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 Introduction Chapter 1

In their natural way of observing the world, humankind is naturally limited to 

objects that are roughly as thick as a hair, 100 μm. Time scales at which changes 

can be observed are limited to tens of milliseconds, being the reason that the 

refresh rate of television has been 50 Hz for decades: this is observed as real-time 

motion rather than as a series of individual images. Over the centuries, scientists 

have been searching for ways to look smaller and faster. 

The nineteenth century photographer Eadweard Muybridge (1830 – 1904) 

invented a stroboscopic experiment to answer the highly debated scientific 

question whether all four legs of a horse at a gallop are off the ground at the 

same moment or not. His approach was to install twelve photocameras and to 

connect each one to a line that triggers the camera when it is touched by the 

passing horse. The images are shown in Figure 1.1. The conclusion from this 

experiment was that there is an instant that the horse is completely elevated from 

the ground. But apart from that, this was the first millisecond timescale 

experiment in the history: technology allowed him to observe something in detail 

which his own eye observes as one movement. 

Thanks to the invention of lasers we are now able to study phenomena at a time 

scale that is twelve orders of magnitude faster than the Muybridge experiment: 

the femtosecond time domain. The PhD project of which this thesis is the written 

reflection was dedicated to the construction of an experimental setup for 

Ultrafast Electron Diffraction: a technique that allows studying processes that take 

place at this time scale, that is the natural time scale at which atoms and 

molecules interact and for instances atomic bonds are formed and destroyed. 

 Microscopy and Diffraction 1.1

Besides the motivation to push the limits of the shortest time scales that can be 

studied, a lot of interest in the history has gone to look at smaller and smaller 

objects. A very important person in this context is the Dutch scientist Antoni van 

Leeuwenhoek (1632 – 1723). In the 17th century there were already microscopes 

with magnifications up to 30x, but Van Leeuwenhoek made a microscope with a 

magnification of 480x. This allowed him to observe objects at the cellular level, 

among which red blood cells and human spermatozoids. This is also almost equal 
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to a fundamental limit that applies when it comes to magnified observation with 

visible light: because of the diffraction limit objects that are smaller than the wave 

length cannot be observed.  

Thanks to the development of quantum physics in the early twentieth century, 

and especially because of the realization that apart from a particle character, 

electrons also have a wave character, electron microscopy was developed in the 

1920`s and 1930`s. As the De Broglie wavelength of electrons of e.g. 30 keV is 7 

pm, the lower size limit of structures to be observed with an electron microscope 

is much smaller than that of a visible light microscope. Electron microscopy exists 

in two modes: transmission electron microscopy (TEM) and scanning electron 

microscopy (SEM). In the case of TEM, the approach is most similar to the 

approach in optical microscopy, whereas in the case of SEM the electron beam 

scans over the surface and the products of its interaction with the sample are 

probed. 

Apart from microscopy as a way to directly observe objects, there is also 

diffraction which allows observing periodic structures in the reciprocal space. The 

main idea is that radiation impinging on a periodic structure will interfere 

constructively and destructively, resulting in a diffraction pattern; the most basic 

Figure 1.1: Images of a horse at gallop from Eadweard Muybridge, who proved with this experiment 

that a horse has all his feet off the ground at a gallop. Image taken from the website of the 

Rijksmuseum in Amsterdam. 
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example being visible light interference from a grating. Since atoms in a solid are 

also placed in a periodic structure, a lattice will also serve as a grating for suitable 

wavelengths. The first experiments were done with X-rays in the 1910`s by Paul 

Peter Ewald and Max von Laue. Von Laue got the Nobel Prize in Physics in 1914 

for his discovery of the diffraction of X-rays by crystals. The next year, the Nobel 

Prize was awarded to father and son Bragg for their further research into the field 

of X-ray diffraction. They formulated the direct relation between the angles under 

which diffraction is observed and the lattice distances: 

2����� = �� 

Where d is the distance between lattice planes, � is the angle, n is the diffraction 

order and λ is the wavelength. X-ray diffraction has proven itself in the course of 

the 20th century to be very useful for the determination of the structure of solids. 

Besides in materials science it is also widely used in biology for studies of the 

structure of proteins. With the recent advent of X-ray Free Electron Lasers (X-

FEL`s) it became possible to probe nanocrystals of proteins in a single shot of an 

ultrashort pulse of X-rays before they are destroyed by the deposited energy. 

Combining the two discoveries – the wave nature of electrons and the diffraction 

of waves from lattices – led to the invention of electron diffraction in the 1930s. In 

1937 Clinton Joseph Davisson and George Paget Thomson got the Nobel Prize for 

their experimental discovery of the diffraction of electrons by crystals. Nowadays 

electron diffraction is a widely used standard method to study solids; especially 

when the surface properties of the material are of particular interest. Generally 

there are three ways in which electron diffraction is carried out: the first one is 

using the diffraction in a TEM setup. This technique is suitable when the bulk 

properties of the material are of interest. The second one is reflection high energy 

electron diffraction (RHEED) which is very sensitive to structures at the surface 

and is performed in grazing incidence geometry. Typical electron energies are tens 

of keV`s. Also low (tens to hundreds of eV`s) energy electron diffraction (LEED) is 

used to probe surface properties but makes use of the property of low energy 

electrons that they scatter back when they are impinging the surface in a normal 

incidence. 
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 Ultrafast lasers, Pump-probe Spectroscopy, Femtochemistry 1.2

Commonly phase transitions are studied by describing the properties of systems 

in equilibrium conditions before and after the phase transition has occurred. 

Knowledge of which out-of-equilibrium transient states are occupied following the 

primary excitation of the system can contribute tremendously to understanding 

the occurrence and nature of the transition. The fundamental time scale of 

breaking bonds between atoms is in the 100 fs regime and therefore this is also 

the time resolution which these experiments are required to have. 

Access to this sort of knowledge was made possible by the introduction of 

ultrafast laser systems in the second half of the 20th century. After the first 

experimental realization of a laser in 1960, the developments went very fast with 

the first nanosecond pulses already in 1961 [1] and sub-picosecond pulses 

followed in 1974 [2].  In 1997 Douwe Wiersma and his group at our institute even 

made it to the Guinness Book of Records with their shortest event ever produced 

by mankind, with a 5 fs laser pulse [1,3]. Nowadays laser jack produce pulses as 

short as 100 as (attoseconds). 

As soon as the femtosecond laser was introduced, a lot of scientists started using 

these lasers to do experiments. One of the pioneers in the field of femtochemistry 

was Ahmed Zewail, who received in 1999 the Nobel Prize in Chemistry for his 

studies of transition states of chemical reactions by femtosecond spectroscopy 

[1]. In these early-days femtochemistry experiments, a molecular beam was sent 

into a vacuum chamber and two femtosecond laser pulses were applied. The first 

one (the pump pulse) excites the system and defines the starting point of the 

dynamics.  

 Ultrafast Electron Diffraction 1.3

With the spectroscopic pump-probe techniques described before, a lot of 

information on the transient excited states during chemical reaction and phase 

transitions can be obtained. However, the picture cannot be complete without 

knowledge of the intermediate structure. This structure can be probed in both 

real space (microscopy) and reciprocal space (diffraction). This is the field of 

ultrafast X-ray science, ultrafast electron diffraction (UED) and ultrafast electron 

microscopy (UEM).  
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In all these techniques, an ultrafast probe is preceded by an ultrashort laser pulse 

to provide energy to the system and thereby start the dynamics and define a time 

origin (time zero for when the pump and the probe arrive at the same time). The 

probe arrives a defined delay time after the pump and this delay time defines the 

period that the system is allowed to evolve before it is probed. In principle, the 

experiment needs to be repeated for each time delay for which information is 

wanted (in contrary to the case of the Muybridge horse experiment where 

multiple cameras were triggered at different delay times in one single 

experiment). This also implies that the time resolution is limited by the duration of 

both the pump and the probe pulse, whereas the camera can fundamentally be 

slow (again different from the horse experiment where one of the crucial 

developments of Muybridge was the short shutter time of the cameras). The basic 

principle of an UED experiment is schematically shown in Figure 1.2. 

The choice of the probe depends on what one wants to see. When structures are 

bigger and long-range order is destroyed, diffraction is the relevant probe to be 

used. Electrons are the better probe for thin samples since their elastic scattering 

Figure 1.2: General principle of Ultrafast Electron Diffraction: The probing electron pulse is 

preceded by a pump laser pulse. The delay Δt between the pulses is tuned to obtain a sequence of 

diffraction images corresponding to different time delays. Image: F. Vigliotti, cover picture 

Angewandte Chemie, 43, 20 (2004). 
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probability is much larger. Furthermore, electron sources can be much smaller 

and easier to handle than X-ray sources.  

When it comes to source development for UED, the brightness of the source is a 

very important quantity since it governs the relation between acquisition time 

and signal-to-noise ratio. However, the brighter the source, or the more electrons 

per pulse, the larger the Coulombic repulsion between the electrons. This leads to 

a bigger electron bunch and therefore worsens the time resolution of the 

experiment. There are multiple solutions possible for this space charge problem: 

compact gun designs in which there is only limited time for the electron bunches 

to grow in the propagation direction, electron guns with limited numbers of 

electrons per bunch (low brightness) with the ultimate goal of single-electron 

diffraction [4,5], or guns with active post-compression of the electron bunches, 

like in the case of our system [6-9]. 

New approaches in the field of source development include nanotip sources and 

cold atoms sources. Whereas in the traditional sources, photoelectrons are 

extracted from front-illuminated photocathodes, or back-illuminated thin metal 

films, in these new types of sources photoelectron generation is more 

complicated. A tip-based source [10-12] consists of nanotips from which 

photoelectrons are extracted. The energy spread of the resulting electron bunch is 

smaller due to the very high field that can be achieved in this geometry. 

Furthermore, the small source size (which is smaller than the incoming laser beam 

size) leads to a high transverse coherence length. This is an interesting 

development; however, experimental times to collect a useful amount of data are 

very long. Therefore, the development of cold atom sources [13] is even more 

promising. A magneto-optical trap (MOT) is built to reduce the atoms` kinetic 

energy to an effective temperature of 10 K. Photoelectrons originating from these 

atoms have a very narrow thermal broadening and therefore a long coherence 

length with large numbers of electrons per pulse.  

One of the early breakthrough experiments of this field was an observation of 

ultrafast melting of an aluminium thin film by Siwick et al. [14]. In this study 

polycrystalline, 20 nm thick Al films were irradiated with 120 fs near-IR laser 

pulses and subsequently probed with 600 fs electron pulses. From the evolution 

of the diffraction pattern after irradiation, an atomic description was deduced of 
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how the heating of the lattice takes place and how the energy is redistributed in 

the material. From the time scale at which the process takes place, it was 

concluded that the disordering is not electronically driven. During the first few ps, 

the aluminium is in a superheated state that only exists transiently; afterwards 

the energy is redistributed and the lattice is disordered after 3.5 ps to a state 

where no short-range order is detectable anymore (see Figure 1.3). 

In Siwick’s experiment a substantial number of electron bunches was needed for 

each time point of the experiment. The use of MeV sources allows for single shot 

UED. At relativistic energies, the space charge forces are highly suppressed and 

therefore the number of electrons in a sub-picosecond electron bunch can be 

orders of magnitude higher than in lower energy regimes. One of the leading 

Figure 1.3: UED images of polycrystalline aluminium at different pump-probe delays. Taken from 

[14]. 
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groups in this respect is the group of Pietro Musumeci at the University of 

California, Los Angeles (UCLA). They have used this technique to follow laser-

induced melting of a single crystal of gold with single shots per time point [15]. 

One step further is performing a real-single-shot experiment [16]. A 20 ps long 

electron bunch was streaked with an RF cavity after arriving at the sample to 

transfer the information in the time domain to a direction perpendicular to the 

propagation direction of the electrons. In this way, all information of the time 

evolution of the diffraction spots was contained in a single shot. The result of this 

experiment is shown in Figure 1.4. 

Besides these melting phase transitions, also more exotic phase transitions are 

studied by means of UED. A nice example of these studies is the study of charge 

density wave materials (CDW) [17,18].  

Charge density wave materials are materials in which there is periodic modulation 

in the density of conduction electrons, causing a periodic lattice displacement 

Figure 1.4: Streaked diffraction pattern with (left) and without (right) laser excitation. When the laser 

is off, the streaks are homogeneous, whereas with the laser on, the streaks get dimmer at later times 

(higher in the image). Taken from [16]. 
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(PLD). The structure of such a material, 4Hb-TaSe2 is shown in Figure 1.5 (a) and 

the PLD is schematically shown in Figure 1.5 (c). This PLD can be observed 

experimentally by electron diffraction where it can be seen as a superstructure 

with satellite peaks ordered around the normal Bragg peaks, as shown in the 

diffraction pattern in Figure 1.5 (b). As the CDW state is a low temperature state, 

the transition from the commensurate to the incommensurate CDW state can be 

studied by means of ultrafast electron diffraction. The phase transition can then 

be seen as a decrease of intensity in the satellite peaks because the CDW state is 

suppressed upon (ultrafast) heating.  

Such a study was performed on 4Hb-TaSe2 by the group of Heinrich Schwoerer at 

Stellenbosch University [17]. The transient intensity of both the Bragg spots and 

Figure 1.5: (a) Crystal structure of 4Hb-TaSe2. (b) Equilibrium state diffraction pattern. (c) Phase 

transition between the normal state (left) and the commensurately modulated sate (right). Image 

taken from [17]. 
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the CDW satellite spots was followed as a function of delay time between the 

excitation with a pump pulse (780 nm) and a probe electron bunch. The 

experiment was repeated at different fluences. The main results are shown in 

Figure 1.6. 

Upon excitation, two processes take place: the first process (at a time scale 

shorter than 400 fs) is the change of electron distribution due to the electronic 

excitation. Due to coherent electron-phonon coupling, the atoms move to their 

equilibrium state that corresponds to the high-temperature phase. In the 

diffraction pattern this process is characterized by a depletion of the CDW spots 

and an increase of the Bragg spots. Followed by this process, incoherent phonons 

result in a Debye Waller effect (more disorder due to heating of the lattice), which 

can be seen as a decrease of the intensity of both the Bragg and the CDW spots.  

Based on a BCS analysis of the transient PLD as a function of fluence, it was 

determined that the photo-induced ultrafast transition is a second order phase 

transition which is different from the normal thermal phase transition which is 

first order.  

In a follow up study [18] the metamorphosis between the nearly commensurate 

(NC) and incommensurate (IC) CDW phase of 1T-TaS2 was studied with the same 

experimental technique. The domain sizes were estimated by following the widths 

of the diffraction spots corresponding to the CDW as a function of time. At the 

short time scale (1.5 ps) the IC peak width goes up by a factor of 2, indicating a 

domain size of about 4 nm; however after 100 ps the widths go back to the lattice 

peak width, indicating a domain size larger than the coherence length of the 

electron pulse (8 nm).  
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Figure 1.6: Results of the UED experiment on 4Hb-TaSe2. In (a) the surrounding of a Bragg spot is 

shown with the satellite peaks clearly present before T0 and vanishing after T0. In (b) the intensity of 

the Bragg peaks is shown as a function of delay time; in (c) the corresponding CDW peak intensity is 

shown. Image taken from [17]. 
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 The scope of this thesis 1.4

At the Zernike Institute for Advanced Materials (Surfaces & Thins Films group) at 

the University of Groningen we have built an ultrahigh vacuum (UHV) setup to do 

UED. UHV conditions allow for the study of clean surfaces, which is important 

when the surface and interface properties of the material in study are relevant. 

