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Abstract

Spin crossover (SCO) is a phenomenon whereby a molecular transition is induced by
photoexcitation or a change in temperature and pressure. SCO complexes have been
studied for their potential applications in photoswitchable devices and magnetic data

storages.

Photoinduced SCO dynamics undergo ultrafast photoswitching of spin states involving
both changes in electronic and nuclear structures. The electronic changes associated with
SCO have been identified as a two-step intersystem crossing with an extremely fast
relaxation of a short-lived intermediate state followed by vibrational cooling of the
photoinduced high-spin state by multiple methods, including transient absorption and
reflection spectroscopies, X-ray near edge absorption (XANES) and emission

spectroscopies, and Raman spectroscopy.

For the structural changes in SCO, the metal-ligand bond (Fe-N bond in [Fe(PM-
AzA)2](NCS)2) is generally considered as one of the most important consequences of SCO,
and it is taken as the primary reaction coordinate along which SCO transition occurs. The
metal-ligand bond elongation is reported to be directly correlated in time to the electronic
state dynamics observed by changes in the spectral features of the complex, following with
the other ligand motions. However, optical spectroscopies are more sensitive to the
electronic state changes, while the XANES studies rely on modelling to deduce the metal-

ligand bond elongation.

In this thesis, we employ femtosecond electron diffraction (FED), a direct measurement of
the nuclear coordinates which has been uniquely calibrated by exploiting the thermal
cycling of the high spin and low spin states of spin crossover systems. A photo-triggered
streak camera is used to characterize the temporal resolution of our DC-RF hybrid electron

source. The time stamping technique is used to correct arrival timing jitter of the electron



pulses. We measure the short-term timing jitter to be 200 fs root-mean-square (RMS) and
the pulse duration of a single electron pulse to be 178 fs RMS with an areal density of 0.92

electron per um?,

The results of the FED experiment show that the structural changes of the metal and ligand
and the electronic state changes in the metal atom are concomitant but not simultaneous.
The metal-ligand bond elongation, compared to other nuclear motions in the photoinduced
SCO, is not a conclusive signature of the photoinduced SCO, and it is coupled to other
nuclear motions in the phase transition. Furthermore, these motions are significantly

delayed with respect to the electronic SCO transitions.



Zusammenfassung

Spin-Crossover (SCO) ist ein PhZnomen, bei dem ein molekularer Ubergang von
Photoexcitaion oder eine Anderung der Temperatur und des Drucks induziert wird. SCO-
Komplexe wurden wegen ihrer mdglichen Anwendungen in photoschaltbaren

Vorrichtungen und magnetischen Datenspeichern untersucht.

Photoinduzierte SCO-Dynamiken unterziehen sich ultraschneller Photoschaltung der
Spinzustand, in der sowohl elektronische als auch nukleare Ver&derungen beinhaltet
werden. Die elektronischen Anderungen im Zusammenhang mit SCO wurden als
zweistufiges ,,intersystem crossing™ von mehreren Methoden identifiziert, einschlief3ich
der transienten Absorption-Spektroskopie, Reflexion-Spektroskopie, RGitgen-Nahkanten-
Absorptions-Spektroskopie (XANES), Rdntgenemissionsspektroskopie und Raman-
Spektroskopie. Das zweistufige ,intersystem crossing™ ist eine extrem schnelle
Entspannung der kurzlebigen Zwischenzustand, gefolgt von schwingender Kthlung des

photoinduzierten hohen Spinzustand,

Strukturell wird die Metall-Ligand-Bindung (Fe-N-Bindung in [Fe(PM-AzA)2](NCS)2) im
Allgemeinen als eine der wichtigsten Folgen der SCO betrachtet. Sie wird als die primé&e
Reaktionskoordinate in SCO-Dynamiken angenommen. Es wurde berichtet, dass die
Dehnung einer Metall-Ligand-Bindung mit der elektronischen Zustandsdynamik zeitlich
korreliert ist, was durch Ver&anderungen der komplexen spektralen Merkmale beobachtet
wurde. Allerdings ist optische Spektroskopie empfindlicher auf die elektronischen
Zustands&nderungen, wéarend die XANES-Untersuchungen sich auf Modellierung

verlassen, um die Dehnung einer Metall-Ligand-Bindung zu spekulieren.

In dieser Arbeit verwenden wir die Elektronenbeugung mit Femtosekunden (FED), eine
direkte Messung der Kernkoordinaten, die durch Ausnutzung der thermischen Zyklen der
High-Spin- und Low-Spin-Zusténden von SCO-System Kalibriert wurde. Eine Streak-
Kamera wird verwendet, um die zeitliche Aufl&ung unserer DC-RF Hybrid-
Elektronenquelle zu charakterisieren und das Jitter der Ankunftszeit von Elektronenpulse



zu korrigieren. Wir mafn die kurzfristigen Zeitjitter (200 fs RMS) und die Impulsdauer
des Impuls von einzelnen Elektrons (178 fs RMS) mit einer Fl&hendichte von 0,92

Elektronen pro pm?.

Die Ergebnisse des FED-Experiments zeigen, dass die Struktur&derungen des Metalls und
Ligands und die elektronische Zustands&nderungen in dem Metallatom sind begleitend,
aber nicht gleichzeitig. Die Dehnung einer Metall-Ligand-Bindung, im Vergleich zu
anderen Kernbewegungen in der photoinduzierten SCO, ist kein ausschlaggebender Faktor
des photoinduziertes SCO. Sie wird mit den anderen Kernbewegungen in Phasenibergang
kombiniert. Die Dehnung einer Metall-Ligand-Bindung (und andere Kernbewegungen) ist,

im Vergleich zu SCO-Dynamiken, signifikant verz&yert.
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Chapter 1

Introduction

The time constant of basic physical, chemical, and biological dynamics is on the order of
picoseconds and femtoseconds [1-4]. For example, transition states and reaction
intermediates are on the picosecond time scale and molecular vibrational motion is on the
femtosecond time scale. To study these ultrafast dynamics, the structural information at
different time delays is necessary to understand the dynamics of chemical reactions and
other molecular transitions. Techniques with faster time resolution than those dynamics are
necessary to directly probe ultrafast dynamics in the nuclear and electronic properties of
sample molecules. If the time resolution of probe technique is longer than ultrafast
dynamics, the structural change obtained is only the average change in the time resolution
instead of real time structural change of the ultrafast dynamics. Therefore, a probe with
enough time resolution to track the ultrafast dynamics and a pump with enough peak power
to trigger the dynamics in ultrafast time are necessary to study time resolved dynamics.
The developments of laser technology make the study of ultrafast dynamics possible.



