties[2]. Graphite is a
very important material, it is for example used in lithium ion batteries[3]. The
crystal structure of graphite is commonly described in the hexagonal lattice
system, and is depicted in Figure 2.3.
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Figure 2.3: The hexagonal crystal structure of graphite. The atoms within a plane are held together covalent bonds. The
bonds between the layers are weak van der Waals bonds.

The graphite sample studied in the experiment described in Paper III was a
single crystal of natural graphite. Graphite also exists in other forms, such as
synthetically made, highly oriented pyrolytic graphite. Papers IV and V describe
studies on InSb. This is a III-V semiconductor material with a narrow bandgap
of 0.17 eV, and is commonly used for applications involving the infrared region
of the spectrum[4, 5, 6]. The crystal structure that is stable under ambient
conditions is the zincblende structure, which is shown in Figure 2.4.
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Figure 2.4: Unit cell of the zincblende structure of InSb. The crystal structure consists of tetrahedrons and the atoms are
held together by covalent bonds.

2.2 Light

In the experiments performed in this work, optical lasers and X-ray beams were
used in what is called pump/probe experiments. The laser beam used for excit-
ation is called the pump beam, and the X-ray beam used for the observations
is called the probe beam. Pulsed lasers with wavelengths of 800 nm were used
to deposit large amounts of energy in a sample on an ultrafast timescale with
the purpose of exciting the atom to elicit a specific event, such as melting. X-
ray radiation was used as an observational tool. As the wavelength of X-rays
is similar to the interatomic distances in crystals, X-ray photons can be used
to measure structural changes within a material. The process of generating X-
ray radiation, and the way in which X-ray diffraction is used to analyse atomic
structures are covered in Chapter 4 and 5. A brief introduction to X-ray dif-
fraction is given below, together with an overview of the laser systems used to
induce light-matter interactions.

2.2.1 The pump laser

The samples studied in this work were pumped by ultrashort pulse lasers with
a central wavelength of 800 nm. This corresponds 1.5 eV, which is sufficient
to excite InSb over the bandgap. The laser systems used include amplifiers
capable of producing several mJ of energy per pulse, which is high enough to
significantly alter the structure of the materials.
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2.2.2 The X-ray probe

An X-ray beam refracted from a crystalline material can be described as the
sum of reflections from the crystallographic planes. When the X-ray beam is
reflected in phase by the different planes, constructive interference leads to a
peak in the diffraction intensity. The condition for constructive interference is
expressed in Bragg’s law[7]:

nλ = 2d sin θ (2.1)

where n is the order of diffraction, λ is the wavelength of the X-rays, d is the
interplanar distance and θ is the angle between the crystallographic plane and
the incident beam. The parameters are indicated in Figure 2.5.

Figure 2.5: Schematic illustration of Bragg’s law. The difference in distance travelled by the two rays is 2dsinθ. This must
correspond to an integer number of wavelengths to give rise to constructive interference.

When a material undergoes structural changes, such as compression or expan-
sion, or when the order is lost, this will affect how the Bragg condition is met.
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Chapter 3

Light-Matter Interactions

In essence, the experiments conducted within the scope of this thesis fall into
two categories of light-matter interactions: 1) the phase transition from the solid
to the liquid phase, i.e. melting, and 2) the generation of strain. Both these
phenomena can be elicited by heating. This chapter describes the light-matter
interactions that were studied in this work.

3.1 Heating

Heating can take place in many different ways. It can be achieved on an ultrafast
timescale by the use of short laser pulses that deposit their energy in the sample.
Upon laser excitation, the energy from the laser is first deposited in the electron
system, and is then transferred to the lattice via electron-phonon coupling[8].
Heat transfer in the sample depends on the strength of the electron-phonon
coupling. If a material has strong electron-phonon coupling, the energy in the
electron system is transferred rapidly to the lattice, heating it quickly. However,
in the case of weak electron-phonon coupling, the electrons are able to travel
further into the sample before equilibrating with the lattice, and heating occurs
down to a greater depth.

The Two-Temperature Model can be used in some cases to model heating[9].
This model treats the lattice and the electrons as two different systems with tem-
peratures Te and Tl, which equilibrate after excitation due to electron-phonon
coupling. The Two-Temperature Model is expressed in Eq. 3.1:
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AeTe
δTe

δt
=

δ

δz

(
ke

Te

Tl

δTe(t, z)

δz

)
−G× (Te(t, z)− Tl(t, z)) + S(t, z),

Cl
δTl(t, z)

δt
= G× (Te(t, z)− Tl(t, z))

(3.1)

where Ae and ke are the electronic heat capacity and electronic thermal con-
ductivity, G is the electron-phonon coupling factor, S is the power deposited by
the laser and Cl is the lattice heat capacity. The course of heating can involve
interactions between different phonon modes. It has been observed in graphite
that the electron system couples with optical phonons, which then couple to
acoustic phonons[10]. The process of heating the lattice will then take the form
of a system of coupled equations, including both the electron-phonon coupling
time and the coupling time between optical and acoustic phonons:

δEe

δt
= −Ee

τeo
δEo

δt
=

Ee

τeo
− Eo

τoa
δEa

δt
=

Eo

τoa

(3.2)

where Ee, Eo and Ea are the energies in the electron, optical phonon and acoustic
phonon system, respectively, and τeo and τoa are the coupling times between the
electrons and optical phonons, and between the optical and acoustic phonons.
The heat profiles in the electron and phonon systems described by Equations
3.2 are shown Figure 3.1.
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Figure 3.1: : The heat source profiles in the electron (top), optical (middle) and acoustic phonon systems (bottom) with
coupling times τeo= 3 ps and τoa= 8 ps.

3.2 Melting

The melting process encountered in everyday life is thermal melting, a process
in which the thermal vibrations of the atoms in a solid become so large that the
interatomic bonds are broken. This can easily be achieved by laser irradiation
if sufficient energy is deposited to increase the temperature to the melting point
and for phase transition. When melting is induced by an ultrashort laser pulse,
the melting time is of the order of picoseconds, and depends on the electron-
phonon coupling strength and the intensity of the laser pulse, as described in
the previous section.

The possibility of non-thermal melting processes was first suggested in 1979,
after observations during laser annealing of Si that were inconsistent with a
purely thermal process[11]. The atoms in a solid semiconductor are held together
by the bonding orbitals of the electrons in the valence band. If enough of these
electrons are excited into the conduction band the potential landscape of the
crystal becomes significantly perturbed. The interatomic bonds are then broken,
resulting in a transition from the solid to the liquid phase[12, 13, 14, 15]. It has
been found that 10% of the electrons must be excited into the conduction band
in order for non-thermal melting to occur[16, 17].

In 2005, Lindenberg et al.proposed the inertial model to describe the process

13



of non-thermal melting[18]. According to this model, upon bond-breaking, the
atoms will continue to move with the velocity they had due to their thermal
vibrational energy. Thus, the time taken to melt a sample should be propor-
tional to the initial temperature of the sample. The inertial model has been
contested by some theoreticians who claimed that the atomic velocities were
only influenced by the shape of the potential landscape[19]. Paper IV describes
an experiment performed to settle this controversy and elucidate the process of
non-thermal melting.

3.3 Laser-induced periodic structures

When illuminating a material with laser radiation at fluences that can induce
melting, effects will also take place at the surface. The formation of periodic
structures on the surface following repetitive laser irradiation has been reported
in several cases[20, 21, 22]. This is the result of inhomogeneous energy absorp-
tion due to interference between the refracted laser beam and scattered fields
in the material. Figure 3.2 shows a microscope image of the ridges on a sample
after laser irradiation. Although this is a surface effect, these structures have
an impact on measurements below the surface. Figure 3.3 shows a schematic
of the sample surface as seen from the side. As can be seen, the ripples on the
sample surface result in changes in the angle of incidence of the X-ray beam.
This in turn affects the probe depth of the X-rays. (The importance of X-ray
probe depth in an experiment is discussed further in Section 5.4.)