Our setup is among the first in the world where UED and surface science meet. It 

is also unique in the possibility to switch between reflection and transmission 

geometry, which makes it very flexible for a variety of materials and samples of 

interest.  

The PhD project of which this thesis is the final product was mostly dedicated to 

the building up phase and the commissioning phase of this experimental setup. 

Chapter 2 describes the function and characteristics of all components of the 

setup, as well as some preliminary experimental results which aim to prove the 

temporal resolution of the experiments.  

Chapter 3 and 4 describe the first two real experiments that were performed in 

this new laboratory. In the first experiment we produced a bilayer foil, consisting 

of chromium and gold and studied the interface dynamics by means of UED. 

Chapter 4 describes the experiment that resulted from collaboration with the 

group of Mehmet Açet at the University of Duisburg-Essen (Germany). The 

dynamics of the martensite-austenite phase transition in Heusler alloys were 

studied. 

The last chapter (Outlook) describes a possible experiment that would make full 

use of the strengths of our experiment setup: a study on the phase transition in 

which the superconducting phase in thin films magnesium diboride (MgB2) is 

destroyed.  Angle Resolved Photoelectron Spectroscopy measurements were 

carried out to study this phase transition from the electronic point of view and 

UED measurements would complement this with structural information. 

Therefore it would be a very promising and interesting future experiment making 

use of all capabilities of the UHV UED setup. 
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 Experimental setup for Ultrafast Electron Diffraction Chapter 2

 Introduction 2.1

A major part of this project consisted of building the experimental facility for 

Ultrafast Electron Diffraction (UED) at the Zernike Institute for Advanced 

Materials. This chapter describes the various components of the experimental 

setup, a photograph of which is shown in Figure 2.1 and a schematic overview is 

given in Figure 2.2.  

Section 2.2 describes the laser system and the two parts of the beam path: the 

pump and the probe. This section also introduces the two different geometries 

that can be used for UED experiments and the technical difficulties that have been 

overcome. In Section 2.3 we discuss the electron beam path, including the 

electron lenses for transversal focusing and the compressor for temporal 

resolution. In Section 2.4 the streak camera is described that is used to determine 

the electron pulse duration. For the experiments, spatial and temporal overlap is 

of crucial importance; the method to achieve this is discussed in Section 2.5. 

Section 2.6 discusses the data collection procedure and in Section 2.7 we explain 

how the data is analysed. In Section 2.8, the Ultra High Vacuum (UHV) system is 

discussed. This chapter ends with Section 2.9, which discusses two commissioning 

experiments, one on CoO nanoparticles in transmission and the other on an Ag 

crystal in reflection geometry. 
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 Description of the laser beam line 2.2

2.2.1 Laser system 

The laser system is the heart of the experimental setup and consists of two lasers: 

an oscillator and an amplifier. The oscillator is a KM Labs Halcyon Ti Sapphire 

laser. Its repetition rate is 75 MHz (the repetition rate can be tuned by changing 

the cavity length), the centre wavelength 780 nm, the pulse energy 1.3 nJ and the 

pulse duration 30 fs. 

The beam of the oscillator is used as a seed for the amplifier, a KM Labs Wyvern. 

This is also a Ti Sapphire laser but with a cryo-cooled laser crystal, operating at 50 

K. The principle of the laser is regenerative amplification, with a Pockels cell 

coupling in and out the pulses. The repetition rate is tuneable between 1 and 5 

kHz; most of the experiments described in this thesis were carried out at either 2 

Figure 2.1 Photograph of the 
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or 5 kHz. The pulse duration is 50 fs and the pulse energy is 0.4 mJ at 5 kHz and 

0.8 mJ at 2 kHz. 

Where the beam leaves the laser enclosure, a beam splitter splits it into a pump 

and a probe beam. 

2.2.2 Pump beam 

The first arm of the laser beam path is the pump beam. The central element of the 

pump beam path is the delay stage, a commercially available Thor Labs LTS300/M. 

Since the light travels twice the distance (forward and backward) at the delay 

stage, 1 mm at the delay stage corresponds to 6.67 ps delay. The span of the delay 

stage is 300 mm, leading to a maximum delay of 2 ns. The on-axis accuracy is 5.0 

µm, corresponding to 33.5 fs. On the delay stage, a hollow retroreflector OW-10-

1PG is mounted, commercially available from Laser Components, with a 

protective gold coating, 1 inch aperture, and 1.0” accuracy.  

The final part of the pump beam path is set on a movable part on the optical table 

(breadboard), allowing to switch between reflection and transmission geometry 

by simply rotating the breadboard 180°. 

For transmission geometry, the pump beam is reduced in size by a collimator, 

which is slightly misaligned in order to obtain a beam size at the sample of 500 µm 

to make sure to pump the complete probed volume of the sample. A mirror inside 

the vacuum chamber sends the beam to the sample, and the last two mirrors 

Figure 2.2: Experimental scheme for ultrafast electron diffraction [11] 

Pump 

Probe 
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before the vacuum are used to steer it. The sample is rotated by 11° in order to 

compensate for the fact that the light is coming under an angle. 

2.2.3 Beam tilting 

In the reflection geometry, the sample can be illuminated in a perpendicular 

direction to have the sample pumped at once. However, the electrons in gracing 

incidence do not arrive at all places on the surface simultaneously as illustrated in 

Figure 2.3. This effect is enhanced by the fact that the electrons travel at a slower 

speed than the speed of light. This effect is as big as 10 ps per mm. In the case of 

an angle of incidence of 4.5° and an electron beam size of 400 μm, 2.5 mm of the 

sample is probed, resulting in a temporal broadening of 25 ps. To eliminate this 

problem, we introduced a beam front tilt in the reflection geometry, as described 

in ref. [1]. 

In the extreme case of the electrons in gracing incidence (0°) and the laser arriving 

perpendicular to the sample, the required tilt angle is simply  

	 = 90° − ������ ���
� = 71.7°     [1] 

and as shown in [1] the value of the required tilt angle changes less than 0.5° for 

sample tilts up to 5°. Therefore we can use this value irrespective the tilt angle of 

the sample. 

The implementation of this beam tilt follows the approach presented by Baum 

and Zewail [1]: a grating with 1800 grooves per mm (commercially available from 

Spectrogon, P/N 715.703.830 PC 1800 30x75x16 NIR) is used to obtain angular 

dispersion, given by: 

���� = ������ ��
� − ��� !"#          [2] 

where d is the groove distance and Θgr is the angle of incidence at the grating.  
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The corresponding beam tilt then follows from: 

	 = ������ ��$
�� �%#      [3] 

Solving equations [2] and [3] for α=71.7°, λ=780 nm and d =1/1800 mm, we obtain 

Θgr = 31.2°. The highest intensity reflection from the grating corresponds to the 

first negative order, the angle being 63° with respect to normal incidence in the 

direction of the incoming beam. 

The beam at the grating is imaged one-to-one at the sample by a spherical mirror 

(f=200 mm) in a 2f – 2f configuration. Since in grazing incidence a rather large part 

of the sample is probed, also a large part of the sample needs to be pumped. 

Therefore we use in the horizontal direction the beam size coming out of the laser 

(4 mm) and in vertical direction, we focus the beam down to about 0.4 mm using 

a cylindrical lens (f=500 mm). 

From geometrical analysis, it can be shown that for each 1 mm sample size that is 

indeed pumped and probed, a deviation of 1° in the tilt angle of the laser pulse 

Figure 2.3: Upper part: If the laser beam (in red) impinges at normal incidence, the whole sample 

surface is pumped at the same time; however part of the sample surface is probed (electrons in blue) 

before (left image) the pump arrives and part is probed after the pump arrives (right image). Lower 

part: When the pulse wave front is tilted, all images are pumped and probed at the same time [1]. 
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wave front leads to a timing error of 0.7 ps, so a good optimization of the beam 

tilting scheme is of crucial importance. 

In Section 2.5.4 we discuss a way to characterize the effect of the wave front tilt 

and we show the results of this characterization. 

2.2.4 Probe beam 

One of the two arms of the laser beam path serves to generate the probe beam of 

electron pulses by photoemission from the photocathode in the electron gun. In 

order to overcome the work function of the photocathode (4.7 eV), the third 

harmonic of the fundamental 780 nm (1.6 eV) is generated (260 nm, 4.8 eV). 

Figure 2.4 shows the general setup for third harmonic generation (THG). In the 

first Beta Barium Borate (BBO) crystal, second harmonic generation (SHG) takes 

place, after which a group delay compensation plate is inserted to compensate for 

group delay from the first BBO crystal. A dual wave plate is used to align the 

polarization of the fundamental and the second harmonic. These two wavelengths 

are then mixed in the second BBO crystal. The whole set of the compensation 

plate, the dual wave plate and the two BBO crystals is obtained as a commercially 

available FemtoKit system from Eksma [2]. Before the THG setup, the beam size is 

reduced 3 times. 

The maximum yield of the THG is 3 mW, or 1 %. This is also used to optimize the 

settings of the compressor inside the Wyvern laser: maximizing the THG yield for a 

certain orientation of the wave plate corresponds to the shortest laser pulse. The 

intensity of the UV beam is tuned by misaligning the wave plate and thereby 

reducing the yield of the THG. 

After THG the three wavelengths are present in the beam. After four laser line 

mirrors (266 nm) only the third harmonic is remaining, as measured by setting the 

wave plate to minimum THG yield and measuring < 0.5µW on the power meter. 

The beam is first expanded a factor 2 by means of a telescope, to make the focus 

on the photocathode tighter. Furthermore it is cleaned up by an aperture of 150 

µm at the focus of the first lens of the telescope. Inside the vacuum system the 

beam is guided to the photocathode by a mirror.  
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 Description of the electron beam line  2.3

The electron beam line, “A Poor Man`s X-FEL”, was bought from AccTec, a spin-off 

company of the University of Eindhoven. It is designed in the group “Coherence 

and Quantum Technology” of Professor O.J. Luiten and described in a more 

extensive way in the PhD thesis by T. van Oudheusden [3]. A general schematic 

overview is given in Figure 2.5. 

2.3.1 Electron gun 

The core element of the electron gun is a solid copper photocathode, which is 

front-illuminated by the UV laser pulses of the probe beam. The photocathode is 

mounted on an aluminium cylinder at negative high voltage, whereas the anode is 

grounded. A technical drawing of the electron gun is shown in Figure 2.6. 

The gun is designed for use at acceleration voltages up to 100 kV; in our 

experimental setup it is used at 30 kV in order to have an electron wave length 

which allows for as many diffraction orders as possible to be captured by the 

detection system, even in reflection geometry. Since the wavelength of the 

electrons scales inversely with the square root of the electron energy, a lower 

electron energy is more suitable for this aim. The speed of the electrons with a 

kinetic energy of 30 keV is 0.98∙108 m/s, or 0.33c, where c is the speed of light and 

the corresponding wave length can be easily calculated from the relativistic De 

Broglie formula, giving λ = 7 pm. 

Figure 2.4: Scheme for Third Harmonic Generation (THG) [2]. 
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A positive side effect of using a gun that is designed for higher energies is that the 

chance of electrostatic breakthroughs is lower and therefore the gun could be 

used as delivered by the company; no additional conditioning of the gun was 

required.  

2.3.2 Electron optics 

Since electrons are like all charged objects subject to Coulombic repulsion, the 

electron beam tends to expand in all directions. In the lateral direction, this is 

compensated by DC solenoids, which act as magnetic lenses as described in e.g. 

[4]. In our setup, two solenoids are used; a first one to collimate the beam and a 

second one to focus the beam onto the detector. The first solenoid contains 360 

windings and carries a current of 5.3 A; the second solenoid contains 935 windings 

and carries a current typically between 0.5 A and 0.6 A, depending on the use of 

the RF compressing cavity (see next sub-section). The UV beam is aligned on the 

photocathode such that the position of the electron beam at the detector does 

not move when the current through the first solenoid is changed; the second 

solenoid is aligned and mounted such that changing the current does not move 

the electron beam. 

Figure 2.5: Schematic overview of the Electron beam line, adapted from [4]. 
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For the use of the RF compressor cavity it is of crucial importance that the 

electron beam goes straight through the centre of the cavity. Since the electron 

beam line can never be perfectly straight, corrections need to be made by means 

of deflecting magnets. For each direction (x and y) there are two coils, both 

carrying the same current and having the same number of windings. Between the 

coils, the external magnetic fields add up to give a homogeneous magnetic field. 

The electrons are deflected by the Lorentz force of this magnetic field.  

2.3.3 RF compressing cavity 

Space charge not only leads to an expansion of the electron bunches in the lateral 

direction but also in the propagation direction. This is not easily resolved by static 

electron optics. Straightforward solutions for this problem include low bunch 

charges and compact gun design [5]; these solutions reduce the number of 

interacting particles or the time that the electrons can interact. However, they 

come at a price, namely very long experimental times or very strict constraints on 

the vacuum chamber design.  

The solution adopted in our experimental setup does not have these 

disadvantages. It is a way to actively compensate for the effects of Coulomb 

repulsion: the electrons that are the fastest are decelerated, whereas the slowest 

electrons are accelerated in order to achieve the smallest possible electron bunch 

Figure 2.6: Technical drawing of the photocathode [3]. 
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dimensions at the sample position. This is done by a RF standing wave in a cavity, 

described more extensively in the before mentioned PhD thesis by Thijs van 

Oudheusden [3]. The principle is shown schematically in Figure 2.7.  

Crucial for this system to work in practice is the synchronization of the oscillating 

electric field with the laser pulses. For this reason, the frequency of the RF field is 

locked to be exactly 40 times the repetition rate of the laser oscillator by a Phase 

Locked Loop (PLL) circuit [6], yielding an RF signal with a frequency of 40∙75 MHz = 

3 GHz. Small variations in the repetition rate of the oscillator, typically of the 

order of 200 Hz (2.7 ppm), are compensated for by the PLL circuit. The signal 

coming out of this is then attenuated with the AV/AF97 Attenuator from 

Advanced Technical Materials, Inc. This is a variable attenuation and serves as a 

way to tune the power sent into the RF cavity, since afterwards it is amplified by a 

constant factor of 105 with the Microwave Amplifiers AM84-3S2-50-60R Amplifier. 

This signal is sent into the RF cavity, which is designed to be resonant at this 

frequency. Since the resonance frequency is highly dependent on the 

temperature, the cavity temperature is kept constant with mK precision.  

The RF amplifier is designed to work at a duty cycle of around 1 %. For that 

reason, the PLL circuit and the RF amplifier receive a TTL signal to be switched on 

and off around the arrival time of the electron bunches. A small portion of the 

amplified light directed onto a photodiode is split off and this signal is delivered to 

a Digital Delay Generator (Sapphire 9212, Quantum Composers). Since the cavity 

has to be powered a few μs before the electrons arrive (this corresponds to a 

distance of the order of km travelled by the light), the electronics is triggered on 

Figure 2.7: Schematic overview of the concept of beam compression by a RF standing wave. Left: 

The early arriving, fast electrons are decelerated by the electric field. Centre: There is no net 

deceleration or acceleration of the bunch. Right: The late arriving, slow electrons are accelerated 

by the electric field and the bunch is compressed at the sample position [3]. 
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the pulse preceding the pulse to be compressed. The same signal is used for the 

gating of the camera (see next sub-section).  