1.1 Spin crossover

The most important part of my doctoral research is a study of a photoinduced molecular
phase transition, which is known as a phenomenon of spin crossover (SCO). The SCO isa
conversion from the low spin (LS) ground state to the high spin (HS) excited state (or visa
versa) because of the changes of temperature or pressure, light absorptions, and influences
of a magnetic field [5,6]. L. Cambi and L. SzegO first discovered the phenomenon of
thermal SCO dynamics by observing the anomalous magnetic behavior in the iron(lll)
dithiocarbamate complexes [7]. In femtochemistry and chemical engineering, directing the
macroscopic functionalities by controlling the molecular switching would enable
tremendous developments in technological applications [8,9]. SCO materials have multiple
stable or metastable states depending on the environment. This inherent bistability of the
SCO dynamics can change the color and the magnetic of the SCO materials by switching
the states between the LS state and the HS state [10]. For example, one of most important
applications of the SCO dynamics is photo-switchable devices. These devices require
materials to achieve fast spin transitions between the LS state and the HS state as turning
ON and OFF [10]. Furthermore, the SCO materials can reduce the size of data storages and
increase the capacity of photo-switchable devices, because their size is as small as
molecules and they exhibit both the bistablilty and the thermal hysteresis [10]. Therefore,
the SCO materials have become perfect candidates to develop the photo-switchable devices,

data storages and optical memories.

1.2 Time-resolved studies of photoinduced SCO

Photoinduced spin transition in a Fe(ll) compounds has an enormous impact on the
research of the SCO dynamics. It offers a good sample system to study the dynamics of the
intersystem crossing process between the HS state and the LS state, while its interesting
photo physical phenomenon allows the SCO compounds to be a good candidate of the
photo-switchable devices. Direct SCO from the LS ground state to the HS excited state (or
vice-versa) is impossible duo to dipole-forbidden. Therefore, photoinduced SCO dynamics
must occur through relaxation from higher excited states. The term “light-induced excited

state spin trapping (LIESST)” is used to describe this phenomenon [10].



Photoinduced SCO dynamics undergo ultrafast photoswitching of spin state involving both
electronic changes and atomic motions. After photoexcitation of the LS ground state, an
electron is first excited from the d orbitals from metal center to so called metal ligand
charge transfer state (MLCT). Then, the excited molecule relaxes through intersystem
crossing (ISC) to the HS excited state. Multiple methods, including transient absorption
and reflection spectroscopies [11-19], X-ray absorption near edge (XANES) [20-26], and
Raman spectroscopy [27], have been used to study the mechanisms of LIESST (or vice-
versa reverse-LIESST). The electronic transitions associated with SCO have been
identified as a two-step intersystem crossing. It is an extremely fast relaxation of short-
lived intermediate state in sub-150 fs, followed by vibrational cooling of the photoinduced
high spin state in ~1.5 ps [11,19-21].

For the atomic motions in SCO, the metal-ligand bond elongation (Fe-N bond in Fe(ll)
SCO compounds) is generally considered as one of the most important consequences of
SCO [6]. The metal-ligand bond elongation is explained by the changes in occupancies of
the orbitals. Two of the six d electrons occupy the anti-bonding orbitals in the HS state,
while all six d electrons are in the non-bonding orbitals in the LS state. Furthermore, the
largest geometrical changes induced by the SCO occur for the metal-ligand distance, and
it is taken as the primary reaction coordinate along which the LS-HS transition occurs [28].
The metal-ligand bond elongation has been reported to be directly correlated in time to the
electronic state dynamics observed by changes in the spectral features of complex,
following with other ligand motions [20,21,25]. However, optical spectroscopies are more
sensitive to the electronic state changes instead of atomic motions. For the XANES studies,
XANES as every spectroscopy measures energy levels and relies on further modelling to
speculate the metal-ligand bond elongation. Therefore, it is also not a direct probe of the

atomic motions.



1.3 Time-resolved electron diffraction

In ultrafast physics and chemistry, pump-probe spectroscopy (time-resolved spectroscopy)
is generally used to study the dynamic processes. In a typical pump-probe experiment, the
dynamics of samples are tracked by the probe after the illumination of the samples by the
pump. By changing the time delay between the pump and the probe, the ultrafast dynamics

can be monitored.
1.3.1 Femtosecond laser

In 1960, T. Maiman [29] operated the first laser based on the theory of spontaneous
emission established by A. Einstein. In 1962, the first Q-switching laser was developed by
R. W. Hellwarth and F. J. Mcclung [30,31]. The principle of Q-switching is to obtain short
pulses at high peak power by storing laser energy in the medium, and the peak power of
such a laser can be 600 kW with a pulse duration of down to few nanoseconds. Later, mode-
locking techniques, including active mode-locking and passive mode-locking, are
introduced to further reduce the pulse duration and increase the peak power [32]. With the
development of CPA (Chirped Pulse Amplification) technique, it is now possible to

generate ultrashort laser pulses with very high peak power [33].

Femtosecond laser pulses have ultrashort pulse duration in the time domain and wide
bandwidth in the frequency domain. Even though the average power of the femtosecond
laser is low, the peak power of the femtosecond laser can be ultrahigh. These kind of
femtosecond laser pulses make possible the study of ultrafast dynamics. Many ultrafast
physical, chemical and biological dynamics which cannot studied by traditional

experimental methods have been observed by the use of femtosecond laser [34,35].
1.3.2 Atomic spatial resolution of electron pulses

In order to study ultrafast dynamics, the probe needs to have not only ultrafast temporal
resolution but also enough spatial resolution. The human eye has a spatial resolution of 0.1
mm. Optical microscopes invented in the 17" century have 200 nm spatial resolution, so

R. Hooke was able to observe biological cells with ~1 um size by optical microscopes.
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However, the size of molecules is only 1 A (0.1 nm), so they have to be studied by electron
diffraction, which has better spatial resolution. This section contains many references from
Zhou [36].

In 1927, C. J. Davisson and L. H. Germer demonstrated interference patterns by passing
100 eV electron beams through single crystal Ni films. Around the same time, G. P.
Thomson also observed the interference patterns by passing 20 keV electron beams through
polycrystalline films. G. P. Thomson and C. J. Davisson shared the Nobel Prize in 1937
for the discovery of the electron diffraction.