Figure 3.2: Microscope image of a sample of InSb after repeated laser irradiation.
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Figure 3.3: Schematic of sample surface structure after laser irradiation. As the surface is no longer flat, the X-rays will
experience different angles of incidence depending on where they impinge on the sample. This affects the probe
depth, and may result in a diffracted signal from deeper into the sample than expected.

3.4 Strain generation

When a sample is heated by a laser, pressure is built up as a result of the change
in the density of the material. This pressure gives rise to a strain wave travelling
into the sample. Thomsen presented a model describing the strain in a solid
resulting from a laser pulse[23, 24]. This model assumes that the size of the
laser profile on the sample is very large compared to the sample thickness, so
the system can be described as one dimensional. It is also assumed that the
optical absorption depth is much less than the sample thickness. The energy
deposited per unit volume at depth z is given by Equation 4:

W (z) = (1−R)
Q

Aζ
e−z/ζ (3.3)

where Q is the pulse energy, R is the reflectivity, A is the illuminated area and ζ
is the absorption length of the material. The resulting increase in temperature
is given by:

ΔT (z) =
W (z)

C
(3.4)

where C is the specific heat per unit volume. The rise in temperature causes
thermal stress, which is then released as a strain wave. Since the temperature
increase is dependent only on the depth, so is the stress. Solving the equations
of elasticity for the initial conditions of zero strain everywhere, and zero stress
at the surface at all times, gives a strain wave in the direction perpendicular to
the surface:
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η33(z, t) = (1−R)
QB

Aζ

1 + nu

1− nu
[e−z/ζ

(
1− 1

2
e−vt(ζ

)
−

1

2
e−|z−vt|/ζsgn(z − vt)]

(3.5)

where B is the bulk modulus, ν is Poisson’s ratio and v is the speed of sound
in the material. A solution to Equation 6 is shown in Figure 3.4. The solution
is comprised of two parts. The first term on the right-hand side of the equation
is the static strain due to thermal expansion, while the second is a strain wave
travelling into the sample at the speed of sound.

Figure 3.4: : A strain wave propagating in material after laser irradiation. Positive strain occurs at the surface, and a wave
comprised of a positive and negative part travels into the material. Note that the depth is given in terms of
the absorption length of the material (ζ)

A similar description of strain was used to model a laser-induced strain wave
in graphite (Paper III). As stated above, this model is only valid at a depth, z,
that is small compared to the laser footprint on the sample, i.e., the near-field
region, z ∼ W 2/ζ. The optical absorption length of graphite is 0.2 μm[25], and
the laser footprint is 300 μm × 300 μm, which means that the model is valid in
this respect. It is also assumed in the model that the increase in temperature
is instantaneous. The laser pulse duration in this study was 1.2 ps. During this
time, the strain wave travels a distance of 1.8 nm (using the speed of sound in
graphite[26]), which is very short compared to the length of the strain wave, so
this can be disregarded.
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3.5 Large-amplitude strain

A large-amplitude strain wave was generated in graphite using a laser fluence
above the damage threshold (Paper III). The surface of the graphite melted due
to the high laser fluence, and the strain wave resulted from the difference in
density between the solid and liquid phase. The pressure related to the strain
was extracted using the bulk modulus, which describes the compressibility of
the material. The pressure induced was sufficiently high to place the material in
the region of the phase diagram for carbon where diamond formation is possible.

3.6 Strain in a thin film

A strain wave travelling through a material will, on encountering a boundary
with a material of different acoustic impedance, be partially reflected and par-
tially transmitted. The difference in acoustic impedance of the two materials
determines the fractions of the wave that are reflected and transmitted. The
reflection and transmission coefficients, R and T, are given below:

R =
Z2 − Z1

Z2 + Z1
, T =

B1

B2

2Z2

Z2 + Z1
, Zi = ρivi (3.6)

where Zi, Bi, ρi and vi denote the acoustic impedance, bulk modulus, density
and velocity of sound for the two materials. Figure 3.5 shows a strain wave
reflected at a boundary. The indices i = 1 and i = 2 refer to the propagating
and transmission materials, respectively. The amplitude of the reflected wave in-
creases with increasing disparity between the impedance of the materials. When
the propagating wave encounters a boundary with a material of lower imped-
ance, it undergoes a phase shift of π, however, if the second material has a lower
acoustic impedance there will be no phase shift. If the propagating material is
a thin film, there will be multiple reflections of the wave at both boundaries as
the wave travels back and forth in the film.
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Figure 3.5: Strain wave reflected at a boundary. The blue curve shows the strain wave propagating into the sample. The
red curve shows the strain wave after reflection at a boundary. In the case shown here, the second material is
vacuum, so the amplitude of the reflected wave is unchanged, and there is a phase shift of π.

3.7 Modulating the phonon spectrum

Phonons are quantized modes of lattice vibrations in a material. As phonon
modes have a certain periodicity, it is possible to probe them with X-rays
through a small adjustment of the Bragg condition. Paper I describes the
development of an X-ray switch based on a photo-acoustic transducer. The
functionality of the X-ray switch was based on the ability to modify the phonon
spectrum using a laser-generated strain wave.

The phonon spectrum of a material can be modulated by a strain wave travelling
through the material[27, 28]. The previous section described how a strain pulse
in a thin film will be reflected back and forth between the two boundaries. If
a thin film is deposited on top of a thicker bulk sample, a strain pulse will
be transmitted into the bulk material each time the strain pulse in the film
reflects off the film/bulk boundary. The strain pulse will be reflected back
and forth within the film with a period T = 2d/v, where v is the speed of
sound in the material. This will result in a strain wave in the bulk material,
as shown in Figure 3.6. The strain wave can be described as a superposition
of phonon modes, and will consequently have an effect on the phonon modes of
the sample. The phonon modes in the bulk material will be cancelled out or
enhanced depending on their period. Phonon modes with a periodicity of m×T
will be enhanced when m is an odd integer, and cancelled when m is an even
integer.
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Figure 3.6: A strain wave in bulk material generated by reflections of strain pulse in thin film.
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Chapter 4

Principles of X-ray Diffraction
and Generation

As X-rays are electromagnetic waves with wavelengths similar to interatomic
distances, they are sensitive to structural changes in matter. In X-ray diffrac-
tion experiments, elastically scattered X-ray photons are measured in order to
map the structure of a crystalline material. Time-resolved X-ray diffraction
experiments are among the most important when studying the structural prop-
erties of matter on the atomic scale. This section describes the principles of
X-ray diffraction and how X-rays are generated. An overview of the Femto-
MAX beamline is also given.

4.1 X-ray scattering

X-ray diffraction originates from scattering by the electrons of the atoms making
up the material. This section describes X-ray scattering from an electron, an
atom and a crystal.

4.1.1 Scattering by a single electron

Consider a free electron and an incident X-ray beam travelling along the z
direction, as depicted in Figure 4.1. In the classical picture, the electric field of
the X-ray beam will accelerate the electron, which will radiate in all directions
in response. The intensity of the scattered X-ray beam at a position P, in the
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yz-plane, is given by Eq. 4.1 [29]:

I = I0
e4

m2c4R2

(
1 + cos2 φ

2

)
(4.1)

where I0 is the intensity of the incident beam, e andm are the elementary charge
and electron mass, R is the distance from O to P, and φ is the angle between
the incident beam and the direction of observation. The scattered photons will
have the same wavelength as the incident beam. This is unmodified Thomson
scattering, and is the basis of X-ray diffraction. The expression in Equation
4.1 describes the scattering of an unpolarized incident beam. The polarization
factor, (1 + cos2φ)/2, will be different if the incident beam is polarized.

Figure 4.1: Scattering of an X-ray beam by a single electron.