The overall performance of the electron bunch compression was tested using a 

streak camera; the results are presented in Section 0. 

2.3.4 Detection system 

After passing the sample, the (diffracted) electron bunch is captured by a 

detection system (Princeton Instruments PI-MAX), equipped with a phosphor 

screen for electron detection. When the electrons hit the phosphor screen, it 

emits photons that are captured by a photocathode. The generated electrons are 

subsequently multiplied by a Multi-Channel Plate (MCP). This multiplies the 

intensity by generation of an avalanche of secondary electrons, which then fall 

again on a fluorescent screen, from which the light is sent through a fiberoptic 

bundle to a CCD chip. The advantage of this on first sight redundant imaging 

system is that by gating the MCP (it is on for only 50 μs for each electron bunch) 

the noise is reduced by a factor of 10 (based on a repetition rate of 2 kHz). The 

gating time and the number of gates per read-out of the CCD chip (gates per 

exposure or gpe) can be set in the software of the detection system (WinView). 

The gate time can be set as low as 1 ns, but in our case the response time of the 

phosphorescent screen is limiting and 50 μs turned out to be a good value. The 

gpe-value can be seen as an analogue of the exposure time of the CCD chip. 

 Streak camera 2.4

2.4.1 Concept 

The electron bunch duration in our experiment can be measured by a streak 

camera. This is a device capable of transforming the temporal dimension into a 

spatial dimension by applying a temporally varying electric field perpendicular to 

the propagation direction of the electrons. Different designs of streak cameras 

have been proposed: some are streaking cavities comparable to the compressing 

cavity described above [7]; others are based on photoswitches like ours [5].  

The streaked electron bunch can be used to determine the electron bunch 

duration at the position of the sample and can be therefore used in our setup to 

optimize the settings of the compressor cavity.  
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2.4.2 Design 

Our streak camera was developed in the group of Professor Heinrich Schwoerer at 

the University of Stellenbosch and is described in [5]. The design and a picture of 

the streak camera are shown in Figure 2.8. The key component of the streak 

camera is a GaAs photo switch, which is triggered by the pump laser. A constant 

voltage is applied between two streaking plates and upon activation of the photo 

switch a damped oscillation of the electric field between the plates takes place as 

shown in Figure 2.9 (left part). Making use of the first slope of this oscillation, the 

electron bunch is streaked. 

For the calibration of the streak camera the arrival time of the activating laser 

light with respect to the arrival time of the electrons is being varied by changing 

the position of the delay stage in the pump beam path. This leads to a movement 

of the electron streak. This calibration process is illustrated in the right pane of 

Figure 2.9. After this calibration, the length of the streak can be converted into an 

electron bunch duration.  

  

Figure 2.8: Drawing and photo of the streak camera [5] 
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2.4.3 Characterization of the RF compressor using the streak camera 

The bunch duration was measured in the described way for different settings of 

phase and power of the compressing RF cavity. For each power value, the phase 

was adjusted such that the centre of the streak did not move when switching the 

compressor on and off. The results for the optimization of the power at a 

repetition rate of 5 kHz are shown in Figure 2.10; for a repetition rate of 2 kHz a 

similar behaviour was found, leading to an optimally compressed beam at 31 W 

compressor power (equilibrated). The found calibration of the streak camera was 

Figure 2.10: Streaked electron bunches for different powers of the RF compressing cavity. For each 

power value, the phase was adjusted such that the centre of the streak does not move with respect 

to the uncompressed electron bunch. The repetition rate of the experiment was 5 kHz; the DC 

voltage between the streaking plates was 500V.  

Figure 2.9: Left panel: Typical behaviour of the oscillation after photo-excitation of the switch of the 

streak camera. Right panel: The calibration of the streak camera: the change of position at the delay 

stage can be converted to a time change and related to a deflection of the centre of the streak. In 

this example, the outcome of the calibration was 
�&'(&)�*+
� *,-./+  [5]. 
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0.4 ps/pixel. Since the width of the electron beam at the detector is 5 pixels, the 

resolution of the streak camera was 2 ps. Therefore the conclusion of the 

experiment was that the streak length is limited by the streak camera resolution 

and the deducted value for the duration of the compressed bunch is less than 2 

ps. 

 Spatial and temporal overlap 2.5

2.5.1 Photoelectric effect on a metal object 

We define time zero (T0) as the position of the delay stage for which the laser 

pulse and the electron pulse arrive simultaneously at the sample. The knowledge 

of T0 is of crucial importance for the interpretation of the data collected in real 

experiments since all time constants will be determined making use of this 

position. In addition, we need to make sure that the pumped and probed regions 

overlap in space.  

A typical approach to ensure this spatial overlap and to determine time zero 

makes use of the photoelectric effect [8,9]. In such an experiment, an object (e.g. 

a TEM grid or a needle) is placed in the path of the electrons and the electron 

beam is focused in front of the object, or behind the detector, thereby creating a 

shadow image of the object (see Figure 2.11 (left)). The pump beam is also 

directed to the object, generating photoelectrons that produce a local and short-

lived space-charge field. This field causes the electrons of the probe beam to be 

deflected if they arrive shortly after the pump beam, thereby blurring the shadow 

image of the object, as shown in Figure 2.11 (right). This effect can be used to 

optimize spatial overlap of the electron and laser beam, as well as to determine 

time zero, as explained in the next two sub-sections. 

2.5.2 Spatial overlap 

To optimize the spatial overlap of the pump and the probe beam at the sample, 

the experiment described before is carried out on a TEM grid and the delay stage 

is positioned such that the effect is very strong and visible by eye. Subsequently, 

the electron beam is slowly brought from overfocused to focused. Meanwhile, 

exact track is being kept of the position of the focused electron beam on the grid, 

i.e. which part of the grid is the last being visible before the electron beam is 

completely focused and no shadow image is visible anymore. An example of such 

an overfocused shadow image near the focus is shown in Figure 2.12. Now that 
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the part of the grid that is being probed at focus is known, the electron beam is 

over- or underfocused again and the laser beam is moved to make the centre of 

the effect overlapping with this area. Once spatial overlap is achieved in this way, 

it is valid for samples that are placed in the sample holder straight above or below 

this grid. Because of the tilt of the sample, the spatial overlap is only valid as long 

as the sample and the electron beam are not moved laterally (x) or in the 

propagation direction of the electrons (z). 

2.5.3 Temporal overlap – finding time zero 

To determine the delay stage position that corresponds to time zero, a shadow 

image of a TEM grid is created and the delay stage is moved to the position where 

the effect just starts to appear, as identified by eye. Now the delay stage is 

scanned for a region of time (typically 100 ps) around this position and images are 

recorded for each position at the delay stage. The effect can be made quantitative 

Figure 2.11: Shadow image of a TEM mesh with an underfocused electron beam. Left: undistorted; 

Right: when hit by a laser pulse shortly before the electron bunch arrives, part of the shadow image 

gets distorted. 

Figure 2.12: By overfocusing the electron beam the position of the pump and the probe beam can be 

exactly overlapped. 
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by summing the squared differences in pixel intensities between the image with 

and without the pump beam for a region of pixels where the effect takes place, as 

identified by eye. 

A typical result of such a scan (both with the compressor and without the 

compressor) is shown in Figure 2.13, where the horizontal axis shows the time 

delay with respect to an arbitrary zero and the vertical axis represents the sum of 

squared differences of a certain area (which is explained more extensively in 

Section 2.7). Before time zero the effect is non-zero but this is due to normal 

fluctuations of pixel intensities and it is therefore a measure of the noise of the 

experiment. As can be seen, the effect is far from instantaneous, which is due to 

the low kinetic energy of the photoelectrons as also reported in [8]. However 

from the sharp edge in the case of the compressed electron bunches (red in 

Figure 2.13) it can be concluded that the electron bunch is short and time zero can 

be used for the experiments, as long as the sample is straight above or below the 

grid on which the determination of time zero was conducted. 

2.5.4 Optimization of the wave front tilt 

A similar approach can be used to optimize the beam tilting geometry for 

reflection experiments as described in sub-section 2.2.3 and to determine time 

zero in this geometry. To do this, a needle was attached to the sample holder, 

straight below the sample. Time zero was determined for different positions of 

the needle in the direction of the propagation of the electron bunches. Without 

beam tilting, the shift of time zero is expected to be 10 ps per mm movement. 

This is confirmed by an experiment with two different positions separated by 2.0 

mm; the results are shown in Figure 2.14, upper panel. The experiment was 

repeated for a tilted pulse wave front, and these results are shown in the lower 

panel. From this experiment it is clear that the change in time zero is significantly 

reduced by tilting the wave front; for two positions that are 1.2 mm apart in 

space, the shift of time zero is reduced to below 5 ps, corresponding to 3 ps/mm. 

Due to a reduced fluence in the tilted pulse wave front geometry (not all intensity 

goes into the first diffractive order of the grating and the beam size is increased), 

it was not possible to make the effect as strong as in the non-tilted case and this 

limited our determination of the change in time zero.  
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Figure 2.13: Determination of time zero by means of the photoelectric effect on a TEM mesh. In 

the analysis, the sum of squared differences is taken for an area of six pixels. 

Figure 2.14: Determination of time zero for different positions of the needle. Upper pane: without 

beam tilt. Lower pane: with beam tilt the difference in time zero is reduced. 



Chapter 2 

32 
 

 Data acquisition software 2.6

The data discussed in this thesis were acquired with the help of a LabView code 

summarized in Figure 2.15. The software is able to communicate with the delay 

stage to move a chosen distance and with the camera to acquire and save an 

image with settings that are established before in the WinView software. The 

starting position of the delay stage is set by the user in LabView, as well as the 

time window, the time step and the number of scans. The region of interest of the 

CCD chip and the number of MCP-gates per exposure (gpe) are set in WinView. 

The software operates the pneumatically driven shutter by changing the status of 

an RS232 port, which is connected via a relais to a pneumatic valve and cylinder. 

For each time step of a scan, two images are acquired and saved: one with the 

shutter of the pump beam open (pumped) and one with the shutter of the pump 

beam closed (unpumped). In this way, each pumped image has its own unpumped 

reference image. This is done in order to compensate for any long-term drift in 

intensity, e.g. due to a long-term drift in the laser output power. When the 

desired time series is finished, another scan will start from the same starting 

position of the delay stage until the specified number of scans is reached. Each file 

is given a name by the LabView program; the name of the experiment, the 

parameters of the experiment, and some identifiers for the time step and the scan 

in which it was taken are all encoded in the file name.  

 Data analysis software 2.7

A Matlab code was used to extract a transient signal from the recorded diffraction 

patterns. All WinView files are loaded to Matlab and added to a matrix. 

Figure 2.15: Overview of the LabView procedure to acquire data. 
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Depending on the type of information that we were looking for, the subsequent 

analysis described in the following subsections was done. For each time step, the 

outcome for the unpumped image was subtracted from the outcome for the 

pumped image. These outcomes were averaged over the runs of the experiment 

and plotted as a function of delay between the pump and the probe pulse. 

2.7.1 Data analysis for determination of temporal overlap 

In the case of a determination of temporal overlap (“finding time zero”) we just 

looked for any change in pixel intensities: when the image gets blurred, the 

intensity of the pixels in the shadow of the bars of the TEM mesh increases, 

whereas the intensity of the pixels which are in the holes, decreases. The 

quantitative measure for all these changes is the sum of squared differences (SSD) 

for a small region of interest around the centre of the effect. 

2.7.2 Data analysis for polycrystalline diffraction patterns 

For the extraction of a signal from a polycrystalline, ring-shaped diffraction 

pattern, a radial average needs to be calculated. To do this, for each pixel that is 

not in the region of the beam block, the distance to the centre of the undiffracted 

beam is calculated and rounded. Subsequently, the value of the pixel is added to 

the sum of values for that particular integer distance and the number of pixels 

with that distance is increased by one. In the end, the average value is calculated. 

An example of such a radially averaged image is shown in the left panel of Figure 

2.16 (left panel, red points).  

To subtract the background of inelastically scattered electrons as well as the 

remainder of the unscattered central beam (the part that is not blocked by the 

beam block), the regions of the graph where there is no signal are extrapolated to 

the regions where there is a signal (Figure 2.16, left panel, black line) and this is 

subtracted from the graph, leading to a graph with only the peaks (Figure 2.16, 

right panel).  

As soon as this information is retrieved, the difference between pumped and 

unpumped image is taken and divided by the unpumped image and this value is 

the relative change of diffraction intensity. This can be plotted in different ways as 

a trace graph for a specific value of the scattering vector. An example of the result 

of this analysis is given in Section 2.9 where the first test experiment is discussed. 
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2.7.3 Data analysis for single-crystalline diffraction patterns 

For single crystals, the background subtraction procedure is different from the 

one used for polycrystalline diffraction patterns. In this case, instead of 

interpolation of the background between the diffraction peaks the approach is to 

ignore the diffraction spots when calculating the background.  

An example of the procedure is illustrated in Figure 2.17, where the original 

diffraction pattern is shown in the first panel. First of all, the positions of the 

Bragg spots are indicated in the Matlab software. A circular region around each 

Bragg spot is excluded from the calculation of the radial average by setting the 

pixels to zero as indicated in the second panel. Now the radial average is 

calculated over the remaining pixels, as described before for the polycrystalline 

case. This radial average is plotted in the third panel. The last step is subtracting 

for each pixel in the image (including the Bragg spots) the value of the radial 

average from the original value. The diffraction pattern after background 

subtraction is shown in the last panel of Figure 2.17. Then the intensity of each 

Bragg spot is calculated as the sum of the pixels in a circle with a radius of 5 pixels 

around the centre of the spot. 

2.7.4 Data analysis for satellite intensities 

In chapter 4 the UED experiments performed to study the phase transition of a 

Heusler alloy with composition Ni50Mn30.5Ga19.5 will be presented. For that sample 

one phase is characterized by satellite spots around the main Bragg spots, which 

are absent in the other phase (for details see chapter 4). We therefore had to 

develop a similar approach as explained for the background subtraction of the 

Bragg spots for extracting the intensity of these satellites. The environment of 

Figure 2.16: Example of the data analysis process for diffraction data of a polycrystalline sample. 

On the left, de data are shown in red and the interpolated background is shown in black; on the 

right the background is subtracted. 
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each Bragg spot is considered individually. The first panel of Figure 2.18 shows 

such an area. The first step is again to exclude the regions of the satellites, as 

illustrated in the second panel. Subsequently the radial average is calculated 

(third panel) and subtracted (result in the fourth panel). After background 

subtraction, the intensity of each satellite peak is determined as the sum of the 

pixel values in a circle of 3 pixels around the centre of the satellite. 

After calculating the background-subtracted values for both the Bragg spots and 

satellites, the relative difference is determined in the usual manner: the value 

without pump beam is subtracted from the value with the pump beam and the 

difference is divided by the value without the pump beam.  