According to Abbe’s equation, the spatial resolution R in a perfect optical system is given

by:

__0.6121
- usinf

(1.1)

where 4 is the wavelength of the radiation, u is the refractive index of the view medium, j
is half aperture angle in radians.

The wavelength of visible light ranges from 390 to 700 nm, so visible light can theoretically
resolve up to 200 nm. The wavelength of electron is ~0.0037 nm at 100 kV accelerating

voltage, so electrons can theoretically resolve down to 0.012 nm, based on Abbe’s equation.
1.3.3 Femtosecond electron pulses

The biggest challenge in femtosecond electron diffraction (FED) is producing femtosecond
electron pulses containing large numbers of electrons [37]. The pulse duration of electron
pulses increases rapidly after the photocathode because of the space charge effect and the

initial kinetic energy distribution of the electrons.

In order to overcome the space charge effect to generate femtosecond electron pulses,

research groups around the world introduced several different methods.

The Zewail group [38,39] and others groups [40,41] reduced the electron number to several
thousands to avoid the space charge effect, and increased the repetition rate to collect



electron diffraction patterns with enough signal-to-noise ratio. This kind of approach
restricts the type of samples that can be studied to those that present reversibility after
photoexcitation and high thermal conductivity to speed the cooling down up. In recent
developments, the Zewail group [39] also demonstrated an electron source with almost
single electron per pulse, but its repetition rate is set to be on the order of MHz which is
even harder for most samples. The Musumecci group [42] and others [43-45] increased the
speed of the electrons using a MV high voltage to reduce the propagation time of the
electron pulses. Shorter propagation time decreases the duration of the space charge effect.
However, MeV electron beams have electrons scatter at smaller angles, so small electron
diffraction patterns generated by MeV electron pulses cannot be easily analyzed. On the
other hand, MeV electron pulses can damage samples in short time. Siwick, Hebeisen, and
coworkers from the Dwayne Miller group [46,47] designed very compact electron guns to
reduce the overall length between the photocathode and samples to 3 cm and increase the
high voltage applied on the photocathode to 30-100 kV. A shorter propagation distance
and faster electrons can decrease the propagation time of electron pulses to minimize the
influence from the space charge effect. The design of short electron gun requires ultraflat
photocathode and anode to avoid arcing between them. Although compact electron gun
design can generate femtosecond electron pulses, the number of electrons is still limited to
be less than 10* electrons per electron pulse. In order to study ultrafast dynamics by FED,
the pulse duration must be sub-picosecond with enough brightness. However, the
propagation distance between the photocathode and the samples in the compact electron

guns cannot be unlimited short to achieve ultrabright and femtosecond electron pulses.

In this thesis, another kind of FED setup is used to study the ultrafast dynamics with
femtosecond temporal resolution. Instead of reducing propagation time of the electron
pulses to generate femtosecond electron pulses, it is possible to reverse the chirp of
electrons by a time-dependent electric field to accelerate the back of the electron pulse and
decelerate the front [37]. Therefore, the design of the FED setup is not limited by the
propagation time of electron pulses. The distance between the photocathode and samples
can be more than 50 cm in our FED setup at the University of Toronto, while the brightness
of the electron pulses are tens of times higher than typical DC FED setups. A larger distance

between the photocathode and the sample gives more flexibility for experiments such as

6



space for an additional cold finger and a rotation stage for different experiments. The
electron number per pulse can be more than 300,000, and the pulse duration can still be
sub 500 fs at the sample position [49,50]. Three research groups, led by Jom Luiten at the
TU Eindhoven [48], Siwick Bradley [48] at the McGill University, and Dwayne Miller at
the University of Toronto [49] developed the first FED gun with RF compression.

3 GHz RF Cavity

Magnetic Lens 1

Figure 1.1: General Schematic of the Two Lens Hybrid DC-RF Pulse Compression System.
The electron bunch is accelerated through a 95 keV extraction field, focused by two
magnetic lens, and rebunched by the RF cavity at the sample position. Reprinted with
permission from [49]. © 2012 Optical Society of America

1.4 Overview of the thesis

In this thesis, we employ femtosecond electron diffraction (FED), a direct measurement of
the nuclear coordinates to study the atomic motions during the photoinduced SCO in single
crystal [Fe(PM-AzA);](NCS).. FED has been uniquely calibrated by exploiting the
thermal cycling of the high spin and low spin states of SCO over systems to show it has
enough spatial resolution to track the metal-ligand elongation and other atomic motions
during SCO transitions. Furthermore, a photo-triggered streak camera is used to
characterize the temporal resolution of our DC-RF hybrid electron source. Our FED has



atomic spatial resolution and sub-300 fs temporal resolution to study the atomic motions

in SCO transitions.

After the FED data analysis including structure factor calculations and a structural
refinement algorithm based on a parameterized molecular model, a molecule movie of the
photoinduced SCO transition is obtained. The relationship between the metal-ligand
elongation and electronic state dynamics is discussed. A molecule movie of the
photoinduced SCO transitions is presented by three key dynamical groups and temporal

evolution of each key dynamical group.

Chapter 2 gives an overview of the experimental setup used in femtosecond electron
diffraction (FED). All important parts in the setup are explained with detailed information.
The most critical component in FED is the RF cavity which is employed to reduce the pulse

duration of the electron pulses to the order of femtoseconds.

Chapter 3 introduces the time-resolved streak camera which is used to characterize the
electron pulses from our DC-RF electron source to prove its femtosecond pulse duration
and high brightness. Furthermore, the streak camera is used to measure timing problems in
our FED system, and a time-stamping technique is introduced to correct the timing

problems in order to improve the temporal resolution of our FED system.

Chapter 4 offers a brief overview of fundamental information of electron crystallography.

The time resolved crystallography also discussed for further FED data analysis.

Chapter 5 gives an overview of SCO dynamics. Then, multiple important time-resolved
studies of the photoinduced SCO dynamics are discussed, including time-resolved XANES
and UV-Vis spectroscopy studies. Furthermore, recent studies of single crystal [Fe(PM-
AzA)2](NCS), are summarized for further FED experiments.