4.1.2 Scattering by an atom

When calculating the intensity of the beam scattered from an atom, contribu-
tions from all the electrons must be taken into account. The amplitude of the
field scattered from an atom is given by the atomic scattering factor, f, which is
the sum of the scattered fields from all the electrons in the atom:

f(Q) =

∫ ∞

0
ρ(r)eiQ·rdr (4.2)

where Q is the scattering vector, and ρ is the electron density. Scattering factors
can usually be found in tables for X-ray ineractions[30].
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4.1.3 Scattering by a crystal: Bragg’s law

Scattering from a crystal can be regarded as scattering from a series of layers of
atoms that are evenly spaced by the distance d. The incident beam is scattered
in phase by the atomic layers when the difference in the path length of the
scattered light from different planes is an integer multiple of the wavelength.
This results in sharp peaks in the scattered intensity, called Bragg peaks. The
condition for constructive interference from the atomic layers, Eq. 2.1, is called
Bragg’s law, as described in Section 2.2.2.

4.1.4 Reciprocal space

Section 2.1 gave a description of crystalline structures in terms of the crystal
axes. Describing the crystal in reciprocal space instead provides a useful and
easy way to describe the crystal planes and formulate the diffraction condition.
The three reciprocal lattice vectors are constructed using the crystal axes a1, a2
and a3.

b1 =
a2 × a3

a1 · a2 × a3
, b1 =

a3 × a1
a1 · a2 × a3

, b1 =
a1 × a2

a1 · a2 × a3
(4.3)

With the help of the reciprocal lattice vector, it is possible to define a vector
that describes the orientation and spacing of the crystal planes.

Qhkl = hb1 + kb2 + lb3 (4.4)

Qhkl is perpendicular to the crystal plane defined by the integers h, k and l,
and the absolute value is the reciprocal of the spacing between the planes. The
scattering vector Qhkl can be used to express Bragg’s law in vector form:

k− k0 = Qhkl (4.5)

where k0 and k are the wave vectors of the incident and refracted beams. Bragg’s
law is illustrated in Figure 4.2.
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Figure 4.2: Visualisation of Bragg’s law in vector form.

4.1.5 The Ewald sphere

The Ewald sphere can be used to visualise Bragg’s law in vector form. A rep-
resentation in two dimensions is shown in Figure 4.3. The grid represents the
reciprocal space, and the sphere is constructed by drawing the incident beam so
that it ends at the origin of reciprocal space. The sphere is then centred on the
origin of the incident beam, and the radius is the magnitude of the wave vector
k0. Every grid point is then an hkl plane, the Qhkl vector of which satisfies
the Bragg condition for a diffracted beam, k. The angle between the two beam
vectors is the scattering angle 2θ. It is easy to see how the Bragg condition can
be fulfilled for different reflections by changing the angle or length of the beam
vectors.

Figure 4.3: The Ewald sphere illustrated in 2D.
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4.1.6 The structure factor

The relative intensities of the reflections are given by the structure factor, F,
which is determined by the atomic positions and the atomic scattering factor:

F =
∑
n

= fne
(2πi)(k−k0)·rn (4.6)

where fn is the atomic scattering factor. In the case of a Bragg reflection from
an hkl plane, the expression takes the form:

F =
∑
n

= fne
(2πi(hxn+kyn+lzn) (4.7)

where xn, yn and zn are the fractional coordinates of the atoms in the unit cell.
All crystal structures can be sorted into 14 different basic structures, so-called
Bravais lattices. Each type of lattice has certain symmetries that determine the
intensity, or lack thereof, of certain Bragg reflections. The zincblende structure
of InSb can be used as an example. The unit cell consists of four indium atoms
and four antimony atoms placed according to:

In: (0, 0, 0), (1/2, 1/2, 0), (1/2, 0, 1/2), (0, 1/2, 1/2)

Sb: (1/4, 1/4, 1/4), (3/4, 3/4, 1/4), (3/4, 1/4, 3/4), (1/4, 3/4, 3/4)

Using these atomic positions in Eq. 4.7, gives the structure factor for zincblende.

Fhkl = fIn ∗ (1 + eπi(h+k) + eπi(h+l) + eπi(k+l))+

fSb ∗ e
πi(h+k+l)

2 + ∗(1 + eπi(h+k) + eπi(h+l) + eπi(k+l))
(4.8)

For reflections where hkl are all odd or all even this can be further simplified.

Fhkl = 4[fIn + fSbe
(πi/2)(h+k+l)] (4.9)

When the indices have both odd and even values the structure factor becomes
zero, and the reflection is said to be forbidden. An interesting case for InSb
occurs when h+ k + l = 2(2n+ 1), in which case the structure factor becomes:

F 2
hkl = 16(fIn − fSb)

2 (4.10)
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Indium and antimony have similar mass and atomic scattering factors, so the
structure factor is close to zero, and the reflection is semi-forbidden. This is
briefly discussed in the Outlook (Chapter 8). Similar calculations can be per-
formed for the other crystal structures to determine which reflections are strong
and which are weak.

4.1.7 Imperfect and perfect crystals

Only one reflection is indicated in Figure 2.5. However, in reality there will be
other reflections of the beam. A portion of the beam will be reflected back from
the surface, which will reduce the intensity of the diffracted beam. However,
this is only relevant for highly regular crystals, usually called perfect crystals.
The regularity of the crystal influences how the intensity of the diffracted beam
scales with the number of atomic layers. For a perfect crystal, the diffraction
intensity is proportional to the square of the number of layers. For an imper-
fect crystal, the intensity is proportional to the number of layers. The natural
graphite sample used in the experiment presented in Paper III is an example of
an imperfect crystal.

4.2 X-ray generation

Advancements in the field of structural dynamics rely on access to bright, short
X-ray pulses, which are necessary to achieve a good signal-to-noise ratio and high
temporal resolution. The work presented in this thesis included both destruct-
ive and non-destructive measurements. Data can be acquired continuously when
using non-destructive measurements, and the photon flux determines the acquis-
ition time required. Destructive measurements cause irreversible transitions in
the material, and the data must be acquired in single shots, thus, the num-
ber of X-ray photons per pulse will determine the signal-to-noise ratio. Atomic
motion typically takes place on the timescale of hundreds of femtoseconds or
picoseconds, and the X-ray pulses must be equally short in order to capture the
course of these events.

Different methods can be used to generate X-rays pulses, which result in differ-
ent photon fluxes and pulse durations. Laser-plasma sources provide table-top
solutions for X-ray pulse generation[31, 32]. Other, larger, facilities include
synchrotron facilities based on storage rings, such as the European Synchro-
tron Radiation Facility (ESRF) in France and MAX IV in Sweden, and linear-
accelerator-based sources, such as the FemtoMAX beamline at MAX IV. Free-
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electron lasers, such as the Linac Coherent Light Source at the SLAC National
Accelerator Laboratory in USA [33]and the European XFEL in Germany can
also be used to produce bright, short X-ray pulses[34].

Laser plasma sources are based on the radiative electron transitions in atoms.
An intense femtosecond laser pulse is focused onto a metal target, and a high-
density plasma is created as the atoms in the target are ionized by the laser.
After creation of the plasma, the motion of the free electrons is controlled by the
laser field. The electrons are first extracted from the target, and then accelerated
and directed back to the target, where they excite the inner-shell electrons of
the target atoms. X-ray photons are emitted during the recombination of outer-
shell electrons and inner-shell holes. The resulting X-ray pulses have a similar
duration to that of the laser.