Figure 2.17: Example of the radial background subtraction for single-crystalline diffraction 

patterns. The upper left panel shows the original diffraction pattern; the upper right panel 

presents the diffraction pattern where all Bragg spot areas are excluded; the lower left panel 

represents the radial averaged intensity as a function of the distance to the centre; and the lower 

right panel shows the diffraction pattern after background subtraction. 
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 Ultrahigh vacuum system 2.8

Vacuum conditions are required for electron diffraction experiments to have a 

large enough mean free path for the electrons and no electrical breakthrough at 

the position of the photocathode. However in the case of our experimental setup 

where surface science experiments are planned, a much better, ultrahigh vacuum 

(UHV) environment is of crucial importance. 

Our vacuum system consists of three vacuum chambers that can all be closed 

separately by valves. The first chamber is the electron gun chamber. Because of 

construction reasons the vacuum of this chamber is not UHV but the pressure is of 

Figure 2.18: Example of the extraction of the intensity for satellite data. Roughly the same 

procedure as for the Bragg spots is followed: the upper left panel shows a Bragg spot and the 

satellites in its environment; the upper right panel displays the exclusion of the satellite 

positions; the lower left panel represents the radial average of the background intensity and 

the lower right panel shows the corrected image of the diffraction intensities of the satellite 

peaks. 
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the order of 10-7 mbar. This is not ideal but acceptable because the connection to 

the experimental chamber is narrow and therefore has a low pumping speed. 

Furthermore, at the position of the incoupling module of the UV light, there is 

additional pumping. The original high voltage feedthrough is replaced by a UHV 

compatible feedthrough to improve the vacuum. 

The second chamber is the experimental chamber, which is pumped by an ion 

pump with a titanium sublimation pump. The typical pressure reached in this 

chamber is in the order of 10-10 mbar. The design of this chamber is such that the 

distance between the centre of the compressor and the position of the sample is 

as short as possible (11 cm).  

The third chamber is the sample preparation chamber, which is pumped by a 

turbomolecular pump. The typical pressure reached in this chamber is in the order 

of 10-10 mbar. This chamber is equipped with a Knudsen cell and an e-beam 

evaporator for the preparation of metallic films, a sputter gun for cleaning single 

crystalline surfaces and an X-ray Photoelectron Spectroscopy (XPS) system for in-

situ characterization of prepared samples. Furthermore there is a manipulator for 

x, y, z, θ motion and a cryostat for sample cooling. For room temperature 

diffraction experiments in transmission, the sample holder is very simple: a 

copper block with holes over which a TEM mesh or a disk with an aperture can be 

positioned and fixed with silver paint. However, the sample holder for low 

temperature reflection experiments is more sophisticated; a photograph is shown 

in Figure 2.19. The hole in the front is to mount the crystal. Behind the sample 

there are borolectric resistive sample heating plates for annealing of the sample 

up to about 1050 K. A type K thermocouple can be mounted in or next to the 

crystal for precise measurement of high temperatures. For the measurements of 

low temperatures, a silicon diode (Lakeshore DT-670) is mounted in the copper 

frame. 

 Test experiments 2.9

2.9.1 Transmission geometry: CoO nanoparticles 

A first experiment to test the performance of the experimental setup in 

transmission geometry was carried out on CoO nanoparticles with an organic 

ligand shell. The preparation of these nanoparticles is discussed in [10]; their size 

distribution was between 5 and 10 nm. The nanoparticles were dropcast onto a 
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TEM grid covered with holey carbon on lacy carbon (S1000 from SPI supplies) 

from a toluene solution. An optical microscope image and a Scanning Electron 

Microscope (SEM) image of this sample are shown in Figure 2.21, left panel.  

The grid was fixed to the transmission sample holder with silver paint and a time-

resolved electron diffraction experiment was carried out with a 250 fs step size, a 

window of 100 ps and 10 scans. For each time step, an unpumped and a pumped 

diffraction pattern were recorded with 10000 gates per exposure, corresponding 

to 5 seconds of acquisition time (the repetition rate was 2 kHz). 

The diffraction pattern is shown in Figure 2.21, right side. The analysis described 

in sub-section 2.7 was performed and the results are shown in Figure 2.20. A 

transient graph is made for the centre of the (110) diffraction ring as well as for 

the (220) ring. The effect induced by the laser light on the diffraction pattern is 

fast: the maximum intensity change is obtained within 4 ps and the edge of the 

onset of the effect is sharp, indicating an over-all time resolution that is much 

Figure 2.19: Sample holder for reflection experiments. On the copper block, the sample can be 

mounted in the circle on the right; on the left there is a diode for low temperature measurements and 

there is also a thermocouple to be connected to the sample for high temperature measurements. On 

the back of the sample holder, borolectric heating plates are mounted. 
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better than 1 ps. The time constant of the process is estimated to be 1.3 ps, which 

is well in accordance with a simulation similar to the one discussed in Chapter 3. 

The fast behaviour can be explained by considering the fact that the nanoparticles 

Figure 2.20: Results from the time resolved diffraction experiment on CoO nanoparticles. The 

relative intensity changes of the (111) and (220) diffraction rings are shown as a function of time 

delay of the pump and probe pulse. 

Figure 2.21: Left: optical micrograph top left) and SEM image (bottom left) of the CoO 

nanoparticles on a holey carbon grid. Right: the corresponding diffraction pattern with the 111 

and 220 diffraction rings indicated. 
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are isolated so they do not interact and the time scale of the effect is not 

influenced by any diffusion process. 

The size of the effect is several percent; especially in the data for the (111) 

diffraction ring the good signal to noise of the data is demonstrated. Since some 

scattered laser light hits the detector and creates counts on the CCD camera the 

relative intensity change before time zero is not exactly zero. In later experiments 

the average of the data before time zero will be deducted to better show the size 

of the time resolved changes obtained; however in this chapter on the 

commissioning of the setup we found it useful to leave it in the data to show that 

an offset from zero exists and discuss it. 

2.9.2 Reflection geometry: Ag single crystal 

A second test experiment for the setup was performed on an Ag single crystal, 

mounted on the reflection sample holder as shown in Figure 2.22, left panel 

(where the laser beam is also visible on the sample). The crystal was cleaned by 

two cycles of Ar sputtering (2 kV ions with a sputter current of 4 μA), followed by 

thermal annealing at 125°C for 20 minutes. 

The diffraction pattern in reflection geometry is shown in Figure 2.22, right panel. 

A time-resolved diffraction experiment was performed with the beam tilting 

scheme, as discussed in Sections 2.2.3 and 2.5.4 The laser power of the pump 

Figure 2.22: Left panel: Ag single crystal mounted on the sample holder; the laser light is also visible 

on the sample. Right panel: diffraction pattern from the Ag crystal. 
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beam was 1100 mW (resulting in a fluence of about 11 mJ/cm2, but the fluence is 

not well-known because of the issues also addressed in Section 2.5.4); the step 

size was 1 ps and the time window 180 ps.  

The results of the experiment for the (111) reflection are shown in Figure 2.23, 

together with a simulation, which will be more thoroughly discussed in Chapter 3. 

Clearly, the value of the time constant from the simulation is much smaller than 

the one observed in the experimental data; most probably this is due to the wave 

front tilt geometry not being optimal. 
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 Interface dynamics of a Cr/Au bilayer foil probed by Chapter 3

Ultrafast Electron Diffraction 

 

This chapter is in preparation for publication1. 

Ultrafast Electron Diffraction (UED) was employed to investigate the structural 

dynamics of a Cr/Au bi-layer foil after photo-excitation by a near-infrared 

femtosecond laser pulse. By monitoring the electron diffraction intensities on a 

sub-picosecond time-scale we directly followed atomic disorder caused by the 

generation of hot electrons, the subsequent transfer of energy to phonons and 

the diffusion of both electrons and phonons through the Cr/Au interface. Our UED 

experimental data, which has an overall temporal resolution of 600 fs and a 

signal-to-noise ratio of less than 1 % in diffraction intensity changes, shows a bi-

exponential decay of the Au diffraction intensities: a short 5 ps decrease in signal 

followed by a longer 30 ps decay. To explain our experimental data, we have 

performed detailed simulations that include the laser intensity profile within the 

foil, electron-diffusion, phonon-diffusion, electron-phonon coupling as well as 

interface interaction between the two metals. The simulations match the 

experimental observations and testify to the necessity of taking into account 

electron and phonon interface-diffusion as well as electron-phonon coupling to 

explain the two-step process observed. 

 Introduction 3.1

Over the last decade Ultrafast Electron Diffraction (UED) has proven to be a 

powerful technique to probe structural dynamics initiated by femtosecond pulsed 

laser excitation [1-5]. The experimental results of ultrafast laser heating of metal 

foils has been well explained theoretically with the two-temperature model in 

which energy from the excited charge carriers is transferred to the lattice by 

means of electron phonon coupling. High lattice temperature (after laser 

excitation) corresponds to increased atomic disorder in the foil that culminates in 

                                                           
1
 R. Stornante, N. Erasmus, P. van Abswoude, R.Y.N. Gengler, and P. Rudolf, in preparation, 

2016. 
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a decrease in the intensity of the electron diffraction peaks, commonly described 

by the Debye-Waller factor. For mono-metallic Al, Au and Cu foils this 

phenomenon has been shown and described in [6,7]. In the reported 

experiments, the penetration depths of the excitation laser and the probing 

electrons are similar and therefore it was shown that the decrease in intensity of 

the diffraction peaks can purely be described by the Debye-Waller factor; the 

different observed decay time constants for Au and Cu being consistent with the 

theoretical prediction of the two-temperature model.  

In this work we build upon this description by studying the Debye-Waller factor in 

a bi-metallic foil of chromium (Cr) and gold (Au). This is a very relevant system 

since Cr is frequently used as an adhesion layer for growing Au films on many 

substrates because of its high binding strength with oxygen and with Au, as well 

as its ability to favour the growth of smooth films. To model this system, a simple 

Debye-Waller factor in conjunction with the two-temperature model does not 

suffice, since the behaviour of the interface between the Au and Cr films is of 

crucial importance in governing the distribution of heat through the entire 

sample. 

 Experimental procedure and Results 3.2

A polycrystalline metal bi-layer foil was produced by consecutive sublimation of Cr 

(purity 99.999%, Sigma Aldrich) and Au (purity 99.999%, Sigma Aldrich) onto a 

NaCl window (Sigma-Aldrich Z267724-1EA) in a homemade deposition system 

operating at a pressure of 10-7 mbar, equipped with a digital control system for 

regulating the temperature and sublimation times. The resultant foil was floated 

onto deionized, distilled water [8] and transferred onto a 100 µm TEM aperture to 

produce a free-standing foil with thickness of 45 nm (5  nm Cr, 40 nm Au) and a 

diameter of 100 µm.  

Time-resolved electron diffraction experiments were performed [8] in 

transmission geometry, with the femtosecond laser pulse (wavelength λ = 780 

nm, pulse duration τ = 50 fs, fluence F=7±1 mJ/cm2, s-polarized light) impinging 

onto the sample at an angle of 40º. The sample was rotated 15° with respect to 

the incoming electron beam to compensate for the non-synchronous pump time 

on the “left” and “right” of the laser beam due to the extreme incident angle (see 

Figure 3.1 (a)).  The FWHM of the laser beam at the sample was 500 µm, ensuring 
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uniform excitation of the 100 µm sample. For the probe arm of the experimental 

setup, the third harmonic of the laser light was generated. The electron pulses 

were generated on a front-illuminated solid Cu cathode and accelerated to 30keV. 

The electron pulses containing roughly 105 electrons/pulse were collimated using 

a solenoid magnetic lens and then focused through the sample onto the detector 

using a second solenoid lens. Coulombic expansion of the bunches in the 

propagation direction was compensated by a RF-cavity compressor [9-12]. The 

FWHM of the electron beam was 300 µm at the sample and the duration was 

measured with an ultrafast photo-triggered streak camera [13] to be 600 fs. The 

experiment was performed at a repetition-rate of 2 kHz.  Diffraction patterns 

were detected with a Princeton Instruments PI-MAX fibre coupled CCD camera 

equipped with a gated multi-channel plate (MCP) amplification system 

synchronized with the laser for signal to noise optimization.  

Time zero (T0) was determined by measuring the distortion of the shadow image 

of a TEM mesh due to the local field created by photoelectrons from the pump 

laser in a separate experiment, as described in [14,15]. The spatial overlap of the 

electron bunches and the laser pulses was optimized using a blank 100 µm TEM 

aperture. For each time-step a pumped (pump laser open) and unpumped (pump 

laser blocked) diffraction image was recorded; each diffraction image results from 

an accumulation of 10000 shots, which corresponds to an exposure time of 5 s. 

To extract the changes in diffraction intensity, radial intensity integration of each 

diffraction image was performed, as well as a subtraction of the background 

Figure 3.1: (a) Experimental details as well as pumping and probing geometry and (b) Diffraction 

pattern from UED setup with five distinguishable diffraction rings visible. The Miller indices for each 

diffraction ring are also indicated.  
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scattering. The resultant change was calculated with ΔI(r,t)/I0(r,t) = [Ip(r,t)-

Iu(r,t)]/Iu(r,t). From the definition it follows that if there is no change in diffraction 

intensity between optically pumped and unpumped, the corresponding value for 

ΔI(r,t)/I0(r,t) = 0. The values corresponding to a doubling and complete 

suppression of the diffraction intensity are +1 and –1, respectively. The radial 

coordinate can be converted to a scattering vector S, where S=(2/λe)sin(θdiff/2) 

where tan(θdiff)=r/L with L the distance between the sample and detector and r 

the diffraction ring radius on the detector. The resultant ΔI(S,t)/I0(S,t) is shown in 

Figure 3.2 (a). The time-traces (i.e. horizontal cuts taken along Figure 3.2 (a)) for 

three selected diffraction rings are shown in Figure 3.2 (b). Decreases in 

diffraction peak intensity between 9 and 20 % are observed and fitting the data 

with a double exponential is possible, identifying a fast process (τ1 = 3±0.5 ps) 

comparable with what is expected for an Au foil [6], and a considerably slower 

process (τ2 = 26 ± 4 ps). 

 Simulation procedure and Results 3.3

To explain the appearance of a two-step process (deviating from the predicted 

behaviour of the standard two temperature model) a detailed simulation of the 

experiment was done. The simulation comprises: (1) calculating the laser intensity 

profile within the film instantaneously after T0, (2) using the laser intensity to 

calculate the initial electron gas temperature profile within the foil, (3) following 

the evolution of the system through electron-diffusion, electron-phonon coupling 

and phonon-diffusion. The simulation also incorporates the interface interaction 

(interlayer diffusion of electron and phonons) between the two metals. It uses the 

Figure 3.2: (a) 2D-plot of raw, radially averaged diffraction intensity difference between pumped 

and unpumped images taken at different time delays. (b) Time-traces for three selected diffraction 

rings. 
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initial excitation profile in the depth coordinate to calculate the electronic system 

state at T0 and simulates how our system evolves using the well-known two-

temperature model [16,17] with an added interface interaction between the two 

layers. 