Chapter 6 shows the FED experimental results, focusing on the ultrafast structural change
of the photoinduced SCO dynamics in single crystal [Fe(PM—-AzA)2](NCS).. The time-
resolved electron diffraction patterns are analyzed to present the atomic motions in the
SCO transition with atomic spatial resolution and femtosecond temporal resolution. We

apply structure factor calculations and a structural refinement algorithm based on a



parameterized molecular model to discuss and obtain a molecule movie of the

photoinduced SCO transition.

Chapter 7 summarizes the conclusion obtained in this thesis. An overview of future work

on the photoinduced SCO dynamics is discussed.



Chapter 2

Experimental Setup of RF Compressed

Femtosecond Electron Source

This chapter describes the components of our ultrabright femtosecond electron source at
the University of Toronto, including the laser system, the electron gun, the RF cavity, and
the sample chamber [49-51]. The most critical component is the RF cavity. It is employed
to reduce the pulse duration of the electron pulses to the order of femtoseconds at the

sample position.

A schematic and a photograph of the RF compressed femtosecond electron diffraction
setup at the University of Toronto are shown in Figure 2.1. Femtosecond electron
diffraction is a time-dependent pump-probe experiment. Laser pulses of 60 fs full width at
half maximum (FWHM) duration, centered at 800 nm and within a repetition rate of 100
Hz, are employed to excite samples as the pump, and the femtosecond electron pulses are

used to measure ultrafast structure changes as the probe.

The output of a Ti:AloOz regenerative amplifier the laser system is split to two laser beams
by a 1:9 beam splitter. The 10% intensity beam is directed to a third harmonic generation

(THG) system. The frequency-tripled laser beam at 267 nm (the third harmonic) is used to
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produce photo-electrons in the electron gun. They are then accelerated to 95 keV by the
photocathode and the anode. The electron pulses are also focused transversely by a
magnetic lens before the RF cavity to optimize in the transverse direction for more efficient
RF compression.

The FED setup at the University of Toronto is mainly built by Dr. Meng Gao and Dr.
Hubert Jean-Ruel. This project was initiated and led by Prof. R. J. Dwayne Miller. Dr.
Maher Harb performed the initial RF compression simulations, designed the diffractometer,
and wrote the initial experimental control software. Dr. Sergui Krulig completed the first
GPT and Superfish simulations to help in the design of the RF cavity in collaboration with
Mark de Jong from Canadian Light Source (CLS). This chapter contains many references
about the FED setup from Dr. Meng Gao, Dr. Hubert Jean-Ruel [49-53], my master
dissertation [54].
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Figure 2.1: Schematic and photograph of the RF compressed femtosecond electron at the
University of Toronto. Femtosecond laser pulses are split by a beam splitter. The 10%
intensity laser beam is employed to generate femtosecond electron pulses, and the
remaining intensity are used to trigger ultrafast dynamics.
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2.1 Laser system

FED is a classic pump-probe experiment, and the femtosecond laser system is one of the
most important components in our FED system. At first, it pumps the samples to trigger
ultrafast dynamics, so the pulse duration of this femtosecond laser beam determines the
minimum time resolution of the FED experiment. Then, the laser is also used to generate
femtosecond electron pulses by the photoelectric effect to probe ultrafast dynamics, so the
femtosecond laser pulses determine the initial time resolution of the electron pulses.
Furthermore, the RF compression system is also required to be synchronized to the
femtosecond laser.

The temporal resolution of a FED experiment is the convolution of several factors, and it

can be estimated as follows [37]:

2 _ 2 2 2
Ttotal = Tlaser T Telectron T (Tgeometric + Tsampe) (2.1)

where Tiaser and Telectron are the pulse duration of the pump laser and the probe electron pulse,
respectively, Tgeometric 1S from the temporal broadening of the crossing angle [37], tsample IS
from the velocity mismatch [37] between the electron pulse and the laser pulse. The
contribution from tsample Can be ignored for thin (10-100 nm) samples. Therefore, the
femtosecond laser system plays an important role in determining the temporal resolution

of the RF-compressed femtosecond electron diffraction system.

The femtosecond laser system has two major parts: an oscillator and a regenerative
amplifier [52]. A Micra Ti:Sapphire oscillator from Coherence Inc. generates a pulse train
(repetition rate 75 MHz, wavelength centered at 800 nm, average power 350 mW, and
pulse duration 50 fs FWHM). The pulses from the oscillator seed a home-built regenerative
amplifier after a stretcher. The home-built regenerative amplifier is pumped by a Q-
switched Nd:YLF nanosecond laser (average power 8 W and wavelength centered at 532
nm). After the grating compressor, the final output of the laser system has 0.4 mJ intensity,
50 fs pulse duration with 1 kHz repetition rate, and is centered at 800 nm with 30 nm of
bandwidth FWHM. The repetition rate can be changed depending on pump conditions.

13
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Figure 2.2: Laser system layout used in this thesis.

A higher repetition rate can improve the signal-to-noise ratio of the ultrafast signal and the
efficiency of data collections. However, some samples require a lower repetition rate to
avoid thermal damages from the heat accumulation. That was the case of the (EDO-
TTF)2PFe metal-to-insulator phase transition study where the repetition rate was set to 10
Hz [50]. In other samples, a lower repetition rate is desirable because more time is
necessary for recovery from the excited state to the ground state. For the [Fe(PM-
AzA)2](NCS)2 spin crossover dynamics study, the repetition rate is set to be 100 Hz to
make sure samples have recovered from the excited HS state to the ground LS state before

the arrive of the next pump laser pulse [19].
2.2 Electron source

The electron pulses applied in a FED study must have femtosecond during to probe the
ultrafast structure changes of photo-excited dynamics, a feature no met by traditional
electron field emission and thermionic emission. In our FED setup, photoelectric effect is
employed to generate ultrafast electron pulses as probe, since the response time of metal
photocathodes such as gold and silver is sub-50 fs [52,53]. Therefore, the electron pulses
generated from such photocathodes by femtosecond laser pulses inherit the femtosecond

pulse duration of the laser pulses.
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Electron gun

The electron gun is a vacuum chamber maintained at a pressure of 10° mbar. This is due
to avoid electrical arcs across the photocathode and the anode.