Higher-intensity X-ray pulses can be achieved using electrons accelerated in
synchrotron light sources[35]. The electrons are kept in storage rings, where
they travel in a circular path at relativistic speeds. Bending magnets are used
to direct the electrons around the storage ring. When accelerated by a magnet
the electrons emit X-rays. The energy, Ec, of the X-ray photons emitted by
electrons accelerated in a magnetic field B is given by[36]:

Ec =
3�eγ2B

2m
(4.11)

where � is the reduced Planck constant, e is the elementary charge, γ is the
relativistic parameter and m is the rest mass of the electron. The relativistic
parameter is defined as:

γ =
1√

1− (
ve
c

)2 (4.12)

where ve is the electron velocity, and c is the speed of light. Ec is called the
critical energy, and is defined such that half of the power is emitted at energies
below this value, and half above. Periodic structures of dipole magnets with al-
ternating polarity, called undulators or wigglers, are used to accelerate electrons
in order to generate X-ray radiation. The Lorentz force from the alternating
magnetic field causes the electrons to “wiggle” in the transverse direction, and
as they do they will emit radiation. The energy of the resulting radiation is
given by[37]:
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Eu =
2nγ2hc

λue

(
1 +

K2

2
+ θ2eγ

2

)
(4.13)

where n is the harmonic order, λu is the periodicity of the dipole magnets and
θe is the angle of radiation relative to the optical axis. K is the undulator
parameter, defined as in Eq. 4.14.

K =
eBλu

2πmc
(4.14)

The electrons are collected into bunches in the storage ring, and as an electron
bunch moves through the undulator, an X-ray pulse of the same duration as the
length of the bunch is generated, typically around 100 ps.

Figure 4.4: An undulator is comprised of alternating magnets that cause wiggling of the electrons.

Extremely high pulse energies and short pulse durations, on the order of tens
of femtoseconds, can be achieved with free-electron lasers. Free-electron lasers
make use of very long undulators. Again, the alternating magnetic field will
cause the electron bunches to emit radiation. However, in contrast to storage
rings, the radiation will co-propagate with the electrons. The magnetic field
from the emitted radiation will cause the electrons to form microbunches, which
then continue to emit photons coherently.
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4.3 The FemtoMAX beamline

Short X-ray pulses are needed to carry out measurements with high temporal
resolution. The FemtoMAX beamline at the MAX IV Laboratory in Lund,
Sweden, is dedicated to providing ultrashort, bright X-ray pulses for time-
resolved pump/probe X-ray diffraction experiments.

Four of the experiments included in this thesis were performed at the FemtoMAX
beamline at the MAX IV Laboratory. The linear accelerator that provides
electrons for the storage rings is also used to provide electrons for the generation
of X-ray pulses for the FemtoMAX beamline. The electrons are produced with
an electron gun by laser excitation of a cathode that ejects electrons. The X-
ray photons are produced by two undulators, which are able to generate X-ray
radiation in the energy range 1.8 to 13 keV. Two kinds of monochromators can
be used to produce monochromatic radiation: multilayer monochromators with
a bandwidth of 10−2, and double crystal monochromators with InSb and Si
crystals, with bandwidths of 2 · 10−4 and 4 · 10−4, respectively.

The laser system at the FemtoMAX beamline includes a Ti:sapphire amplifier
that can deliver 13 mJ pulses at a wavelength of 800 nm. An optical parametric
amplifier can be introduced to produce radiation at wavelengths ranging from
0.2 to 10 μm. The laser system is synchronized to the X-ray beam by locking
the laser oscillator to the RF signal from the linear accelerator.
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Chapter 5

X-ray Diffraction Experiment
Techniques

In all the experiments described in this thesis, the effects were induced by an
ultrafast laser in the optical wavelength region. In order for the experiments to
yield useful results, the pump laser and the X-ray probe must be overlapped in
both time and space. Although the laser and X-rays are synchronized, there is
always inherent jitter, and the actual arrival times of the pump laser and X-ray
probe on the sample must be determined. The two beams must also overlap in
space, i.e., interact with the same part of the sample. This applies to both the
surface area on the sample, as well as the depth in the sample. This section
describes the practical aspects of pump/probe experiments, and how they should
be set up in order to achieve meaningful results.

5.1 Symmetric and asymmetric crystals

A crystal can be cut symmetrically or asymmetrically with regard to a certain
crystallographic plane. In a symmetrically cut crystal, the crystal planes of
interest are oriented parallel to the surface, while in an asymmetrically cut
crystal they are not. Figure 5.1 illustrates the two cases. The kind of crystal
used will affect the experimental geometry, and the data analysis. InSb can be
used as an example. The Bragg angle for the (111) reflection at 3.5 keV is 28°,
and so it would be impossible to fulfil the diffraction condition in an experiment
with grazing incidence geometry. Using a sample cut at an angle of 30° allows
the 111 Bragg peak to be probed in a grazing incidence geometry.
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Figure 5.1: Illustration of a crystal cut symmetrically for the indicated crystallographic plane (left), and the asymmetric
case (right).

The cutting angle also influences the data analysis as the X-ray beam will be at-
tenuated differently in the two cases. For a symmetrically cut sample, the X-rays
will travel the same distance before and after diffraction, and will be attenuated
by the same amount in both directions. In a grazing incidence geometry, the
diffracted beam travels a much shorter distance through the sample than the
incidence beam, so the attenuation of the diffracted beam can be disregarded.
This is illustrated in Figure 5.2.

Figure 5.2: Path of the X-ray beam in a symmetric (left) and an asymmetric (right) crystal. In the symmetric crystal,
the original and diffracted beam will travel the same distance through the material. In the asymmetric case,
the diffracted X-ray beam travels a comparatively short distance through the material, and its absorption
can therefore be neglected. An asymmetrically cut crystal enables experiments to be performed in a grazing
incidence geometry, as the cut angle can be chosen in order to satisfy the Bragg condition.

5.2 Coplanar and non-coplanar geometry

An X-ray diffraction experiment can be performed in a coplanar or non-coplanar
geometry. The experimental geometry is defined by the plane spanned by the
incident and diffracted beam, and the sample surface normal. If the normal
is parallel to the plane, the geometry is called coplanar, otherwise, it is non-
coplanar. In order to fulfil the diffraction condition for a scattering plane that
is not parallel to the surface of the sample, it is necessary to consider the rotation
of the sample around the surface normal, i.e. the azimuthal angle. When adjust-
ing the azimuthal angle of an asymmetric sample, the angle between the crystal
plane normal and the incident X-ray beam also changes. The non-coplanar geo-
metry can be particularly useful when studying changes in the crystal structure,
as described in Paper III. Changing the distance between crystalline planes will
result in a change in the Bragg angle, so the angle of incidence of the beam must
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be changed in order to follow the Bragg peak. In a non-coplanar geometry, a
smaller adjustment in azimuthal angle is sufficient to fulfil the diffraction con-
dition, so the Bragg peak can be continuously captured without changing the
experimental geometry.

Figure 5.3: Left: Coplanar geometry, where the surface normal is parallel to the plane spanned by the incident and refracted
beams. Right: Example of a non-coplanar geometry.

5.3 Determining the angle of incidence

The non-thermal melting experiments were performed in a grazing angle geo-
metry, where it is especially important to determine the angle of incidence cor-
rectly, since the probe depth is very sensitive to this. The angle of incidence
is set using a tilt motor stage, however the 0° position needs to be calibrated
carefully for each experiment. The procedure for doing this is to capture the
direct beam and the specular reflection at the same time. Figure 5.4 shows the
experimental set-up used to determine the angle of incidence. The sample angle
is varied using a tilt motor stage, and images of the direct beam and specular
reflection are captured. The distance between the direct beam and the specular
reflection on the detector is determined as a function of the sample tilt motor
stage position. When the angle of incidence is 0°, the distance between the dir-
ect beam and the specular reflection is zero. The graph in Figure 5.4 shows the
results from a measurement of the angle of incidence. Extrapolation of the data
indicates the motor stage position at which the distance between the direct and
specular beams is zero, and thus where the angle of incidence is 0°.
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Figure 5.4: Schematics illustrating the measurement of the angle of incidence (left). Results of such a measurement (right).
In this measurement the angle of incidence is 0° when the motor stage position is 0.93.