For sub-picosecond pulses, the laser energy is primarily absorbed by the free 

electrons in the skin depth of the metal foils accessible to the excitation. The 

excitation profile in the plane of the foil was assumed to be homogenous since 

the size of the laser beam on the sample was five times larger than that of the 

sample (see Experimental Method section). However, the penetration depth of 

near-infrared light varies from around 7-17 nm depending on the wavelength and 

the metal in question [18]. For extreme incident angles and s-polarized light, 

which is the case in this study, there are also substantially large reflectivities at 

the interfaces to be considered. Taking into account the experimental geometry, 

wavelength, polarization and metals involved, the excitation profile in the depth 

coordinate was calculated and the result is shown in Figure 3.3 (a). Reflectivity at 

the Vacuum/Cr and Cr/Au interfaces as well as multiple reflections within the Cr 

layer were also included to calculate the total light absorbed by the Cr and Au 

layers. 

The electronic system, modelled as a hot electron gas, gives rise to two competing 

processes: the ballistic motion of the excited electrons into deeper parts of the 

metal with velocity close to the Fermi velocity (106 m/s) and the collision between 

the excited electrons and electrons in states around the Fermi level.  The hot 

electrons are cooled by transferring their energy to the lattice through electron-

phonon coupling [19]. This process can be described by the two-temperature 

model, which was originally proposed by Anisimov et al. [16] and considers heat 

transfer through and between electronic and lattice subsystems. Assuming that 

the heat conduction for electrons and phonons is based on the Boltzmann 

transport equation, the energy equations of the systems are [20]:  

0 .�1.� 23�
2& =  −∇56. − 7�1. − 1/� + 9   (1) 

0/�1/� 23�
2& =  −∇56/ + 7�1. − 1/�   (2) 

∇56. = −:.∇1.      (3) 
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∇56/ = −:/∇1/      (4) 

where 1 denotes temperature, 5 the heat flux vector, � time, 0 heat capacity, : 

thermal conductivity, 7 the electron-lattice coupling factor, and 9 the laser 

heating source. The quantities with subscripts ; and < are associated with 

electrons and lattice respectively. The electron-lattice coupling factor, 7, accounts 

for the rate of energy exchange between electrons and phonons and can be 

estimated by the following expression [21]: 

7 = =
>?
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     (5) 

where 1G is the Debye temperature, HI the Fermi velocity, and J the electron 

mean free path. The values of all constants in the equations are given in Table 3.1. 

Table 3.1: List of constants used in the simulations. 

Constant Cr Au 

Heat Conduction 93.7 W/(m*K) 317 W/(m*K) 
Density 7190 kg/m

3
 19320 kg/m

3
 

Specific Heat 450 J/(kg*K) 128 J/(kg*K) 
Keq 94 W/(m*K) 317 W/(m*K) 
Ae 195 J/(m

3
*K

2
) 70J/(m

3
*K

2
) 

G 4.2×10
4
 (J/ps)/(m

3
*K) 2.6×10

4
(J/ps)/(m

3
*K) 

Thickness 5 nm 40 nm 

Figure 3.3: (a) Relative intensities of laser light inside the Cr and Au layers; multiple 

reflections within the Cr layer were included in the simulation. (b) Temperature of the hot 

electron gas inside the respective layers calculated from the light intensity and used as 

input (i.e. first column of Figure 3.4 (a)) for the simulations. 
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To simulate the system using these equations a finite difference method was 

used. A grid was implemented to model the Cr/Au film and to incorporate the 

Cr/Au interface the thermal conductivity is scaled by the interfacial thermal 

resistance whenever the heat flux vector was between a Cr and Au point on the 

grid. For the thermal conductance of the interface we did not find exact values in 

literature and therefore a value for which the simulation best fitted the observed 

experimental time constants was used (650 MW/(m2*K) at 300 K). This value is 

similar to those of other metal-metal interfaces reported in literature [22-24]. For 

each time point the energy exchange between neighbouring points was 

calculated; both inside the two metals and through the interface. The time Δt 

between time steps was chosen to be small (10 fs) in order to have a good 

approximation of the continuous time scale. The simulation was carried out in 

Matlab. 

The results of the simulations, indicating the temperatures of the electron gas and 

the lattice as a function of time, are shown in Figure 3.4 (a) and (b). The time-

dependent temperature generated by the simulations was used to calculate the 

time-dependent decrease in diffraction intensity due to the varying Debye-Waller 

factor. The resultant curve is plotted in Figure 3.5 (b) superimposed on the 

experimental data. 

Figure 3.4: (a) Simulation results of electron temperature and (b) lattice temperature, in 

Kelvin, in the Cr/Au film as a function of time after laser excitation. The thermalisation of 

the electrons is extremely rapid (< 5 ps). The rise of the lattice temperature is primarily due 

to the energy transferred from the hot electrons already present in the Au layer and, for 

longer times, energy transferred through the Au/Cr interface. From this simulation it is 

also apparent that the heat exchange through the interface significantly slows down the 

thermalisation of the Au. 
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 Discussion 3.4

In Figure 3.5 (b) the time evolution of normalized intensity difference between the 

pumped and unpumped is plotted for the (220) diffraction peak together with the 

results of the simulation explained in the previous section. The excellent signal-to-

noise ratio allows for a straightforward comparison between experimental data 

and simulation. Before T0 the intensity of the peaks is the same for the pumped 

and the unpumped images (resulting in ΔI(0)/I0(0) = 0). This is indicative of the fact 

that the sample recovers fully in the 500 μs between the laser pulses (no 

accumulative heating observed). After T0 the intensity of the peaks decreases. The 

sharp edge at T0 confirms the sub-picosecond time resolution. From the relative 

amplitude of the drop of the peak intensities, one can estimate the final 

temperature of the film to be between 410 and 460 K. This measured value is in 

good agreement with the simulation presented in the previous section (440 K). In 

the simulation the used value for the laser fluence was 6.5 mJ/cm2 in order to 

obtain a final temperature that matches the experimental results. This value is in 

accordance with the experimental fluence within the experimental error (7±1 

mJ/cm2). 

Based on the simulation and the experimental data for the (220) ring presented in 

Figure 3.5 we can describe the energy transfer processes after laser excitation as 

follows: due to the different optical properties of Cr and Au [18] much of the 

energy deposited by the laser is absorbed in the amorphous chromium film where 

it creates hot electrons. The fast intensity drop corresponds to the spreading of 

Figure 3.5: (a) Simulated Au lattice temperatures as a function of the depth at fixed times 

(i.e. vertical cuts along Figure 3.4 (b) at selected times). (b) Comparison between the drop 

in diffraction intensity, extracted from the lattice temperature simulation, and 

experimental data for diffraction ring 220. 
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these hot electrons into the gold and subsequent excitation of phonons via 

electron-phonon coupling. The slow process corresponds to the heating of the Au 

film due to the transfer of energy between Cr and Au. Setting the thermal 

conductance of this interface (GI) as a free parameter we fitted the experimental 

data using simulation parameters as described above. An excellent result was 

obtained for GI= 650 MWm−2K−1 (at 300 K). We can therefore conclude that the 

slow dynamics of the system is indeed guided by the energy transfer at the 

interface. The value obtained from the simulation for GI  is similar to what is 

reported for other metal-metal interfaces [22-24]. 

 Conclusion 3.5

Ultrafast heating of mono-metallic foils is well understood theoretically and has 

experimentally been observed in several UED experiments as a decrease in 

diffraction intensity as a function of time, corresponding to an increased atomic 

disorder in the foil (Debye-Waller factor). Here we have demonstrated that this 

well-known theoretical two temperature model is insufficient to explain the 

structural dynamic behaviour of bi-metal foils possessing a metal-metal interface. 

The effects of the interface, being optical (reflection at the interface), electronic 

(hot electrons diffusing through the interface) and thermal (phonon transfer 

through the interface), all contribute to the dynamics of the structure observed 

using UED. We have added these contributions in our simulations thereby 

providing a new and complete theoretical support for the observed behaviour of 

the transient diffraction.  
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 Martensite to austenite phase transition in Heusler Chapter 4

alloy probed by Ultrafast Electron Diffraction 

 

This chapter is in preparation for publication2. 

The martensite to austenite phase transition in the magnetic shape memory 

Heusler alloy Ni-Mn-Ga has been studied using Ultrafast Electron Diffraction. The 

structural properties of the material were studied in non-equilibrium conditions 

after excitation with an ultrashort near infrared laser pulse. This study gives new 

insight into the time scale at which the phase transition can take place. The initial 

change of the material from the low temperature martensite phase to the high 

temperature austenite phase takes place in tens of ps, faster than observed 

before. Subsequently, oscillations are observed, indicating a strong tendency in 

the lattice to go back to the low-temperature martensite phase. 

 Introduction 4.1

The discovery of interesting properties of alloys with the general composition X2YZ 

dates back to the beginning of the twentieth century and was made by Friedrich 

Heusler. After him, these materials are called Heusler alloys and nowadays this 

class of materials includes over 1500 members [1]. Among these compounds a 

plethora of interesting properties can be found, including multiferroics, shape 

memory alloys, topological insulators and superconductors [2]. Commercial 

applications of Heusler alloys include spintronic devices for data storage, as well 

as thermoelectric materials. There are already commercial applications of Heusler 

alloys in spintronic devices for data storage. Also thermoelectric materials already 

found applications [1]. 

Because of their strong coupling between magnetic and structural degrees of 

freedom, the sub-class of Ni-Mn-Ga alloys shows magnetic shape memory 

properties and a structural phase transition that can be magnetically or 

                                                           
2
 P. van Abswoude, N. Erasmus, N. Teichert, A. Hütten, A. Cakir, A. B. Smit, H. Schwoerer, 

M. Açet, R. Y.N. Gengler, P. Rudolf, in preparation (2016). 
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temperature-driven. All compounds in this group show a cubic (austenite) phase 

at higher temperatures whereas at lower temperature the structure gets 

distorted to form the so-called martensite phase. Within this martensite phase 

there are several different sub-phases with different geometry, between which 

intermartensitic phase transitions take place [3]. 

Although for this class of materials there is no change in volume of the unit cell 

upon the phase transition [1] like there is in Ni-Mn-Sn and Ni-Mn-In, there are 

very high magnetic field induced strains (up to 10%), which make this alloy very 

suitable for technological applications like nanotweezers. There is full shape 

recovery over 108 cycles.  

In the transition from the austenite to martensite phase, the lattice undergoes a 

transformation, which can be described by a periodic shuffling of (011) planes 

along the [0-11] direction [4,5]. The martensite phase consists of three 

crystallographic domains, of which the boundaries (twin planes) can be moved by 

applying a magnetic field [1]. It has tetragonal or orthorhombic symmetry. The 

shuffling of the planes in the martensite phase is schematically shown in Figure 

4.1. Although very important for the implementation of possible applications, very 

little is known about the kinetics and the speed of this phase transition and 

therefore a whole area is open for research.   
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o

 93
o

 

Figure 4.1: Schematic representation of the austenite (left) and martensite (right) phase. The Ni 

atoms are shown in blue, whereas the Mn and Ga atoms are shown respectively in red and green. 

The martensite phase can be seen as a reshuffling of the (011) planes.  
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The exact chemical composition of the alloy influences the critical temperature for 

the phase transition between the martensite and austenite phase. In the 

Ni50Mn50-x-Gax compounds with x around 20 at%, the transition occurs around 

300 K. This temperature increases with decreasing Ga content [1].  

The martensite-to-austenite phase transition in this type of compounds has been 

widely studied. There have been structural studies in equilibrium conditions which 

unravelled the phase diagram of the austenite phase and several martensite 

subphases [3]. The resulting phase diagram is shown in Figure 4.2. The 5M and 7M 

notations refer to different modulations of the lattice in the martensite phase, 

whereas the Lx0 notations correspond to tetragonal structures. The solid red line 

shows the dependence of the transition temperature between the austenite 

phase and any of the martensite phases on the exact chemical composition (the 

number on the horizontal axis, e/a indicates the number of valence electrons per 

atom and is directly related to the x in the chemical composition of the sample).   

Figure 4.2: Phase diagram for Ni50Mn50-xGax Heusler alloys. The austenite-to-martensite phase 

transition temperature as a function of number of valence electrons per atom (e/a, directly related 

to x) is shown with the open circles and the solid red line. Image taken from [3]. 
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Another study used ultrafast spectroscopy to learn more about the origin of the 

martensitic transition [5]. Both in the austenite and in the martensite phase, 

pump-probe spectroscopy was used to find phonon modes that were resonant 

with the excitations. In that study also doping with Co was studied because this 

raises the transition temperature above room temperature and makes the 

material more suitable for technological applications. The conclusion – based on 

strong softening of the modes and changes of the mode frequencies in the case of 

Co doping – was that the phase transition is driven by electronic instability, similar 

to the CDW mechanism.  

For our study the family member with x = 19.5 at% was chosen. From the data in 

reference [3] at this composition the transition temperature was expected above 

340 K but we observed a lower transition temperature (close to room 

temperature) due to depletion of the martensite phase in thin films.  

Our experiment with Ultrafast Electron Diffraction (UED) is the first one to study 

this phase transition in non-equilibrium conditions. Whereas in the ultrafast 

spectroscopic study [5] phonons are excited and probed while the sample stays in 

one phase, we probe the structural properties of the sample while it undergoes 

the transition from the martensite to the austenite phase. This will give us directly 

the speed at which this phase transition occurs and insight into what exactly 

happens in the several instances of the phase transition.   

 Experimental procedure 4.2

The samples were prepared by Niclas Teichert at the University of Bielefeld, 

Germany [6]. The Ni-Mn-Ga films were deposited by magnetron co-sputtering 

from a Ni55Mn19Ga26 alloy target and elemental Ni and Mn targets. The films were 

grown on single crystalline MgO(001) substrates. Before the deposition of the 60 

nm thick Ni-Mn-Ga layer a 30 nm thick V layer was deposited. The substrate 

temperature during deposition was 500 °C. The sputtering pressure was set to 2.3 

x 10-3 mbar and the deposition rate was 0.22 nm/s. 

X-ray diffraction measurements confirmed that the V layer and the Ni-Mn-Ga 

layer grow epitaxially in the (001) direction on the MgO substrate with the in-

plane relation MgO(110)||V(100)||Ni-Mn-Ga(100). The film thickness and 

composition were checked by X-ray reflectivity measurements and X-ray 

fluorescence measurements, respectively. 
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In order to obtain freestanding films, the V layer was removed by selective wet 

etching with Cr ETCH No.1 by Microchemicals and the obtained freestanding Ni-

Mn-Ga films were carefully placed on 400 mesh copper grids. 

The Ni-Mn-Ga film on the Cu grid was mounted in the UED system, as described in 

Chapter 2 of this thesis. A metal disk with an aperture of diameter 200 μm was 

mounted on top of the sample to reduce the probed sample volume and to 

improve the diffraction pattern by reducing the electron beam size.  

The UED pump-probe experiment was carried out in transmission geometry. The 

pump beam (λ=780 nm, τ=50 fs, F=10±2 mJ/cm2, FWHM = 400 μm, P=s-polarized) 

was aligned to pass through the sample by direct observation of the transmitted 

light on the wall of the UHV chamber.  

 Results 4.3

A typical diffraction pattern is shown in Figure 4.3, large image. To calculate the 

relative intensity changes of the diffraction spots in a correct manner, the 

background intensity of the laser light and dark current on the CCD detector were 

subtracted. Subsequently, the central beam was subtracted because otherwise it 

adds background to the intensity of the diffraction spots. The procedure for this 

background subtraction is discussed in Section 2.7.3 of this thesis. 