UV laser pulses at 267 nm generated by the THG enter the electron gun and illuminate a
20 nm thick gold film deposited on a 1 mm thick sapphire substrate. The THG setup consist
of two BBO (beta-barium borate) crystals and a sapphire disk. The first crystal generates a
400 nm beam from the fundamental 800 nm (second harmonic generation) with an
efficiency of 30 %. The 400 nm beam and the remain of the 800 nm one pass through the
sapphire disk (time delay compensator) and are combine in the second BBO crystal (sum
of frequency generation) to create a 267 nm beam. In order to generate photo-electrons, the
energy of an absorbed photon in the photocathode materials must be higher than the work
function (the electron binding energy) of the photocathode material. The photocathode
material in our electron gun is a 20 nm thick gold film, and the work function of the gold
film is 3.8 eV [55,56]. Therefore, we choose the laser beam centered at 267 nm with 4.6

eV photo energy to generate photo-electrons in the electron gun.

A 100 kV variable power supply provides the 95 kV for the photocathode. The anode,
mounted 10 mm downstream, is directly attached to the vacuum chamber which defines its
potential to 0 (grounded). This establishes a 10 k\VV/mm extraction field. The anode is a 4-
inch diameter flat piece of Borum doped Si wafer with a pinhole in the center for the
extraction of the electron pulses. At the photocathode, the laser beam transverse width is

30 pm.

The brightness of the electron pulse relates to the electron density of the electron pulses,
which depends on the electron number and the transverse width of the electron pulses [52]:

d, = (2.2)

where Ne is the electron number in one electron pulse, the we is the FWHM width of the
electron pulse, and de is the electron density in area. The transverse width of the electron

pulses at the sample position is ~300 um. This transverse width is optimized for most
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organic and inorganic samples. If the transverse width is focused to be less than 300 um,
the pulse duration of the electron pulses will increase because of the space charge effect. If
it is focused to be more than 500 um, it is challenging to prepare large enough single crystal
samples for many interesting systems. Since the transverse width of the electron pulses is
fixed at 300 um in most FED experiments, the brightness of the electron pulses is directly
proportional to the electron number in each electron pulse. Therefore, we use electron

number to represent the brightness of the electron pulses in this thesis.

The width of the pinhole on the anode determines the brightness of the electron pulses and
the stability of the brightness over time. Specifically, the width of the pinhole is
proportional to the brightness of the electron pulses extracted from the electron gun. In
Figure 2.3, we notice there is a saturated regime of the brightness of the electron pulses. If
the UV laser power exciting the photocathode is in this regime, the fluctuation in the UV
laser power have little effect in the electron brightness. In the [Fe(PM-AzA)2](NCS)2 spin
crossover study, the relative changes in the diffraction intensity of Bragg peaks is only ~3%
because of small structure changes during the spin switching from the low spin state to the
high spin state. In order to improve the signal-to-noise ratio of the time-resolved traces, the
width of pinhole on the anode was reduced from 500 um to 200 pm. The smaller anode
pinhole decreased the electron number to 53,000 with < 0.5% stability of single electron

brightness, while the larger pinhole can extract 300,000 electrons with 1% stability.

In Figure 2.3, the electron number of single electron pulse varies from 10° to 10° by
changing UV laser intensity on the photocathode. As mentioned before, a saturated regime
of the brightness of the electron pulses occurs above ~150 nJ UV laser power. In our FED
experiments, we usually set the UV laser power at this regime, such that the fluctuation of
UV laser power has minimal contribution to the brightness.
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Figure 2.3: Electron number per pulse vs. 267 nm laser energy. The relationship between
the laser illuminating on the photocathode and the output electron number from anode is
not linear. After 110 nJ 267 nm laser, the output electron number is saturated. Therefore,
if the input 267 nm laser energy is higher than 110 nJ, the fluctuation of electron brightness
from the UV laser energy can be improved.

Magnetic lenses

The transverse width of the electron pulses increases during the propagation from the anode
in the electron gun to a charge-coupled device (CCD) camera, the detector because of the
space charge effect. However, a ~300 um transverse width of the electron pulses at the
sample position is ideal for the best RF recompression efficiency and pump-probe overlap.
The diffracted electron pulses also need to be focused on the CCD camera to obtain
diffraction patterns for further data analysis. On the other hand, the RF compression cavity
increases the transverse width of the electron pulses while compressing the longitudinal
width (pulse duration). Therefore, two magnetic lens are placed in the FED system in
Figure 2.1. The first is placed between the electron gun and the RF compression cavity to
optimize the efficiency of the RF compression. The second one is mounted after the RF
compression cavity to focus the electron pulses onto both the sample position and the CCD

camera. By changing the RF field amplitude and the current on the two magnetic lens, the
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transverse width of the electron pulses is optimized for imaging the electron diffraction

patterns while the pulse duration (longitudinal width) is kept at <500 fs [52,53].
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Figure 2.4: GPT [57] simulation of transverse width of electron pulses vs. propagation

distance.
Sample chamber

The sample chamber in our FED setup is a 40>40>40 cm?® cubic chamber (see Figure 2.1).
The sample chamber is connected to the electron gun by a vacuum valve to make sure that
the electron gun can be kept in ultrahigh vacuum (10°° mbar) while the sample chamber is
opened to change samples or setup experiments (adjusting the position of optical mirrors,

adding a cold finger to cool down the samples, and installing a streak camera for pulse
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duration measurements). The sample chamber has a set of three axes of MICOS PLS-85
translation stage. The travel range of them is 10 cm with 1 pm accuracy. An optical bread
board is installed on the translation stages for mounting sample holders, optics mirrors, and

streak cameras.
Detectors

The detector is a Spectral Instruments 800 series ultra low noise fiber-coupled CCD camera.
The pixel resolution of the CCD chip is 20482048, and each pixel is 14x14 um?. The
readout noise can be decreased greatly to 3 counts per pixel by cooling the CCD chip to -
20 degrees Celsius. The fiber plate is coated with a 50 nm thick aluminium layer to decrease
the unwanted background noise from the scattered pump laser beam. After electrons pulses
go through the sample, most of the electrons are unscattered and collected as the (0 0 0)
Bragg peak on the electron diffraction pattern. Some electrons are scattered by the sample
and contain rich transient structural information relevant to the study of the ultrafast

dynamics.

Figure 2.5: A typical electron diffraction pattern of single crystal [Fe(PM-AzA)2](NCS)a.
The (000) Bragg peak and the inelastic scattering background are removed by software to
obtain a clear diffraction pattern.
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2.3 RF compression system

One of the most important feature of our FED system is the RF compression system. It is
necessary to compress the pulse duration of the electron pulses at sample position to obtain

ultrabright femtosecond electron pulses.
2.3.1 Space change effect in electron source

The on-axis potential of the charge distribution is given by [37]

V(z) = N _Wzz+rZ- Z] (2.3)

22

where N is the number of electrons in the pulse, r is the beam radius, e is the electron charge,
&, IS the permittivity of free space, and z is the axial distance from the center of the pulse.