5.4 Probe depth

The attenuation of the X-ray beam by a material is described by the Beer-
Lambert Law:

I(z) = I0e
−μz (5.1)

where I0 is the intensity of the incident beam, μ is the attenuation coefficient
of the material and z is the depth in the sample. The probe depth varies with
the angle of incidence, and should be considered bearing in mind the absorption
depth of the pump laser. The experiments presented in Papers IV and V, which
are concerned with melting, were set up in a grazing angle of incidence geometry,
so the probe depth was very shallow, and the X-rays only probed the molten
region of the sample. For experiments peformed in a grazing incidence geometry
it is also important to consider refraction, which will alter the angle of incidence
inside the sample. In the experiments presented in Papers I and III, the angle
of incidence was greater in order to probe the strain wave generated below the
depth where the laser energy is absorbed.

5.5 Space-time mapping for high temporal resolution

The evolution of a process over time can be studied with high temporal resol-
ution in a single X-ray shot by carefully choosing the experimental geometry.
Figure 5.5 shows the experimental set-up used for the non-thermal melting ex-
periments described in Papers IV and V. Due to the difference in angle between
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the laser pump and X-ray probe, the difference in the time of arrival of the
laser pump and X-ray probe will differ at different sample positions. Diffracted
X-rays from the different sample positions are in turn captured at different posi-
tions on the detector. In this way, the spatial extension of the detector becomes
a time axis.

Figure 5.5: Schematic view of experimental set-up for the non-thermal melting experiments. The relative timing between
the laser pump and X-ray probe will differ at sample positions T1 and T2 due to the difference in the angle
of incidence of the two beams. Diffracted X-ray signals from sample positions T1 and T2 will be captured at
different positions on the detector, which allows the temporal evolution of the process to be captured in one
image.

Figure 5.6: Results of a spectral smearing measurement. The blue curve shows the results of the DCM measurement, and
the red curve the multilayer monochromator measurement. The comparatively small bandwidth of the DCM
results in a much sharper decrease in signal.

The temporal resolution of this method depends on the difference in angle
between the laser and X-ray beam and the pixel pitch of the detector. The
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bandwidth of the X-ray beam must also be considered, since this translates into
divergence of the diffracted beam, leading to smearing in the spatial dimension,
and thus in the temporal trace. The magnitude of this spectral smearing can
be measured by cutting the X-ray beam with an opaque object, and observing
the steepness of the decrease in signal on the detector. Figure 5.6 shows the
results of two measurements, one where a multilayer monochromator with a
bandwidth of 1% was used, and the other where a double crystal monochro-
mator (DCM) with a bandwidth of 0.01 %, was used with the beam. The effect
of the bandwidth on the temporal resolution can be clearly seen. The DCM was
chosen during the non-thermal melting experiments, as this provides an X-ray
beam able to resolve events of a few hundred femtoseconds, and the multilayer
monochromator does not.

5.6 Measuring disorder

The intensity of a Bragg reflection is dependent on the precise periodicity of the
atoms. When the atoms move incoherently, this has an adverse effect on the
diffracted X-ray intensity. The thermal motion of atoms in a crystal can thus
be studied by measuring the intensity of a Bragg reflection. The Debye-Waller
formalism describes how the thermal motion of atoms in a material attenuates
X-rays:

I(t) = I(0)e−Q2〈u2(t)〉/3 (5.2)

where Q is the reciprocal lattice vector of the probed Bragg reflection and u(t)
is the displacement of the atoms. I(0) is the initial intensity of the Bragg
reflection from an unperturbed crystal. The average mean square displacement
of the atoms is given by:

〈u2(2)〉 = v2i t
2 (5.3)

where v is the initial velocity, and t is time. Debye-Waller formalism is usu-
ally associated with thermal processes, however Lindenberg et al.[16] suggested
that it could also be used when modelling the disorder caused by non-thermal
melting.
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5.7 Measuring strain

In a strained material, the positions of the atoms will differ from the nominal,
thus affecting the scattering conditions. Figure 5.7 shows a crystal with both
compressive and expansive strain.

Figure 5.7: Figure 22: Schematic view of a strained crystal structure.

The strain is related to the change in momentum transfer vector through:

S =
Q−Q′

Q
(5.4)

where S is the magnitude of the strain and Q and Q′ are the unstrained and
strained momentum transfer vectors. The magnitude of the strain can thus be
deduced by adjusting the experimental geometry and observing the change in
position of the diffracted X-ray beam on the detector, which is related to the
change in Q. The width of the strained part of the material can be deduced
from the strength of the reflection, as the diffracted X-ray intensity is related
to the number of diffracting atomic layers.
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Chapter 6

Strain Generation and Melting

Ultrashort laser pulses can induce structural changes in materials. This section
presents the work carried out to investigate two different kinds of dynamics.
Measurements were performed on graphite to investigate the effect of large-
amplitude strain waves, while InSb was used to map the processes of thermal
and non-thermal melting.

6.1 Large-amplitude strain wave in graphite

Graphite and diamond are the two naturally existing allotropes of carbon[38].
Their structures differ due to different bond hybridization, and thus their mater-
ial properties differ. Diamond is formed naturally under extreme temperature
and pressure. There are also reports of nanoscale diamonds forming upon ultra-
fast laser irradiation[39, 40, 41]. It has also been suggested that diamonds can
be formed from graphite using large shock waves[42].

In this work (Paper III), the energy of short, intense laser pulses was used to
generate a large-amplitude strain wave in a graphite sample to investigate the
effects of high pressure on the crystal structure. The resulting strain wave,
which could be important in driving a phase transition, was measured and char-
acterised. A pulsed laser was used to generate the strain wave. The laser pulse
melts the upper layers of the graphite sample, and the transition from solid to
liquid causes stress in the sample. This stress is released by the generation of
a compressive strain wave, which propagates into the sample. The footprint of
the laser is very large, 300 μm by 300 μm, compared to the depth to which the
strain wave travels, so this can be described as a one-dimensional problem, as
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explained in Section 3.4.

The strain wave was characterised by observing the evolution of the (103) Bragg
reflection over time. The generation of a compressive strain wave means that
the distance between the crystalline planes will be decreased, so the momentum
transfer vector for this reflection is increased. This will result in a spatial shift of
the diffracted X-ray beam. The strain wave can thus be monitored by following
the Bragg reflection on the detector.

This experiment was conducted at the ID09 beamline at the ESRF. The en-
ergy of the X-ray beam was 15 keV, and the corresponding bandwidth 2.2%.
Laser pulses from a Ti:Al2O3 laser, with a pulse duration of 1.2 ps and cent-
ral wavelength at 800 nm, were used to pump the sample, which was a single
crystal of natural graphite. The experiment was performed above the ablation
threshold.

Figure 6.1: Bragg reflection captured without laser irradiation (left) and 200 ps after laser irradiation (right). The ”tail”
in the right diffraction spot indicates strain in the material.

Figure 6.1 shows the (103) Bragg reflection from the unstrained material before
laser excitation, and 200 ps after laser excitation. The detector images have been
rotated so that the scattering vector Q increases upwards along the vertical axis.
The length of the scattering vector corresponds to a certain d-spacing, and by
extension, a certain strain. Thus, a signal at a specific position on the detector
indicates the presence of a strain wave. It can clearly be seen in Figure 6.1 that
a number of atomic layers are strained after laser excitation. The intensity of
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the signal is a measure of the number of layers experiencing a certain strain.
The graphite sample can be assumed to be an imperfect crystal, in which case
the intensity is proportional to the thickness of the diffracting material. A
clear picture of the strain wave travelling through the material can thus be
derived from the Bragg reflection. The experimental data were compared with
simulations based on hydrodynamics. The 1D hydrodynamic code ESTHER[43]
was used to simulate the evolution of mass density after laser illumination. Based
on the results obtained from ESTHER simulations, a strain map depicting the
evolution of strain over time in the probe depth was constructed by calculating
the strain from the relation: S(t) = ρ0/ρ(t)− 1, and is shown in Figure 6.2.

Figure 6.2: Map of the strain wave in time and depth. The strain wave increases in width and decreases in amplitude as
it travels further into the sample. A constant positive strain can be observed at the surface.