The qualitative results of the laser light are most clearly seen in the insets of 

Figure 4.3. In the left inset, the region of a Bragg spot is shown when the laser is 

off. The satellites due to the modulation in the martensite phase are clearly 

visible. In the right inset, the same region is shown at a time after time zero with 

the laser on, and the satellites are clearly gone, indicating that the martensite 

phase is destroyed and only the Bragg spots of the cubic lattice are remaining.  

For the intensity changes of the satellites that are the signature of the martensite 

phase, also the background from the main Bragg spots was subtracted. This 

procedure is discussed in more detail in Section 2.7.4 of this thesis. The results of 

the analysed data for selected diffraction peaks are shown in Figure 4.4. In the 

upper panel, the average of the relative intensity differences for the first four 

Bragg spots ((01), (10), (0-1) and (-10)) is presented. In the lower panel, the 

average of the relative intensity differences is shown for three selected satellite 
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peaks, which are a signature of the martensite phase. The differences are plotted 

as a function of delay time between the pump and the probe.  

The intensity of the satellite peaks drops about 70% in the first 15 ps after time 

zero. This corresponds to a significant yet not complete destruction of the 

martensite phase in favour of the austenite phase. At the same time, the intensity 

of the main Bragg spots of the cubic lattice goes up by 3%, mirroring a stronger 

cubic symmetry in the austenite phase than in the martensite phase.  

After the first drop/rise, an intensity oscillation is seen to occur for both the main 

Bragg spots and the satellites. These oscillations of the Bragg spot intensities are 

Figure 4.3: Diffraction pattern of Ni50Mn30.5Ga19.5 at room temperature after subtraction of the 

central beam. In the insets on the upper left and right, the region of a Bragg spot is shown with the 

laser off and on, respectively. With the laser on, the satellites are not visible anymore. 
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in antiphase with those of the satellites and have a period of 28 ps (corresponding 

to a frequency of 36 GHz).  

In Figure 4.5 the times traces for the second order Bragg spots ((11), (1-1), (-11), (-

1-1)) are shown. The first rise of the diffraction is similar to the one of the first 

order Bragg spots. The timing, the time duration and the size of the change are all 

Figure 4.4: Relative diffraction peak intensity change as a function of pump-probe delay time. 

Upper panel: Average of Bragg spots (01), (10), (0-1), (-10). Lower panel: Average of several 

selected satellites. The black lines are a guide to the eye indicating contemporal points in the two 

traces. 
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similar to the case of the first order Bragg spots. However, in contrast to the 

latter, after reaching the first maximum, the intensity of the second order Bragg 

spots drops and starts oscillating around a new value of about half the difference 

reached at the first maximum.  

 Discussion 4.4

The initial large drop of the intensity of the satellite peaks corresponds to what is 

expected: a destruction of the martensite phase due to local heating of the 

sample above the transition temperature. The speed at which the satellite 

intensity drops, however, is faster than ever observed or predicted in Heusler 

alloy research. It is also remarkable that the phase transition happened more than 

108 times in the course of this experiment, and the pumped sample area is still not 

destroyed. This very robust property shows the usefulness of the material for 

possible applications. 

The drop in satellite intensity coincides with a rise in the intensity of the main 

Bragg spots because the cubic symmetry of the lattice becomes stronger. This 

trend is present for all Bragg spots and for all satellites.  

Figure 4.5: Average relative diffraction peak intensity change of Bragg spots (11), (1-1), (-11), (-1-1) 

as a function of pump-probe delay time. 



Martensite to austenite phase transition in Heusler alloy probed by UED 

61 
 

Thereafter, an unexpected behaviour is observed: both the first order Bragg spots 

and the satellites start oscillating at a very low frequency: 30 GHz, when a normal 

frequency for phonons would be in the THz frequency regime, as also shown in 

the ultrafast spectroscopy study [5]. Another reason why these oscillation are not 

likely the signature of energy transfer from hot electrons to strongly coupled 

phonons, is that such a process would take place on a faster time scale (a few 10-

100 fs) while here the onset of the oscillating intensity is delayed until after the 

first clear rise/drop (a few ps). Therefore we interpret this oscillation rather as the 

result of a “restoring” force towards the martensite phase. As discussed before 

and shown in Figure 4.1, the martensite phase can be interpreted as a periodic 

shuffling of (011) planes along the [0-11] direction [4] with respect to the 

austenite phase. We interpret the oscillations as the effect of the atoms moving 

around the new equilibrium position (namely their position in the austenite, cubic 

lattice).  

The reason why the second order peaks fall back after the first rise is much more 

complicated. We speculate that it has to do with the other symmetry and 

therefore they react differently on the coherent oscillation of the atoms around 

their new equilibrium position than the first order peaks. 

The last aspect of the response of the diffraction to the light excitation that needs 

to be discussed is the observed absence of the Debye Waller effect. To a certain 

extent, this study is comparable to the study of CDW dynamics by Erasmus et al. 

[7], the main results of which are shown in Figure 4.6. As seen in the inset of the 

upper panel, the main Bragg spots first increase in intensity due to the transition 

to the higher symmetry phase (suppletion of the periodic lattice displacement, 

PLD supp.) but shortly afterwards this intensity rise is more or less cancelled by 

the larger disorder in the system caused by the anharmonic decay of excited 

electrons (the Debye Waller effect, DW). Qualitatively it seems that the same 

behaviour is present in our second order Bragg spots but the time scale of the 

process is crucial and the drop in our diffraction takes place on a much longer 

time scale than in their case. Therefore it cannot be the same effect.  
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 Conclusion 4.5

We presented a first Ultrafast Electron Diffraction study of the martensite-to-

austenite phase transition in a member of the family of Ni-Mn-Ga Heusler alloys. 

Whereas other studies so far investigated the material in equilibrium conditions in 

the martensite or austenite phase, we followed the structural properties of the 

material during the phase transition.  

The expected rise and drop of the diffraction peaks that are a signature of the two 

phases respectively, take place in about 10 ps; a time scale that is faster than ever 

observed or predicted in Heusler alloy research. After this initial change, 

oscillations are observed which indicate that there is a strong force opposing the 

transition from the martensite towards the austenite phase. 

We shed new light on the transition dynamics from the martensite to the 

austenite phase. Further research into the nature of the restoring forces would 

give more insight in the physics of the phase transition.  

Figure 4.6: Results of the UED experiment on 4Hb-TaSe2 from the study of Erasmus et al. [7]. In the 

upper panel the intensity of the Bragg peaks is shown as a function of delay time; in the lower panel 

the corresponding CDW peak intensity is shown. Image taken from [7]. 
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 Outlook: Superconducting properties of MgB2 thin Chapter 5

films grown on Mg(0001) studied by Ultrafast Electron 

Diffraction 

One of the experiments that our Ultrafast Electron Diffraction (UED) setup is 

particularly equipped for is a study into the lattice changes upon the 

superconducting phase transition in MgB2. Preparations of this experiment have 

been carried out but the experiment itself is something that is still to be done. 

This chapter introduces superconductivity in general and the very particular 

superconductor MgB2 in more depth. The growth of thin films of MgB2 is 

discussed, as well as the outcome of a complementary study with Angle Resolved 

Photoemission Spectroscopy (ARPES). Finally, a UED experiment on a 

superconducting cuprate is discussed to put this potential study in a context. 

 Introduction 5.1

In the 100 years since the discovery of superconductivity in mercury at 

temperatures below 4.2 K by Kamerlingh Onnes in 1911 [1-3], a lot of theoretical 

and experimental research has been carried out on this topic. A theoretical model 

of the phenomenon was proposed by Bardeen, Cooper and Schrieffer [4] in 1957 

with their BCS-theory of superconductivity, in which so-called Cooper pairs 

consisting of two electrons (interacting through the exchange of phonons) can 

travel freely through materials at temperatures below the critical temperature 

(Tc). About half of the elements are superconducting and the typical Tc values are 

in the liquid helium regime. To extent the use of this phenomenon for practical 

applications, a lot of effort has been devoted to achieving so-called high-

temperature superconductivity, i.e. superconductivity at liquid nitrogen 

temperature (77 K) or higher. Most of the high-temperature superconductors are 

not simple metals (or conventional superconductors) but very special compounds 

(unconventional), among which cuprates are the category with the highest Tc (see 

for example [5]), reaching above 150 K. The investigation of high temperature 

superconductivity is of great importance because superconductors make it 

possible to transport currents without heat loss. Applications are electromagnets 

in both scientific and medical (e.g. MRI) equipment but if the operational 

temperatures were higher, superconductors could find a plethora of uses such as 
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electric generators and motors, transformers, high power cables etc. To reach that 

goal it is crucial to fully understand this very non-intuitive state of matter from a 

fundamental point of view: why do very different materials show a resistance of 

exactly zero after going through a very sharp phase transition? Explaining 

superconductivity beyond BCS theory, which is now known to be valid only for a 

limited number of superconductors, is therefore one of the holy grails of 

contemporary condensed matter physics.  

Until recently it was believed that all superconductors are of type 1 or type 2, 

depending on whether they exhibit a first order or second order phase transition 

from their normal phase to their superconducting phase. To understand this, it is 

important to know that besides being cooled below the critical temperature, 

there are two more conditions that have to be fulfilled for a material to exhibit 

superconductivity: the magnetic field to which the material is exposed must be 

below a characteristic value known as the critical magnetic field (Hc) and the 

current passing through a given cross-section of the material must be below a 

characteristic level known as the critical current density. The two types of 

superconductors differ in their magnetic properties. A type 1 superconductor has 

one critical point (temperature, applied magnetic field) below which it is in the 

superconducting state and completely expels low external magnetic fields. A 

typical phase diagram of such a superconductor is shown in Figure 5.1, left panel. 

A type 2 superconductor has two critical points, for the critical fields, Hc1 and Hc2. 

Below Hc1 the material is just like a type 1 superconductor, while between Hc1 and 

Hc2 there exists another phase: the vortex state. In this state, an external magnetic 

field can produce quantum vortices, which can carry magnetic flux through the 

interior of the superconductor. A typical phase diagram of a type 2 

superconductor is shown in Figure 5.1, right panel. 

As of 2001, a lot of attention was drawn to the discovery of superconductivity in 

magnesium diboride (MgB2), which turned out to have a critical temperature as 

high as 39 K [6], the highest so far for conventional superconductors and higher 

than expected from BCS-theory. The structure of MgB2 is shown in Figure 5.2. 

The behaviour of MgB2 is anomalous in that one can distinguish two 

superconducting components associated with electrons belonging to different 

bands having different energy gaps but resulting in one single Tc due to finite 
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coupling [7,8]. In fact, MgB2 simultaneously has magnetic properties of type 1 and 

type 2 superconductors because of the interaction between the two bands and 

this is why Moshchalkov et al.  [9] called this superconductivity type 1.5. In MgB2 

the pairing of electrons in the superconducting phase arises from attractive 

interactions between the electrons that are mediated by atomic vibrations as 

verified by isotopic replacement experiments and explained by several 

computational groups [10-12]. In this chapter we discuss two approaches of 

studying the electron phonon coupling in MgB2 to get an understanding of the 

striking differences in transition temperature between cuprates, MgB2 and 

conventional (metallic) superconductors. 

Another scope of this project is to explore what happens when the dimensions of 

the crystal are shrunk to a level where two effects become important: quantum 

size effects and proximity effects. For lead, a conventional superconductor, it has 

recently been shown that superconductivity persists even in an only two-layer 

thick crystal [13] and quantum oscillations of Tc were observed in samples with up 

to more than 10 layers. For MgB2(0001) films grown on Mg(0001), the situation is 

more complicated due to stress in the sample, which is induced by a lattice 

parameter mismatch between the substrate and the thin film. Based on 

theoretical calculations [10] we expect that due to an increase of the lattice 

parameters, the density of electronic states and the electron phonon coupling will 

be enhanced. BCS model calculations in the tight binding approximation [14] 

predict that <4 layers thick MgB2 films exhibit a severe decrease in Tc. Tc oscillates 

sharply with thickness, shows a maximum at 5-6 layers, and at higher thickness 

Figure 5.1: Typical phase diagrams of a type 1 superconductor (left panel) and a type 2 

superconductor (right panel).  
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reaches the bulk value. Furthermore, it is well known that when a superconductor 

is placed in contact with an ordinary metal, like in our case, its superconductivity 

can be suppressed due to proximity effects, i.e. the Cooper pairs can diffuse into 

the metal. Several attempts have already been made in designing properties of 

MgB2 using these effects, however, only few groups succeeded in modifying Tc in a 

MgB2 film by changing the lattice parameters [15,16]. 

The research described in this outlook builds on the possibility to epitaxially grow 

very thin layers (down to 1 ML) of MgB2 on Mg(0001) [17]. This allows us to 

investigate confinement and proximity effects in this material. ARPES experiments 

on thin MgB2 films have been carried out and clarify the role of the film thickness 

and of the lattice parameters in driving the superconducting properties, of which 

the results are submitted for publication [18] and discussed below. Ultrafast 

Electron Diffraction (UED) can be used to complement the discussion of the 

electron-phonon coupling from the side of the lattice. 

 Preparation of MgB2 thin films and Surface X-ray Diffraction  5.2

The MgB2 films were grown in situ by molecular beam epitaxy (MBE) from pure 

Mg and B sources on a Mg(0001) single crystal, as reported earlier [19]. The 

Mg(0001) surface was prepared with cycles of sputtering and annealing at 493 K. 

For thin layers (thickness < 4 ML), deposition of B was sufficient, whereas for 

thicker layers co-deposition of Mg and B was necessary. The pressure was kept 

below 1x10-9 mbar during the co-deposition, the substrate was held at 475±15 K 

and an atomic flux ratio Mg:B=3:2 was maintained. The evaporation rates were 

Figure 5.2: The crystal structure of MgB2. Mg atoms are shown in yellow and B atoms are shown in 

blue. The structure consists of alternating layers of Mg and B. Image taken from [7]. 
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calibrated from the attenuation of the substrate core level photoemission peaks 

when evaporating B on Mg(0001) and Mg on a copper plate at room temperature 

(RT). The MgB2 ML is defined according to the standard used in previous works 

[17,19]. 

Surface X-ray diffraction (SXRD) experiments provided information about the 

crystalline structure of the grown films. The experiments were carried out at the 

ALOISA beamline [20] of the Elettra synchrotron, Trieste, Italy. The in-plane lattice 

parameter was determined by collecting radial scans across the substrate (110) 

reflection, while the inter-layer distance was obtained from the substrate (002) 

reflection. In both cases, line scans in the reciprocal space were obtained by 

scanning the photon energy at constant scattering geometry, in order to follow 

the thickness evolution of the film satellite peaks, hence the strain of the MgB2 

film with respect to the Mg(0001) substrate [17]. Figure 5.3 shows the recorded 

lattice parameters versus MgB2 film thickness. 