Therefore, the force of an on-axis electron is given by

av _ dv,

— =m (2.4)
dz z=1/2 dt z=1/2

lez:l/z = —e

where | is the total length of an on-axis electron at the leading edge of a pulse. dl/dt=2v,,
so the equation can be rewrite as

d?l Ne? l
dtz meomr? (1 N W) (2'5)

In Figure 2.6, Siwick et al. [37] simulated the longitudinal phase-space evolution of an
electron pulse propagating from N-body charged particle simulations. The initial electron
pulse on surface of a photocathode will quickly broaden and develop a linear chirp.
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Figure 2.6, Siwick et al. simulated the longitudinal phase-space evolution of an electron
bunch. (a) Simulation shows the FWHM pulse duration vs. propagation time for Gaussian
and top hat beams. It is clear to find the number of electrons in the electron beam decides
the broaden speed in propagation. (b) axial velocity vs. axial position for all electrons in
the beam at four different propagation time. Because of the space charge effect, the front
part of electron beam is accelerated and the back part of electron beam is decelerated. In
only 0.2 ns, electron beam has been broadened. Reprinted with permission from [37].
©2002 American Institute of Physics.

In Figure 2.6 and equation 2.5, the simulation shows that the pulse duration of electron
pulses accelerated by the same high voltage depends on the brightness and the travel time

of the electron pulses.
2.3.2 DC-RF hybrid electron source

The biggest challenge of FED setups is the space charge effect which makes delivering
ultrabright femtosecond electron pulses very difficult. Several different types of FED
setups have been built to achieve femtosecond electron pulses by compact electron sources
[46,47], single electron sources [38], and MeV electron sources [42-45]. However, there is
another way to achieve femtosecond electron pulses by recompressing the electron pulses

by a time-dependent electric field [48].

Siwick et al. [37] first found that the initial disk charge at the photocathode broadens
quickly into a linear chirp distribution. The principle of RF compression is from pulse

compression in optics. Any laser pulses with a linear chirp can be compressed using a
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system of optical elements to reverse the phase space distribution, such as a grating

compressor.

The RF cavity in our DC-RF hybrid electron source is cylindrically symmetric and its
geometry is optimized for maximizing the coupling efficiency and minimizing the power
dissipation [52].

The longitudinal electric field E; near the central z axis of the RF cavity is given by [49]:
E, = Eysin(2rft + @) (2.6)

where the Eo is the field amplitude, f is the resonant frequency and @ is the phase. The
resonance frequency of this cavity is 2.998 GHz, giving a period of 334 ps. On the other
hand, the travel time of the electron pulses in the RF cavity is ~62 ps, based on the 1 cm
length of the RF cavity and 1.62 x 108 m/s speed of the electron pulses. Therefore, for the
electron pulses traveling through the RF cavity, the RF field can be considered as a linear
portion of the sinusoidal function. The phase @y is set to make sure the middle part of the
electron pulse receives no RF field from the RF cavity while the front and back parts are
decelerated and accelerated by the RF field, respectively. Compressing the longitudinal
width (pulse duration) of the electron pulses causes broadening of the transverse width of
the electron pulses on the CCD screen because of the space charge effect. Therefore, the
phase of the RF field can be optimized by checking the transverse width of the electron

pulses.
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Figure 2.7: Principle of longitudinal radio frequency(RF) compression. The distribution of
electron pulses emitted from the cathode broaden into a linear chirp quickly. For the
electron pulses traveling in the RF cavity, the electric field can be considered as a linear
portion of the sinusoidal function. The phase is optimized to make sure the middle part of
the electron pulses gets no RF field. Front and back parts are decelerated and accelerated
by the RF field, respectively. At the sample position, the pulse duration is compressed to
sub-picosecond.

The synchronization between the RF field and the electron pulses is critical to achieve sub-
picosecond pulse duration at the sample position [52,58]. If the electron pulses arrive too
early or too late with respect to the zero crossing of the electric field, additional kinetic
energy from the RF field will change the velocity of every individual electron pulse. Then,
at the sample position, the timing jitter between the pump laser and the probe electron
pulses are introduced by different velocity of the electron pulses. Even though the pulse
duration of single electron pulses can be reduced by the RF field in the RF cavity to less
than a picosecond, the large temporal jitter from the synchronization of the electron pulses
and the RF field increases the overall pulse duration to picoseconds. In Chapter 3, more
details about the timing jitter are discussed with measurements from the photo-trigged

streak camera.
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Figure 2.8 GPT [57] Simulation of pulse duration of electron pulses vs. propagation
distance. A 270 nm UV pulse illuminates a gold cathode and generates an electron pulse.
The electron bunch is accelerated through a 95 keV high voltage field, recompressed in the
3 GHz RF cavity, and then focused again at the sample position.

In our lab, the synchronization between the RF field and the arrival time of the electron
pulses is achieved using a 3 GHz Phase-Lock Loop (PLL) synchronizer [59] developed by
Acctec B.V. The frequency of the laser oscillator is locked to 75 MHz by a Synchro Locker
AP from Coherent Inc.. A part of the oscillator output laser is detected and converted to an
electronic signal by a fast photodiode, and the PLL filters the higher harmonic of this signal
to phase lock the output of a 3 GHz Voltage Controlled Oscillator (VCO). Then, the output
signal from the PLL is amplified and coupled to the RF cavity.
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2.4 Overview of propagating procedure of DC-RF electron

source

To summary the whole work procedure of the DC-RF hybrid femtosecond electron source,
from generating the electron pulses on the photocathode to collecting the electron
diffraction patterns on the CCD screen, | describe the overall of DC-RF electron source
propagation in the order of time.

At first, the electron gun and sample chamber are pumped down to a vacuum better than
10° mbar and 107 mbar, respectively. The 267 nm UV laser pulses generated by THG of
the 800 nm femtosecond laser pulses go through a quartz window and produces electrons
by irradiating the gold photocathode in the electron gun. At this time, the electron pulses

have the same temporal profile of the input laser.