The compressive strain wave can be seen to move into the sample, becoming
broader and decreasing in amplitude as it travels. The simulated strain wave
was used as input in an X-ray diffraction code to calculate the X-ray diffrac-
tion pattern. The experimental data were acquired using X-ray pulses with a
duration of 100 ps, during which time the strain wave evolved. However, X-
ray diffraction patterns calculated from the simulated wave correspond to one
instance in time. For accurate comparison with the simulation, one diffraction
pattern was constructed by adding together several diffraction patterns corres-
ponding to different instances during the pulse duration, weighted according to
the intensity of the X-ray pulse at the time. Figure 6.3 shows the simulated
X-ray diffraction spot together with the experimental data.
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Figure 6.3: Difference images: Experimental data (left) and simulation (right). The vertical axis corresponds to the length
of the scattering vector of the reflection. The white area indicates where the Bragg reflection has moved. The
increase in the length of the scattering vector indicates compression of the crystallographic planes.

The pressure is obtained from the strain via the bulk modulus, and was calcu-
lated to be 7.2 GPa, 100 ps after laser excitation. After 200 ps, the pressure
had decreased to 4.8 GPa. In order to draw any conclusions on the possibility
of phase transitions, the temperature of the sample must also be determined.
The temperature was obtained from the hydrodynamic simulation, and was de-
termined to be below 315 K. Thus, the sample was in the diamond region of the
phase diagram shown in Figure 6.4. However, it was not possible to confirm the
formation of diamonds from the acquired X-ray diffraction patterns.
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Figure 6.4: Carbon phase diagram showing the conditions under which the different phases are stable.[44]

6.2 Non-thermal melting in InSb

In a solid semiconductor, the electrons reside in the valence band, and the
atoms are held together by covalent bonds. The electrons can be excited into
anti-bonding conduction band orbitals using ultrashort laser pulses. If the ex-
citation effect is sufficiently large, the potential landscape of the lattice will be
significantly altered, and the atoms will no longer be held together, but instead
break away forming a fluid state. For this to occur, approximately 10% of the
electrons must be excited into the conduction band[16]. This is an ultrafast pro-
cess that takes place on the sub-picosecond timescale, thus being distinguishable
from thermal melting.

Non-thermal melting is a phenomenon mostly observed in semiconductors. The
response to optically induced excitation of the electron system is quantitatively
different in metals. The density of states in metals is largely unaffected by
the increase in electron temperature[45]. Therefore, electronic excitation has a
smaller impact on the lattice stability of free-electron metals. As a consequence,
melting in metals is a purely thermal process[46]. It has, however, been reported
that some non-thermal effects, such as bond hardening, may occur in noble
metals such as gold[45].

The inertial model proposed by Lindenberg et al. in 2005 describes the process
of non-thermal melting in semiconductors. In this model it is assumed that when
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the covalent bonds between the atoms are broken by laser irradiation, the atoms
will continue to move with their initial velocity due to their thermal energy. This
model has been challenged by some theoreticians who claimed that the velocity
of the atoms is the result of acceleration due to the modified potential surface
of the system. In order to settle the controversy, measurements of the melting
time can be performed at varying initial thermal energy of the atoms, which can
be accomplished by heating and cooling the sample to different temperatures. If
the inertial model is correct, the melting time will vary with the initial sample
temperature. Such an experiment was performed at the FemtoMAX beamline
in order to elucidate the process of non-thermal melting (Paper IV).

The sample used was an InSb wafer, cut with the (111) plane at an angle of
30° to the surface plane in order to enable a grazing angle of incidence in the
experiment. The angle of incidence of the probe beam was set to 0.75°, so that
the X-rays would only probe the molten part of the sample. The probe depth at
this angle is 28 nm (1/e), i.e., much shorter than the 100 nm absorption depth
of the laser.

The (111) reflection was probed with an X-ray beam of 3.56 keV, and the dif-
fracted X-ray beam was captured with a CCD camera. The detector captures an
image of the X-ray footprint on the sample. Non-thermal melting was induced
with an 800 nm, femtosecond laser, delivering a fluence up to 150 mJ/cm2. The
pump laser had an angle of incidence of 45°, allowing the spatial extension along
the X-ray footprint to be mapped onto a time axis, as described in Section 3.4.5.
The data were acquired in single-shot mode, as the effect is destructive, and a
fresh sample position was used for each shot. Data were acquired from several
shots in order to improve the signal-to-noise ratio. The measurements were
performed at a number of temperatures between 35 K and 500 K.

The melting time, τ, was extracted for each shot by fitting a gaussian function
to the temporal evolution of the X-ray intensity, in accordance with the Debye-
Waller formalism:

I(t) = I0e
−(t/τ)2 (6.1)

The effect on the X-ray intensity after laser excitation over time is shown in
Figure 6.5 for two different temperatures. The melting time is defined as the
time taken for the signal to decrease from 90% to 10% of its initial value. It
can clearly be seen from the different slopes that the melting time increases at
lower sample temperatures.

44



Figure 6.5: Temporal evolution of diffracted X-ray intensity.

The Debye-Waller formalism in Section 4.4.6 was used to perform theoretical
calculations of the melting time as a function of temperature. The atomic
velocities were calculated according to:

vi =
√
2Ukin/M (6.2)

where M is the average atomic mass and Ukin is equal to half the thermal
vibrational energy, U , given by Equation 24.

U = 3kBT (6.3)

Figure 6.6 show the results together with the experimentally determined melting
times. The red dashed line shows the prediction of the inertial model. In the
temperature range 70 K to 500 K, this is a very good fit.
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Figure 6.6: Melting time as a function of temperature. The black dashed curve is the melting time obtained when the
inertial motion of the atoms is disregarded. The red dashed curve is the melting time obtained using the inertial
model with the classical expression for the vibrational energy. The black curve is the inertial model when the
zero-point energy is considered.

However, as the temperature approaches zero, the experimental melting time be-
comes constant. The classical expression for thermal vibrational energy in Equa-
tion 24 is inadequate to explain the behaviour of the system at very low tem-
peratures. Instead, the zero-point energy should be used, which takes quantum
fluctuations into account. This is included in in Equation 25:

U =
9

8
kBTD + 3kBTD3

(
TD

T

)
(6.4)

where kB is Boltzmann’s constant, TD is the Debye temperature, T is the tem-
perature and D3(x) is the Debye function. The solid black curve in Figure
6.6 shows the melting time when quantum vibrational effects were taken into
account when calculating the atomic velocity. This adjustment in the inertial
model leads to an excellent fit to the data at all temperatures. It is thus clear
from the experimental results that the initial velocity is an important factor dur-
ing non-thermal melting, and that the inertial model can accurately describe the
process of non-thermal melting.
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6.3 Transition between thermal and
non-thermal melting

The threshold for inducing non-thermal melting is higher than for thermal melt-
ing. Therefor, thermal melting will always be present during the melting process.
In order to gain a complete picture of the melting process in semiconductors it
is therefor necessary to understand the thermal melting process. In the thermal
melting process, upon laser excitation, the laser energy is deposited in the elec-
tron system, which thereafter equilibrates with the lattice. It is well documented
that the main channel for energy loss of the electron system is Fröhlich coup-
ling to the longitudinal optical phonons. The optical phonons then decay into
acoustic phonons, thus heating the lattice[47]. The coupling times of these pro-
cesses govern the course of thermal melting. This has been studied in systems
using low laser fluences[48]. There are however suggestions that the phonon
coupling times are dependent on the excitation fluences[48, 49]. An experiment
was conducted to study the thermal melting process in the transition regime
between thermal and non-thermal melting, and is described in Paper VI. The
experimental setup was the same as the one described in Section 6.2. The angle
of incidence was 0.8°, corresponding to a probe depth of 35 nm at 3.6 keV. The
laser fluence was varied between 30 and 70 mJ/cm2. The temporal evolution
of the melting process was captured by detecting the decrease in the diffracted
intensity of the 111 Bragg peak. Figure 6.7 shows the temporal evolution of the
diffracted X-ray intensity together with a theoretical model based on the time it
takes to deposit energy larger than the latent heat of fusion at different depths
in the sample.