At low coverage the in-plane distance (upper panel) expanded and interlayer 

distance (lower panel) contracted to match the Mg(0001) substrate values. For 

the first monolayer the diffraction peaks of the MgB2 film could not be 

Figure 5.3: In-plane lattice parameter (upper panel) and interlayer distance (lower) versus the 

MgB2 films thickness (in ML), as obtained by means of surface x-ray diffraction. The dashed lines 

indicate the values for bulk Mg [19] and MgB2 [20], respectively. 
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distinguished from those of the Mg(0001) substrate. By increasing the film 

thickness the lattice parameters were found to evolve towards those of bulk 

MgB2, which were reached for a thickness of about 8 ML for the interlayer 

distance and ca. 4 ML for the in-plane lattice parameter. For higher coverage the 

lattice parameters matched those of the bulk material. 

 Angle-resolved Photoelectron Spectroscopy 5.3

Angle-resolved Photoelectron Spectroscopy (ARPES) is a technique to study the 

band structure of crystals. When performing ARPES, samples are irradiated by 

photons, whose energy is used by valence band electrons to escape from the 

material (photoelectric effect) and these photoelectrons are collected under 

different angles of emission. Thus the special property of ARPES is that 

anisotropies in the occupied density of states can be detected in the experiments: 

under different angles, different values of the binding energy of electrons in a 

certain state can be found and in this way, the band structure of the material 

under investigation can be reconstructed.  

Low-temperature (LT) ARPES measurements were performed with a photon 

energy of 9 eV in the region of the Brillouin zone where the surface state S and 

the σ band cross [18]. Specifically, we focused on the opening of a gap at the 

Fermi level for the surface state, S, which, as reported for bulk MgB2, has a width 

comparable to that of the gap of the σ band [21]. However, the determination of 

the gap opening for the S band is easier because of the higher photoemission 

intensity of this state as compared to the σ band. Spectra were acquired for 1, 4, 6 

and 8 ML thick films, below and above the bulk Tc (39 K). The results are shown in 

Figure 5.4, together with the spectrum of the Fermi level region of the 

polycrystalline Ta foil measured at 10 K, which was used as a reference for the 

position of EF. A shift towards higher binding energy of the spectral leading edge 

from the position of the reference EF is interpreted as the opening of a gap Δ [22]. 

The position of the spectral edge in the valence band spectra of the 1 and 4 ML 

thick films remained the same at all temperatures and the saddle point along the 

slope coincided with the EF position of the Ta foil that served as a reference. In 

contrast, a change in the position of the spectral edge with temperature was 

observed for the 6 and 8 ML thick films. Moreover, this modification occurred 

only for spectra acquired below the bulk TC. We assign these changes to a 
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decrease of the density of states at the Fermi level and we conclude that this is 

compatible with the opening of a superconducting gap only in films of 6 MLs or 

thicker. Figure 5.5 (a) presents the detailed spectra of the Fermi level region 

acquired for the 6 and 8 ML thick films at 20 K. The fitting gave a value for the gap 

Figure 5.4: LT-ARPES spectra of the Fermi level region of MgB2 films with various thicknesses. The 

data were acquired where the S band crosses EF. The spectrum acquired on Ta foil in electrical 

contact with the sample is reported as a reference for the position of EF. 
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width Δ(20 K)=3.0±0.2 meV for the 6 ML thick film and Δ(20 K) = 3.4±0.2 meV for 

the 8 ML thick film.  

The gap width determined at different temperatures allowed for an estimate of 

the critical temperature of the film and of the value of the gap at T=0 K, according 

to the approach proposed in [11]. The values of the gap width vs. the temperature 

of the sample were fitted with the expression Δ(T) = Δ(0)[1 – (T–TC)p]1/2, where 

Δ(0) is the gap at 0 K and TC is the critical temperature of the film. In Figure 5.5 (b) 

we show the result obtained for the 6 ML thick film. TC for this film was found to 

be 31±10 K and the parameters p = 2.4±0.9 and Δ(0) = 3.6±1.5 meV were 

extracted. For comparison, the curve obtained for the gap opening at the σ band 

in bulk MgB2 is shown, where TC = 39.1 K, p = 2.9 and Δ(0) = 6.8 meV [11] is also 

plotted [18]. 

We collaborated with the groups of Milorad Milosevic and François Peeters of the 

University of Antwerp, who performed theoretical calculations to interpret the 

experimental results [18]. From density functional theory (DFT) they could 

conclude that all samples with a few MLs of MgB2 are Mg-terminated. They used 

density functional perturbation theory (DFPT) to calculate the phonon spectrum 

and electron phonon coupling. To unravel the origin of the measured 

superconductivity in the surface band, fully anisotropic Eliashberg theory was 

Figure 5.5: (a) Detail of the ARPES spectra of the Fermi level region collected for 6 and 8 ML thick 

MgB2 films at 20 K. The fit for the acquired data is reported as solid line. (b) Temperature 

dependence of the superconducting gap for a 6 ML thick MgB2 film. The dashed line represents the 

fit to the data, while the solid line indicates the temperature dependence of the gap width for σ band 

in bulk MgB2 [11]. 
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employed with the outcomes of the DFPT calculation as an input. From this 

calculation they concluded that the surface states indeed form a major 

contribution to the superconducting phase. In a thin film of 1 up to 4 MLs, the 

effect of the substrate is very large (e.g. a 1 ML film, a B layer is sandwiched 

between two Mg layers), whereas for 6 MLs or thicker samples there is a large 

similarity of the phonon spectrum with the bulk and the effect of the substrate is 

negligible. On the other hand, the situation of the electronic bands is still very 

different between a 6 ML thin film and the bulk. The surface contribution to the 

density of states (DOS) is pronounced in the thin film case, resulting in a profound 

influence on the multi-gap nature of the material. The role of the surface states is 

confirmed by the fact that the calculated Tc = 33 K of the surface band is in good 

agreement with the experimental value (31 K) and also the value for the 

calculated gap at 0 K (3.3 meV) is in good accordance with the experimental result 

(3.6 meV) [18].  

 Ultrafast Electron Diffraction and Superconductivity 5.4

UED has already proved to be a useful tool to study the mechanism behind 

superconductivity. Fabrizio Carbone et al. studied electron phonon coupling in 

superconducting cuprates from the Bi-Sr-Cu-Ca-O family [23]. They studied the 

role of doping and polarization of the excitation with respect to the sample 

orientation. From the experiment they concluded that simple 2D models are not 

sufficient to describe the whole phenomenon of superconductivity and that 

anisotropic carrier-phonon coupling must be taken into consideration.  

Also for MgB2 the significance of the interaction of the superfluid with the lattice 

is still debatable and there is still very little known. An experiment similar to the 

one performed by Carbone et al. would give insight into the role that the coupling 

to the lattice plays for superconducting properties in this material. Due to the 

advanced surface science preparation chamber and the UHV conditions, our UED 

setup would be very suitable to perform this experiment. The material would 

have to be grown in the way described earlier in this chapter and in situ 

characterised by XPS for the thicknesses of interest. The sample should then be 

cooled below the phase transition temperature and the UED data collected in 

reflection geometry, following the transient diffraction intensities corresponding 

to the MgB2 thin film when the superconducting state is suppressed and 

subsequently recovered. This would provide essential information to complete 
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and confirm the insight in the role of the lattice and the surface state in the 

superconducting phase of MgB2. 
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Scientific Summary 

 

In this thesis, the construction of an experimental setup for Ultrafast Electron 

Diffraction (UED) is discussed. UED turned out to be very fruitful in the last two 

decades for studying structural changes of materials during phase transition in 

non-equilibrium conditions. The setup was constructed in the Surfaces and Thin 

Films group at the Zernike Institute for Advanced Materials, University of 

Groningen, The Netherlands and allows for measurements in both reflection and 

transmission geometry. For the reflection geometry, the wave front of the laser 

pump beam is tilted in order to compensate for the fact the electron bunches 

don`t probe the whole surface at once, by also not pumping the whole surface at 

once. Due to coulombic repulsion the electron bunches are expanded; this is 

overcome by a standing wave of electric field in a cavity. Using this technique, the 

bunches are compressed below 1 ps; as shown with measurement with a streak 

camera. In order to allow the study of clean surfaces, the whole setup is placed in 

an Ultra High Vacuum (UHV) chamber, having a base pressure of about 10-10 mbar. 

The sample preparation chamber is equipped with an x,y,z,θ-manipulator, 

evaporators for several materials and cryogenic cooling. Furthermore, a setup for 

X-ray Photoelectron Spectroscopy (XPS) allows for in situ characterisation of the 

samples before they are studied with UED. The setup was tested with 

experiments on CoO nanoparticles and a silver crystal. 

In Chapter 3, the results are discussed of a study on a polycrystalline, bimetallic 

foil of 5 nm chromium and 40 nm gold. The decrease in ring diffraction intensity 

turned out to follow a bi-exponential decay. This observation is explained with a 

model in which not only the fast interaction between excited electrons and the 

lattice is taken into account, but also the slower diffusion of hot electrons and 

phonons from the chromium into the gold. A computer simulation of this model is 

in very good agreement with the measured time constants of 3±0,5 ps and  

26±4 ps for the fast and the slower process respectively. 

In Chapter 4, we discuss a study on a Heusler alloy with the composition 

Ni55Mn19Ga26. This material is a very good candidate for nanotweezers due to the 

volume change in the magnetically and thermally induced phase transition 
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between the low-temperature martensite and the high-temperature austenite 

phase. The relative intensity change of the primary Bragg spots and the so-called 

satellite peaks of the martensite phase was studied as a function of time delay 

between the pump and the probe pulse. A 70% drop of the satellite intensity was 

observed upon excitation with the laser, taking place at the same time as a 3% 

increase of the primary Bragg spot intensity. Following upon this change, an 

oscillation of the intensities around the new value was observed. We interpret 

this as the result of a restoring force towards the martensite phase.  

Finally, in Chapter 5, a future experiment is discussed, studying the 

superconductor magnesium diboride (MgB2). Angle Resolved Photoelectron 

Spectroscopy (ARPES) experiments have revealed information about the 

electronic configuration of the material in the superconducting and normal phase. 

An experiment with UED would add knowledge to this about the changes in 

structure during the phase transition. 
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Wetenschappelijke Samenvatting: Constructie van een 

opstelling voor Tijdsopgeloste Elektronendiffractie 

Eerste experimenten aan folies van twee metalen en aan Heusler 

legeringen 

 

In dit proefschrift wordt de constructie beschreven van een experimentele 

opstelling voor Tijdsopgeloste Elektronendiffractie, een techniek voor het 

bestuderen van structuurveranderingen in materialen tijdens faseovergangen 

voordat een nieuw evenwicht zich heeft ingesteld. Deze techniek is de laatste 

decennia opgekomen en is zeer vruchtbaar gebleken. In de onderzoeksgroep 

Oppervlakken en Dunne Lagen aan het Zernike Institute for Advanced Materials 

van de Rijksuniversiteit Groningen is zo`n opstelling gebouwd die het mogelijk 

maakt om in reflectie- of transmissiegeometrie metingen te doen. Voor de 

reflectiegeometrie wordt gebruik gemaakt van een draaiing van het golffront van 

de laserpulsen die de dynamica in het monster initialiseren. Zodoende wordt 

gezorgd dat de intrinsieke niet-gelijktijdigheid van de elektronenpakketjes wordt 

gecompenseerd door een geïnduceerde niet-gelijktijdigheid van de laserpulsen. 

De door Coulomb-krachten veroorzaakte uitrekking van de elektronenpakketjes 

wordt opgeheven door een trilholte waarin een elektrisch veld in de vorm van een 

staande golf de pakketjes comprimeert tot een duur van korter dan 1 ps, hetgeen 

is aangetoond met behulp van een streak camera. Ten behoeve van het 

onderzoek aan schone oppervlakken is de hele opstelling uitgevoerd in een 

Ultrahoog-Vacuümsysteem met een basisdruk van ongeveer 10-10 mbar. De 

monsterpreparatiekamer is uitgerust met een manipulator voor x,y,z,θ-beweging, 

opdampers voor diverse materialen en cryogene koeling. Verder kan er in situ 

Röntgen Fotoelektronenspectroscopie worden gedaan om de geprepareerde 

monsters direct te analyseren voordat de metingen met Tijdsopgeloste 

Elektronendiffractie worden uitgevoerd. De werking van de opstelling is getest 

met experimenten aan CoO nanodeeltjes en een zilverkristal. 

In Hoofdstuk 3 worden de resultaten besproken van een studie aan een 

polykristallijn folie bestaande uit een laag van 5 nm chroom en een laag van  

40 nm goud. De daling in intensiteit van de diffractieringen van goud bleek plaats 
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te vinden volgens een bi-exponentieel verval. Dit wordt verklaard door middel van 

een model waarin niet alleen de snelle interactie van de aangeslagen elektronen 

met het kristalrooster wordt meegenomen, maar ook langzamere diffusie van 

aangeslagen elektronen en fononen van het chroom naar het goud. Een 

computersimulatie van dit model komt zeer goed overeen met de gemeten 

tijdsconstanten van 3±0,5 ps en 26±4 ps voor respectievelijk het snelle en het 

langzame proces. 

In Hoofdstuk 4 behandelen we metingen aan een Heusler legering met de 

samenstelling Ni55Mn19Ga26. Dit materiaal kent potentiële toepassingen als nano-

pincet doordat er in de faseovergang van de martensitische naar de austenitische 

fase volumeveranderingen plaatsvinden. De relatieve verandering in intensiteit is 

bestudeerd als functie van het tijdsverschil tussen de laser en de elektronen; 

zowel voor de primaire Bragg-punten, als voor de zogenaamde satellietpieken die 

horen bij de martensitische fase. Initieel is er een daling van 70% in de intensiteit 

van de satellietpieken, die gelijktijdig plaatsvindt met een stijging met 3% van de 

primaire Bragg-punten. Deze verandering wordt gevolgd door een golfbeweging 

rond de nieuwe waarde, hetgeen wij interpreteren als het gevolg van een kracht 

die het materiaal in de martensitische fase laat blijven. 

Hoofstuk 5 behandelt – ten slotte – een potentieel toekomstig experiment aan 

het supergeleidende materiaal magnesiumdiboride (MgB2). Er zijn reeds metingen 

met hoekopgeloste fotoelektronenspectroscopie aan dit materiaal gedaan, die 

inzage geven in de elektronische configuratie in de normale en supergeleidende 

fase. Een experiment met Tijdsopgeloste Elektronendiffractie zou hier kennis over 

de veranderingen van de kristalstructuur tijdens de faseovergang aan toevoegen. 
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Nederlandse samenvatting voor de leek 

Inleiding 

Als mens kun je geen objecten waarnemen die 

dunner of kleiner zijn dan – ruwweg – de dikte 

van een haar, 100 μm (micrometer, een 

miljoenste van een meter, zie Tabel 1). Met 

standaard microscopische technieken kunnen 

we objecten bekijken die een stuk kleiner zijn 

dan dat, maar er is een fundamentele grens 

die ongeveer een factor 1000 kleiner ligt en 

die wordt bepaald door de golflengte van het 

licht. Zodra we proberen met licht objecten 

die kleiner zijn te bekijken, dan wordt dat 

proces verstoord door interferentie, het 

verschijnsel waarbij lichtgolven elkaar 

versterken en uitdoven. 