Then, these electron pulses are accelerated by the electric field between the 95 kV
photocathode and the grounded anode. They pass the first magnetic lens to optimize the
transverse width. The pulse duration (longitudinal width) are recompressed by the RF field
in the RF cavity. After the second magnetic lens, the probe femtosecond electron pulses
are focused transversally and longitudinally to the sample position where they are
overlapped with the pump laser pulses. In the experiment, the arrival time of the pump laser
and the electron pulses must be synchronized by changing the time delay of the pump laser.
On the other hand, the space overlap of the pump laser, the electron pulse, and the sample

also needs to be optimized.

Finally, the electron diffraction patterns which contain transient structural information of
the samples are collected by the CCD camera. By changing the time delay between the
pump laser and the probe femtosecond electron pulse, a molecular movie with atomic

spatial resolution and femtosecond temporal resolution can be obtained.
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Chapter 3

Pulse duration and timing jitter

The work from chapter 2 introduces the radio frequency (RF) compression cavity and its
principle to achieve both high temporal resolution and high brightness simultaneously. It
is also important to characterize the electron pulses from our DC-RF electron source to
determine its femtosecond pulse duration and high brightness. To study ultrafast atomic
motions, one of the most critical features of FED setups is the femtosecond pulse duration
of electron pulses. In our hybrid DC-RF electron source, the pulse duration is the key
parameter which needs to be verified before time-dependent pump probe experiments are
performed. Our group has applied multiple techniques to measure the pulse duration of
electron pulses such as ponderomotive scattering [49,60,61], time constant measurements
of the electron- phonon relaxation process in Si [53,62], and streak camera [58,63,64]. The
RF compression cavity can reduce the pulse duration of ultrabright electron pulses at the
sample position to ~300fs [58]. The brightness can be calculated by measuring the electrons

number in single pulse and the transverse width of the beam [52].

There are two major timing problems in our DC-RF hybrid FED system [52,58]. One of
the main reasons for the short-term of jitter is the amplitude-to-phase noise from the
saturation effect of semiconductor photodiodes [58,55-69]. Another reason is from
temperature sensitive components in the system such as the coaxial cables between the
photodiode and the PLL synchronizer, the PLL itself and the RF cavity [70,71].
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The second timing problem is the long-term slow arrival time drift of the probe electron
pulses over several hours. The cause for this long-term time-zero shift is also temperature
drift of different components. For a set of FED data with high signal-to-noise ratio, more
than 20 hours of experiment time are necessary. Especially for small changes in diffraction
intensity of the Bragg peaks, the longest data collection of single crystal [Fe(PM-
AzA)2](NCS)2 is 40 hours continuous experiment. Although several chillers are used to
stabilize the temperature of the RF cavity and PLL [49], the temperature stability of the
devices still cannot be ignored.

Parts of this chapter have previously been published in the following article [58]: M. Gao,
Y. Jiang, G. H. Kassier, and R. J. D. Miller. Single shot time-stamping of ultrabright radio
frequency compressed electron pulses. Appl. Phys. Lett. 103, 033503 (2013).

3.1 DC-RF hybrid electron source and its advantage

Because of Coulomb repulsion, it is difficult for ultrafast electron source to simultaneously
achieve high temporal resolution and high brightness. Typical compact DC electron
sources [46,47] reduce the brightness of electron pulses and the distance between the
photocathode and the sample to achieve femtosecond temporal resolution. Therefore, DC
electron sources need long integration time to gather electron diffraction patterns with high
signal-to-noise ratio. This limitation not only reduces the efficiency of experiment, but also
increases the difficulty for irreversible dynamics. Therefore, it is crucial for ultrafast
electron diffraction to overcome the Coulomb repulsion of high brightness electron
bunches.

The FED setup built at the University of Toronto has a DC-RF hybrid electron source
[49,50]. The main advantage of the DC-RF electron source is that the brightness of the DC-
RF electron source can be much higher than the brightness of compact DC electron sources.
The brightness can be increased from thousands up to half million of electrons according
to the requirement of different sample systems, while the pulse duration can always be

compressed to less than 500 fs at the sample position.
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Higher brightness of electron pulses can increase efficiency of experiment greatly. For
example, at least 10° electrons are necessary to obtain an electron diffraction pattern with
good enough signal-to-noise ratio. The brightness of compact DC electron sources [46,47]
is only 5000-10000 electrons per single electron pulse, so it will take one second to obtain
one electron diffraction pattern even with the repetition rate at 1 kHz. If samples
photodegrade in the pump probe experiment at 1 kHz because of accumulated heat or
necessary cooling down time for samples to recover from the excited state to the ground
state, the repetition rate needs to be reduced to 10 Hz [50]. However, for the DC-RF
electron source, its regular brightness is up to 300,000 per single electron pulse, at least 30
times higher than the brightness of compact DC electron sources [49]. Therefore, for the
same experiment setting, our DC-RF electron source can reduce the experiment time
greatly. Our DC-RF electron source can also overcome limit of compact DC electron

sources to study more ultrafast dynamics.

Furthermore, the distance between the photocathode and the sample in our DC-RF electron
source can be much bigger than the distance in compact DC electron sources. To achieve
sub-picosecond pulse duration at the sample position, compact DC systems make this
distance as short as possible. The DC-RF design enables more space in the sample chamber
for additional equipment (cold finger and rotation stage). Therefore, the distance between
the photocathode and the sample can be adjusted based on special requirement of different
samples, while the pulse duration of electron pulses still is sub 500 fs.

3.2 Streak camera

In a streak camera measurement, electron pulses are deflected in the transverse direction
by a pair of streak plates with a time-dependent electric field. The magnitude of this
deflection is proportional to its arrival time at the streak plates, so the velocity profile of
electron pulse is displayed across the CCD (see Figure 3.1) [58,63,64]. The pulse duration
can be obtained by measuring the magnitude of the deflection on the CCD and using the

following equation [64]:

Weer=Wyin+K3 At (3.1)
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where Wer is FWHM of streaked beam; Wyn is FWHM of unstreaked beam; K is the streak
velocity (SV); Aze is the pulse duration of electron pulse. Therefore, the pulse duration of

electron pulse can be obtained given Ks, Wstr and Wn.

longitudinal width

streak plates

screen

Figure 3.1: The schematics of the streak camera. The electron pulses from electron gun are
deflected by a pair of streak plates with a time-dependent electric field. Therefore, temporal
width of electron pulses is transferred to the transverse width on CCD screen.