Figure 6.7: The diffracted X-ray intensity for 30 mJ/cm2, 55 mJ/cm2 and 70 mJ/cm2.
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The fast initial drop in the diffracted X-ray intensity that can be seen in the
graphs for fluences of 50 mJ/cm2 and 70 mJ/cm2 is due to non-thermal melt-
ing. A slower drop, which is due to the thermal melting occuring at larger
sample depths, is also visible after the initial drop. The non-thermal melt-
ing was modeled using a Gaussian function as described in Section 6.2. The
threshold for non-thermal melting was determined to be 35 mJ/cm2. In the
data acquired at 30 mJ/cm2 non-thermal melting is not observed, and the melt-
ing process is assumed to be purely thermal in this case. The thermal melting
was modeled by solving the system of Equations 3.2. The initial condition was
the energy deposited in the electron system. Non-linear absorption was used to
calculate the fluence profile through the sample, using the first and second order
of non-linear coefficients as described by Rousse et al.[15]. The best fit of the
data was found for a second order coefficient of 235 cmGW−1, which is lower
than the value given by Rousse et al. However, the effective absorption depths
in this study were determined to be 40 nm for 70mJ/cm2, 45 nm for 55 mJ/cm2

and 60 nm for 30 mJ/cm2, which is in good agreement with studies performed
by other groups[13, 50]. The phonon-phonon coupling time, τoa, determines how
fast sufficient energy for melting is deposited in the lattice.

In the model presented here, only the first two coefficients of the non-linear
absorption are taken into account. Electron diffusion was not taken into account.
This would have an effect on the initial energy profile in the sample, with the
electron distribution not following the optical distribution as assumed here. The
melting time would still be governed by the coupling times between the electron
and optical and acoustic phonon systems. Heat diffusion in the lattice was not
taken into account, as it was determined through simulations that the timescale
for diffusion is much too long, tens of picoseconds, to be relevant in this study.

The coupling times for the optical phonon - acoustic phonon interaction deduced
from the data are shown in the table below:

Fluence [mJ/cm2] τoa [ps]

30 6
55 4
70 2

The coupling times for the higher fluences are significantly shorter than what has
been reported for lower fluences, which is in line with what has been suggested.
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Chapter 7

Controlling and Diagnosing
the Temporal Properties of
X-rays

The light-matter interactions described in this thesis are not only of fundamental
interest, they can also be used in applications relevant at synchrotron radiation
facilities. Laser-induced strain waves can be created to modulate the phonon
spectrum, in order to create short X-ray pulses for applications in time-resolved
experiments where a higher temporal resolution is needed than is typically avail-
able at storage ring facilities. Non-thermal melting can also be used as a timing
device for pump/probe experiments.

7.1 An X-ray switch based on a photo-acoustic trans-
ducer

Experiments conducted at synchrotron radiation facilities are vital to the field
of structural dynamics. However, the number of facilities providing X-ray pulses
with short duration is limited, the typical pulse duration at a synchrotron radi-
ation facility being 100 ps[51]. There are a number of schemes used at facilities to
achieve short pulse durations, such as low-alpha mode [52] and femtoslicing[53],
but these impact not only one beamline, but the whole facility. Being able to
reduce the pulse duration at specific beamlines when needed would thus be ad-
vantageous. A photo-acoustic transducer can be used as an effective method
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of reducing the pulse duration of a 100 ps X-ray pulse. This scheme can be
implemented at beamlines without affecting the rest of the facility[54].

Coherent phonons provide additional means of fulfilling the scattering condition,
and will introduce sidebands into the X-ray diffraction efficiency together with
the Bragg peak[55, 56]. The photo-acoustic transducer is based on switching
the X-ray diffraction efficiency of a crystal through modulation of the phonon
spectrum. In this case, the transducer was composed of a thin gold film depos-
ited on the surface of an InSb crystal. The gold film is heated by an optical
laser pulse, and the expansion created launches a compressive strain wave from
the Au/InSb interface through the sample. Two expansive strain waves are also
generated at the vacuum/Au and Au/InSb interfaces, which counter-propagate
through the film, launching a new strain wave through the InSb crystal for each
reflection at the Au/InSb surface. The resulting strain wave through the InSb,
will modulate the phonon spectrum, cancelling or enhancing phonons depending
on their periods.

In this experiment, the sample consisted of a 60 nm thick gold film deposited
on a (111) InSb crystal. The sample was pumped using a Ti:sapphire amplifier,
delivering 60 fs laser pulses at 800 nm and 33 mJ/cm2. The response of the
sample was probed with X-ray pulses with a 2 ps pulse duration at an energy
offset of -8 eV from the (111) Bragg peak. The diffracted X-ray intensity was
detected with a CCD camera for different time delays between the laser and X-
ray beam in order to investigate the temporal evolution of the X-ray diffraction
efficiency.

The optical absorption depth of gold at 800 nm is about 10 nm, meaning that
all the energy from the laser pulse was absorbed by the metal film, and none in
the InSb. The energy is first deposited in the electron system. Due to the fast
electron motion and the weak electron-phonon interaction in gold, the pump
energy will be distributed in the electron system throughout the whole of the
gold film before the electron and the lattice systems become equilibrated. The
lattice is heated within a few ps. Hot electrons in the gold film will travel into
the sample, however, the interface between the gold film and the InSb crystal
forms a barrier that the electrons cannot overcome, so there will be no electronic
excitation of InSb.

The heat deposition in the sample can be modelled by the Two-Temperature
Model described in Section 3.1. The udkm1Dim toolbox[57, 58], which im-
plements the Two-Temperature Model, was used to simulate the strain wave
and the X-ray diffraction efficiency. A map of the simulated X-ray diffraction
efficiency is shown in Figure 7.1
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Figure 7.1: Simulated X-ray diffraction efficiency map. The blue dashed line indicates the first cancelled phonon mode.

The experimentally measured X-ray diffraction efficiency at an energy offset
of -8.2 eV is shown in Figure 7.2 together with the results of the simulations,
showing excellent agreement. The effect of the X-ray switch is a 20 ps long pulse
with 8% of the power of the incidence beam.

Figure 7.2: X-ray diffraction efficiency when probed -8 eV from the Bragg peak.

7.2 Non-thermal melting of InSb as a timing monitor

It is crucial in pump/probe experiments to know the precise timing between the
pump and probe beams. All experiments involving a laser locked to an accel-
erator will suffer from temporal jitter, which will limit the temporal resolution
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achievable. In order to evaluate the data from such experiments, the difference
in time between the pump and probe beams must be accurately determined. A
number of different methods can be used to measure this at synchrotron radi-
ation facilities, for example, using a streak camera [59, 60]or devices based on
electro-optical sampling[61].

It has been suggested that non-thermal melting can be used as a timing tool.
The rapid decrease in X-ray reflectivity as the sample melts provides a clear
time stamp, giving the relative time between the arrival of the pump and probe
beams for each shot. Furthermore, it is relatively simple to implement at a
beamline. For a scheme based on non-thermal melting to be practical, it must
be possible to perform measurements at the same position on the sample many
times. InSb resolidifies after melting, allowing multiple measurements at the
same position. However, imperfections will form during crystal regrowth over
time, which will lead to uncertainties in the timing measurement. It is therefore
important to determine the optimal conditions for such measurements, to ensure
that reliable results are obtained. In the experiment described in Paper V, the
influence of sample temperature and laser fluence was evaluated. Such a non-
thermal melting timing device can be used as a permanent timing device at a
beamline, or to evaluate another timing device. During this experiment, non-
thermal melting was used to evaluate a timing device being developed at the
FemtoMAX beamline.