Niet alleen in ruimtelijke zin is onze 

waarneming beperkt, ook qua tijdsschaal zijn 

er beperkingen. We kunnen veranderingen 

waarnemen op een tijdsschaal van enkele 

tientallen millisecondes – daarom is de tijd tussen twee beelden op televisie ook 

van die orde van grootte: hoewel het beeld dus eigenlijk heel schokkerig is, maken 

wij er voor onszelf een doorlopend beeld van. 

In de geschiedenis hebben wetenschappers gezocht naar manieren om de twee 

genoemde beperkingen in onze waarneming te omzeilen. Een pionier hierin was 

de negentiende-eeuwse fotograaf Eadweard Muybridge (1830 – 1904). In zijn tijd 

was er een discussie gaande over de vraag of er bij galopperende paarden een 

moment is dat alle vier benen tegelijk van de grond zijn. Hij bedacht een 

experiment met twaalf camera`s met een heel korte sluitertijd, waarvan de 

bediening wordt aangestuurd door een touw dat door het paard in beweging 

wordt gezet. Met behulp van deze “ultrasnelle” waarneming kon de conclusie 

worden getrokken dat het paard inderdaad op een gegeven moment allevier de 

benen van de grond had (zie Figuur 1). Behalve deze conclusie over de beweging 

1 1 m mens 

10
-1

 1 dm hand 

10
-2

 1 cm vinger 

10
-3

 
milli 

1 mm paperclip 

10
-4

 100 μm diameter haar 

10
-5

 10 μm rode bloedcel 

10
-6

 
micro 

1 μm  

10
-7

 100 nm golflengte licht 

10
-8

 10 nm eiwit 

10
-9

 
nano 

1 nm diameter DNA 

10
-10

 100 pm atoom 

10
-11

 10 pm  

10
-12

 
pico 

1 pm golflengte 
elektron 30 kV 

10
-13

 100 fm  

10
-14

 10 fm atoomkern 

10
-15

 
femto 

1 fm  

Tabel 1: Lengteschalen 
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van paarden was het ook een technologische overwinning: in feite was het de 

eerste waarneming op een millisecondetijdsschaal! 

Dankzij de uitvinding van ultrasnelle lasers zijn we nu in staat om experimenten te 

doen waarin bewegingen worden bestudeerd die een factor biljoen sneller zijn: 

bewegingen op de tijdsschaal van femtosecondes. Één femtoseconde is een 

duizendste van een miljoenste van een miljoenste van een seconde (0,000 000 

000 000 001 s = 10-15 s). In deze promotie is gewerkt aan het bouwen van een 

experimentele opstelling voor Tijdsopgeloste Elektronendiffractie: een techniek 

die het mogelijk maakt processen te bestuderen die plaatsvinden op deze 

tijdsschaal, precies de tijdsschaal waarop atomen en moleculen interactie met 

elkaar hebben en bijvoorbeeld bindingen tussen atomen worden gevormd en 

verbroken. 

Tijdsopgeloste Elektronendiffractie 

Hiervoor werd al genoemd dat het fundamenteel onmogelijk is om objecten waar 

te nemen die kleiner zijn dan de golflengte van het licht waarmee gekeken wordt. 

Een oplossing hiervoor is om te kijken met licht met een kortere golflengte 

(bijvoorbeeld röntgenstralen, ook een vorm van licht, maar dan niet zichtbaar). 

Een andere oplossing is mogelijk dankzij de kwantummechanica. Het blijkt 

Figuur 1: Het galopperende paard van Eadweard Muybridge. Met dit experiment heeft hij bewezen 

dat er in de galop van een paard een moment is waarop allevier de benen van de grond zijn. De 

figuur is afkomstig van de website van het Rijksmuseum in Amsterdam. 
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namelijk dat alle bewegende objecten ook kunnen worden gezien als golven (de 

golf-deeltjedualiteit, voor het eerst voorgesteld door Louis-Victor de Broglie in 

1924). Een voor dit proefschrift heel belangrijk voorbeeld is een elektron dat is 

versneld door een spanning van 30 kV: dit heeft een golflengte van 7 pm 

(picometer, een miljoenste van een miljoenste van een meter, zie Tabel 1). De 

elektronen kunnen gebruikt worden om directe afbeeldingen te maken van 

objecten (elektronenmicroscopie) of om diffractiepatronen te maken, plaatjes die 

op een indirecte manier weergeven hoe materialen eruit zien. Dit laatste werkt 

alleen voor periodieke structuren, waarin de afstanden tussen atomen steeds 

dezelfde zijn. Een grotere afstand tussen de atomen zorgt voor punten in het 

diffractiepatroon die dichter bij elkaar liggen, en een kleinere afstand tussen de 

atomen voor verder uit elkaar liggende punten. Hierdoor kunnen we uit het 

diffractiepatroon afleiden hoe de structuur van het bestudeerde materiaal eruit 

ziet. 

In het geval van Tijdsopgeloste Elektronendiffractie maken we in plaats van een 

foto van de structuur op de hiervoor beschreven wijze, een filmpje. Wat hiervoor 

nodig is, is in plaats van een continue straal van elektronen, steeds een kort 

pakketje. We zijn geïnteresseerd in wat er op de tijdsschaal van ongeveer 100 fs 

gebeurt, dus we hebben ook elektronenpakketjes nodig die zo`n 100 fs duren. 

Deze kunnen worden geproduceerd door met net zulke korte laserpulsjes op een 

metaal te schijnen. De energie van het laserlicht maakt elektronen vrij uit het 

metaal, die vervolgens door een hoogspanning (30 kV) versneld worden. Alleen 

als het licht schijnt, komen er elektronen vrij, dus in principe zijn de  

elektronenpakketjes net zo lang als de laserpulsjes. 

De verandering in het materiaal wordt ook in gang gezet met laserlicht: de energie 

van het licht wordt in het materiaal omgezet in andere vormen van energie. Dit 

kan zijn door directe interactie van het licht met het materiaal waardoor speciale 

veranderingen in het materiaal worden veroorzaakt, of simpelweg doordat de 

energie omgezet wordt in warmte waardoor de atomen van het materiaal minder 

geordend in het rooster zitten. Deze veranderingen van de structuur zijn zichtbaar 

als veranderingen van het diffractiepatroon. Kennis van de veranderingen in de 

structuur leidt bijvoorbeeld tot meer inzicht in hoe faseovergangen in materialen 

plaatsvinden. 
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In de experimentele opstelling wordt dus gebruik gemaakt van een laser. Het 

laserlicht wordt verdeeld in twee richtingen: eentje om de elektronenpakketjes te 

maken en eentje wordt gericht op het monster dat wordt bestudeerd. Door de 

afstand die een van de twee aftakkingen moet afleggen te veranderen, kan de 

relatieve timing worden veranderd: als het licht iets verder moet reizen, komt het 

ook iets later aan. Dit komt nogal nauwkeurig: om 100 fs later aan te komen, 

hoeft het licht maar 30 μm meer te reizen. Een experiment wordt gedaan door bij 

steeds andere tijdsverschillen een opname te maken van het diffractiepatroon. Zo 

worden losse beelden van de verandering van de kristalstructuur verkregen. Een 

schematische weergave van deze manier van werken is gegeven in Figuur 2.  

Dit proefschrift 

In dit proefschrift wordt de experimentele opstelling voor Tijdsopgeloste 

Elektronendiffractie beschreven, die in het kader van dit promotieonderzoek is 

gebouwd in de onderzoeksgroep Oppervlakken en Dunne Lagen van het Zernike 

Institute for Advanced Materials van de Rijksuniversiteit Groningen. Er zijn twee 

eigenschappen die deze opstelling uniek maken. Ten eerste is zij uitgevoerd in 

Figuur 2: Schematische weergave van hoe Tijdsopgeloste Elektronendiffractie werkt: voorafgaand 

aan een pakketje elektronen (electron pulse, blauw) komt een laserpuls op het materiaal aan. Deze 

genereert een verandering in de structuur, waardoor het elektrondiffractiepatroon verandert. Door 

dit te doen voor verschillende tijdsverschillen (Δt) kan als het ware een film van de verandering 

worden gemaakt. Bron: F. Vigliotti, cover picture Angewandte Chemie, 43, 20 (2004). 
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Ultrahoog Vacuüm, dat wil zeggen dat de basisdruk ongeveer 10-10 mbar is; een 

factor 1013 lager dan de druk in de buitenwereld. Deze druk is vergelijkbaar met 

die in het heelal en is noodzakelijk voor het doen van experimenten aan zeer 

schone oppervlakken. Een hogere druk zou ervoor zorgen dat het oppervlak 

gecontamineerd wordt en dat het niet meer mogelijk is om het beoogde, zuivere 

oppervlaktemateriaal te bestuderen. De tweede eigenschap is de flexibiliteit om 

zowel in reflectie als in transmissie metingen te doen. Metingen in reflectie 

(waarbij de elektronenpakketjes afketsen tegen het oppervlak) zijn ideaal om te 

onderzoeken wat er precies gebeurt in de bovenste atomaire lagen van een 

materiaal – precies het type onderzoek waar deze onderzoeksgroep in 

gespecialiseerd is. Metingen in transmissie (waarbij de elektronenpakketjes door 

het materiaal heen gaan en daarbij verstrooid worden) zijn juist ideaal om te 

kijken naar vrijstaande dunne folies van materiaal.  

Na een uitgebreide verhandeling over de technische details van de experimentele 

opstelling (Hoofdstuk 2) volgen de resultaten van de eerste twee bestudeerde 

materialen (Hoofdstuk 3 en 4). De eerste studie betreft een dubbele laag van twee 

metalen: chroom en goud. Dit is een veelvoorkomende combinatie omdat het in 

de praktijk vaak nodig is om voordat een dunne laag goud op een oppervlak kan 

worden aangebracht, eerst een laag chroom aan te brengen. In dit onderzoek is 

de laag chroom 5 nm dik, de laag goud is 40 nm dik. Omdat de laag chroom te dun 

is om elektronen te verstrooien, wordt het diffractiepatroon waargenomen zoals 

dat voor alleen goud ook van toepassing zou zijn; zie Figuur 3(a). De 

diffractiepunten zijn ringen geworden doordat dit een polykristallijne folie is: veel 

Figuur 3: (a) Diffractiepatroon van goud en chroom. (b) Verandering van de intensiteit van 

de verschillende ringen als functie van tijdsverschil tussen laser en elektronen. 



Nederlandse samenvatting voor de leek 

86 
 

verschillende kristallen hebben allemaal een andere oriëntatie waardoor het lijkt 

alsof een patroon van verschillende punten is “rondgedraaid” om het midden. Het 

resultaat van de tijdsopgeloste meting is te zien in Figuur 3(b). Voor negatieve 

tijdsverschillen (de elektronen komen vóór de laser) is de intensiteitsverandering 

natuurlijk nul: het materiaal is nog in de rusttoestand. Voor positieve 

tijdsverschillen wordt de verandering steeds negatiever: de intensiteit van de 

diffractie neemt af. Dit komt doordat er meer energie aan het materiaal wordt 

toegevoegd: er ontstaat meer chaos en de wanorde neemt toe. De precisie van 

het diffractiepatroon (dat immers de ordening van het materiaal aangeeft) neemt 

dus af. De snelheid waarmee het gebeurt is ook bestudeerd en gaf aanleiding tot 

de hypothese dat er eigenlijk twee processen zijn: enerzijds is er energie die direct 

in het goud wordt geabsorbeerd en daar zorgt voor een daling van de diffractie-

intensiteit (de snelle daling aan het begin). Anderzijds is er energie die eerst door 

het chroom wordt geabsorbeerd en pas later langzaam naar het goud verplaatst 

wordt (de langzamere daling). Computersimulaties bevestigen deze interpretatie.  

De metingen in Hoofdstuk 4 hebben betrekking op een zogenaamde Heusler-

legering; een mengsel van verschillende metalen: nikkel, mangaan en gallium. Dit 

materiaal heeft als eigenschap dat het tussen verschillende fases kan overgaan 

onder invloed van magnetische velden of verhitting. Deze fases hebben soms een 

verschillend volume, waardoor dit soort materialen bijvoorbeeld als nanopincet 

gebruikt kunnen worden. In de toestand bij lage temperatuur (martensitisch) is er 

een verstoorde kubische structuur, terwijl er bij hogere temperatuur 

(austenitisch) een normale kubische structuur is. In de praktijk van het 

diffractiepatroon leidt de verstoring tot een soort “satellieten” bij de normaal in 

een vierkant patroon geordende diffractiepunten. Bij hogere temperatuur (als de 

verstoring wordt opgeheven) verdwijnen deze satellieten. Zie ook Figuur 4, links. 

Uit de tijdsopgeloste studie (zie Figuur 4, rechts) blijkt dat inderdaad wanneer het 

laserlicht op het monster valt vóór de elektronen, de intensiteit van de satellieten 

omlaag gaat (met zo`n 70%). Dit komt doordat de fase waar de satellieten bij 

horen, verdwijnt. Tegelijkertijd gaat de intensiteit van de kubische 

diffractiepunten zelf omhoog: de ordening neemt toe. Iets anders wat gelijk 

opvalt, is dat er na een tijdje een soort golfbeweging plaatsvindt: eigenlijk lijkt het 

erop dat het materiaal “terug wil” naar de oude fase. De kracht die hierachter zit, 

wordt uitgelegd als het langs elkaar schuiven van de vlakken in het materiaal; die 

schieten door voorbij hun nieuwe positie en trillen hier nog omheen. 
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In het laatste hoofdstuk van het proefschrift (Hoofdstuk 5) wordt vooruitgekeken 

naar een ander experiment dat mogelijk is in deze opstelling: een studie naar 

overgang van de supergeleidende naar normale fase in magnesiumdiboride, 

MgB2. Een supergeleider is een materiaal waardoor een elektrische stroom kan 

lopen zonder dat er weerstand is; een bredere toepassing van deze materialen 

kan dus veel energieverlies schelen. Er is al onderzoek gedaan naar wat er met de 

elektronen gebeurt met behulp van een andere experimentele techniek, maar het 

zou zeer interessant zijn om dit plaatje aan te vullen met een studie naar wat er 

met de structuur van het materiaal gebeurt. Onze opstelling is hier ideaal voor, 

omdat er voor deze metingen een heel schoon oppervlak nodig is in Ultrahoog 

Vacuüm. Bovendien moeten de metingen plaatsvinden in reflectiegeometrie, 

hetgeen tot de mogelijkheden van onze opstelling behoort. Ten slotte vinden ze 

plaats bij zeer lage temperaturen om de supergeleidende eigenschappen van het 

materiaal te kunnen verkrijgen. Deze metingen zouden veel bijdragen aan een 

beter begrip van hoe de overgang van en naar de supergeleidende fase in dit 

materiaal plaatsvindt. 

Figuur 4: Links: Diffractiepatroon van Ni50Mn30.5Ga19.5 op kamertemperatuur. Linksboven is een 

diffractiepunt te zien met satellieten (de laser is dan uit); rechtsboven zijn deze verdwenen doordat 

het materiaal van martensitisch naar austenitisch is veranderd. Rechts: Verandering van de 

intensiteit van een aantal diffractiepunten (boven) en de satellieten (onder) als functie van het 

tijdsverschil tussen de laser en de elektronen. (Grotere versies van deze figuren zijn te vinden in 

Hoofdstuk 4, Figuur 4.3 en 4.4) 
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