The experiment was performed at the FemtoMAX beamline at MAX IV. The
sample was an InSb wafer cut with the [111] plane at 30° to the surface. Non-
thermal melting was induced by an 800 nm fs laser, and probed by X-rays in a
grazing geometry. The method of choosing the incidence angle was described in
Section 4.4. The difference in the angle of incidence between the laser and X-ray
beams allowed the temporal evolution of the melting process to be captured us-
ing the space-time mapping method described in Section 4.4. The measurements
were performed at temperatures ranging from room temperature to 500 K, in
order to determine the optimal conditions. Data were obtained from a large
number of laser/X-ray shots acquired from the same position on the sample,
and analysed to determine how such a timing device would function over time.
For every laser/X-ray shot, a reference shot using only the X-ray beam was
performed in order to investigate how the diffracted X-ray signal was affected
by cumulative laser damage.

In order to deduce the pump/probe timing from the diffracted X-ray signal, a
gaussian function was fitted to an outline in the temporal direction of the data.
Time zero was defined as the time at which the X-ray signal had decreased to
50%. (This is shown in Figure 7.3)
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Figure 7.3: The reference shot using only the X-ray beam a), and the shot with the laser beam b). Time increases from
the top of the images to the bottom. The area indicated by the red dashed lines in the laser shot indicates the
part of the image used in the analysis, where the laser has a uniform fluence. c) The laser shot (normalised
using the reference shot) together with a gaussian fit. Time zero is defined as the time at which the intensity
had decreased to*? 50%. This dataset was acquired at 300 K

Figure 7.4 shows the diffracted X-ray beam in the reference shots before the
first and the 10th shots for measurements at 300 K and 500 K. A significant
difference can be seen between these two temperatures. At room temperature,
the sample is destroyed after a few shots, and it quickly becomes impossible to
accurately extract time zero due to the low X-ray signal.

Figure 7.4: The diffracted X-ray signal before the 1st and 10th laser shots at 300 K and 500 K.

The effect of sample temperature on the X-ray diffraction efficiency can be
quantified by investigating the change in the integrated signal in the reference
shots after each laser shot. The results are shown in Figure 7.5. At room
temperature, the intensity of the diffracted X-ray beam is drastically decreased
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after only a few shots. However, at higher sample temperatures, the X-ray
intensity is still 50% of the initial after up to 200 shots, suggesting that the
regrowth of InSb is facilitated at higher temperatures.

Figure 7.5: The diffraction X-ray intensity of reference shots as a function of the number of shots at the different temper-
atures investigated. The intensity is normalised to the intensity of the first shot at each temperature.

Figure 7.6 shows the diffracted X-ray intensity after 20 shots at 500 K, where
it can be seen that the diffracted X-ray intensity increases after time zero [after
a few shots], indicated by the green box. This is due to laser-induced periodic
surface structures, as described in Section 3.3.

Figure 7.6: Images of (a) the reference shot, (b) the 1st laser/X-ray shot on the pristine sample and (c) the 20th laser/X-
ray shot at the same position. The green dashed rectangle indicates the increase in X-ray diffraction intensity
seen in the later shots. The data were acquired at 500 K

Figure 7.7 shows microscope images of the sample after 10 shots and 200 shots.
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Figure 7.7: Microscope images of the surface of the sample after laser exposure to 10 shots (left) and 200 shots (right).
The sample temperature during data acquisition was 500 K

The effect of laser-induced periodic structures on timing was evaluated by meas-
uring the edge contrast in the temporal trace. The edge contrast is defined as
(I0 - I1ps)/I0, where I0 is the intensity before laser excitation, and I1ps is the
intensity 1 ps after laser excitation. The edge contrast was determined for two
different fluences, and the results are presented in Figure 7.8. The laser foot-
print will show some variation in fluence in the horizontal direction. The X-ray
diffraction signal was divided into a centre section and a section consisting of
the sides, corresponding to sample positions that have been excited by higher
and lower fluences, and the edge contrast was evaluated separately. The fluence
in the centre was 130 mJ/cm2 and that in the sides 90 mJ/cm2. These values
are sufficient to induce non-thermal melting, but are not in the regime where
Hillyard et al. found accelerated disordering[62]. The edge contrast was reduced
in both regions during the first 20 shots, but remained fairly constant between
20 and 200 shots. The edge contrast was slightly better in the data from the
edges where the fluence was lower.

Figure 7.8: Edge contrast after 20, 100 and 200 shots in the central region (o) with higher fluence (130 mJ/cm2), and
the sides (x) where the fluence was lower (90 mJ/cm2).
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The accuracy of the timing monitor was evaluated by dividing the detector
image into two halves, and evaluating the right and left halves of the X-ray
diffraction spot separately, treating them as though they had been acquired
using two identical set-ups.

Figure 7.9: The graph shows the correlation between the two sets of data, from the right and left halves of the diffraction
spot. The data points are plotted on a colour scale ranging from purple to yellow, where purple is the first
shot and yellow the last shot.

The correlation between the two sets of data provides a measure of the accuracy
of the timing monitor, and is shown in Figure 7.9. The accuracy deduced from
the square root of the standard deviation was 230 fs.
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Chapter 8

Summary and Outlook

8.1 Summary

A large-amplitude strain wave was generated in graphite by melting the sample
surface, and the pressure related to the strain wave was determined to be 7.2
GPa (Paper III). At room temperature, this is in the region in the phase diagram
where the diamond phase is stable, suggesting that a strain wave generated by
an ultrashort laser pulse could drive the graphite-to-diamond phase transition.

The non-thermal melting time in InSb was determined over a wide range of
sample temperatures in order to evaluate the inertial model, and the disordering
time was found to be dependent on the sample temperature. It was discovered
that when the zero-point vibrational energy was taken into account, the inertial
model predicted the atomic motion during the process of non-thermal melting
well (Paper IV).

The effect of a photo-acoustic transducer on an X-ray pulse was studied. Laser
excitation of a thin gold film was used to generate a strain wave in an InSb
crystal, allowing the phonon spectrum to be modulated (Paper I). The X-ray
switch was used to modulate the X-ray reflectivity converting a 100 ps X-ray
pulse into a 20 ps pulse with an efficiency of 8%.

The possibility of using non-thermal melting of InSb as a timing device was
evaluated. The effects of laser fluence and sample temperature were investigated
in order to determine the optimal conditions. It was established that when
heated above room temperature, the sample could be irradiated at the same
position up to 200 times (Paper V). The experimental set-up was also used to
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evaluate a timing device being developed at the FemtoMAX beamline.

The transition between thermal and non-thermal melting was studied in InSb
(Paper VI). It was shown that thermal melting can explain the exponential
tail in the temporal evolution of the intensity of the Bragg peak. Phonon-
phonon coupling times for high fluences were deduced from the attenuation of
the diffracted X-ray signal.

8.2 Outlook

Time-resolved X-ray diffraction experiments can be used to elucidate fast pro-
cesses in materials on the atomic scale, and there is a wealth of applications
that require careful determination of such material properties. 2D materials are
very useful in technological applications, and it is thus important to be able to
determine their properties accurately. 2D materials such as graphene and black
phosphorus are highly anisotropic. The cross-plane heat conductivity varies with
the sample thickness for thin samples, and can be difficult to measure, so there is
considerable interest in developing reliable methods to study this. Thin samples
of black phosphorus have been produced by our group, and measurements have
been performed using time-resolved X-ray diffraction, which are currently being
analysed. Efforts are also being made to set up electron diffraction experiments
using thin black phosphorus samples.

A THz generation set-up based on optical rectification in organic crystals was
recently implemented at the FemtoMAX beamline. THz radiation can be used
to excite certain phonon modes in InSb. Excitation of these phonon modes could
have a considerable impact on the nearly forbidden reflections, as discussed in
Section 4.1.6. Measurements have recently been made and the data are being
analysed.

Based on the findings presented in Paper V, it was concluded that increasing
the sample temperature enabled regrowth of the InSb crystal. However, it was
not possible to determine the exact process of regrowth. Further measurements
should be performed to elucidate the physics governing the regrowth process.
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