The streak camera is a traditional method to measure the pulse duration of electron pulses
[63,64]. The design of our streak camera is simple and small, but traditional streak cameras
have limit when they are employed to characterize sub-picosecond electron pulses. The
biggest challenge is preparing a photo-switch that can offer a high streak velocity >6 kV/ns
and work reliably in high velocity circuit [40]. Kassier et al. [63] demonstrated a photo-

triggered streak camera which has < 200 fs temporal resolution in accumulation.
3.2.1 Streak camera design

The streak camera from Kassier et al. [63] is employed to measure the pulse duration of
electron pulses before every time-dependent pump-probe experiment, because the RF field
amplitude applied on the RF cavity needs to be optimized for different brightness of
electron pulses. Figure 3.2 shows the design of the streak camera [58,63]. 1.5 kV, 60 ns
high voltage pulses generated by high voltage pulse generator are applied on the streak
camera to increase life time of photo-switch. A pair of compact streak plates are gated by
a gallium arsenide (GaAs) photo-switch. The gap width between two streak plates
determines the streak velocity of the streak camera. In our lab, there are two different gap
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sizes of the streak camera. The streak camera with 200 um gap can offer 47 pixel/ps (2.8
mrad/ps) streak velocity, and the one with 600 um gap can offer 13 pixel/ps (0.9 mrad/ps)
streak velocity [58].

(a) 1.5 kV, 60 ns
800 Q
C Lc"c RCI(C

Displacement (Pixels)

0 50 100 150 200 250
Time Delay (ps)

Figure 3.2: Photo-triggered streak camera design. (a) A simple LRC circuit with a photo-
switch (b) the streak camera design in real space. (c) Oscillation of the electric field applied
on streak plates vs. time delay of the trigger laser on the photo-switch. Reprinted with
permission from [58]. ©2010 American Institute of Physics.

After the trigger laser pulse irradiates the photo-switch, the streak camera circuit launches
the high voltage across the streak plates. The streak plates have a time-dependent
oscillation of the electric field applied on streak plate [63]. In order to obtain the best streak
velocity, the timing of the trigger laser is tuned to make sure the electrons arrive at the first

zZero-crossing.
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3.2.2 Pulse duration of electron pulses

The streak velocity of our photo-triggered streak camera is 47 pixel/ps (2.8 mrad/ps) [58].
If the root-mean-square (RMS) streaked electron pulse size can be made as small as 5 pixels
on CCD screen, the temporal resolution is about 100 fs which is high enough to measure
the pulse duration of electron pulses in our hybrid DC-RF electron source.

Figure 3.3a shows the relation between the pulse duration of the electron pulses and the RF
field amplitude. The RF field amplitude is varied between 1.6 MV/m to 1.75 MV/m to find
the shortest pulse duration at the sample position while keeping the small transverse width.
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Figure 3.3: Pulse duration measurement. (a) Pulse duration measured by streak camera vs.
RF field amplitude. Shortest pulse duration is 178 fs FWHM. (b) Single shot electron time-
zero shift vs time. The jitter is 200 fs RMS.

In the DC-RF hybrid electron gun, the measured temporal instrument response function
(IRF) gets contributions from both the 200 fs RMS arrival time jitter (Figure 3.3b) and the
178 fs FWHM pulse duration of single electron pulse (Figure 3.3a) based on 63 pixel/ps
streak velocity. Thus, the accumulated pulse duration is ~300 fs FWHM with an areal
density of 0.92 electron/um?. In Figure 3.4, we also increase streak velocity by applying
more voltage on streak plates, but the pulse duration of single electron pulse stays around
180 fs FWHM.
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Figure 3.4: pulse duration vs. streak velocity. Pulse duration of single electron pulse stays
around 180 fs FWHM at different streak velocity.
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Figure 3.5: Characterization of the streak camera. The streak velocity is obtained by tuning
the delay of trigger laser for the streak camera and measuring the displacement of electron
pulse on the CCD screen. Inset: The streak velocity and arrival time also get influence from
the trigger pulse energy. A saturated regime at 80 |U is used, because a change in the trigger
pulse energy makes a negligible contribution to the arrival time delay (11 fs/p0) in this
regime. Reprinted with permission from [58] ©2013 American Institute of Physics.
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3.3. Time-stamping technique

3.3.1 Time-stamping of every single electron pulse

Time-stamping is a technique that determine the temporal overlap of the pump laser pulses
and the probe electron pulses by measuring the relative arrival time of electron pulses on
the photo-triggered streak camera. Since the streak camera from Kassier et al [63] has high
enough streak velocity, our group has demonstrated the time-stamping technique by
measuring the fast lattice-heating dynamics of Si [58]. The timing jitter is the fluctuation
of the arrival time between pump laser and probe electron pulses at the sample position.
Effects of both short-term and long-term timing jitter on the temporal resolution of the
experiment can be overcome by this technique, because the time-stamping technique can
track the arrival time shift of every electron pulse by measuring the displacement of

streaked electron pulse on the CCD screen.

Figure 3.6 is the setup of the time-stamping experiment [58]. The 30 nm thick, (001)
oriented Si is pumped by a 400 nm, 50 fs FWHM, 2.2 mJ/cm? laser. We first tune the first
delay stage (DL1) to make sure that the pump laser and the probe electron pulses are
overlapped at the sample position in time and space. Then, we adjust the second delay stage
such that the electron pulses arrive at the first zero-crossing of the oscillation of the electric
field applied on streak plates. Therefore, the timing of the pump laser, the trigger laser and
the probe electron pulses are synchronized at the sample position. Since the trigger laser
and the pump laser is split from the same laser pulse, we assume there is almost no timing

jitter between them.
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Figure 3.6: Schematic of the experimental setup of time stamping experiment. The electron
pulses generated on the photocathode (z = 0 cm) are accelerated 95 keV toward the anode
(z =1 cm). After first magnetic lens (M1, z = 9 cm), RF cavity (z = 39 cm), and second
magnetic lens (M2, z = 45 cm), the electron pulses are focused at the sample (z = 59 cm).
The electron pulses pass through a pair of streak plates (z = 60 cm) with time-resolved high
voltage. In the end, the electron diffraction patterns are collected by the CCD detector (z =
85cm). Reprinted with permission from [46] ©2013 American Institute of Physics.

When the timing of the pump laser and the probe electron pulses are perfectly synchronized,
the streaked electron pulses are still in the original unstreaked position because there is no
voltage on the streak plates at the first zero-crossing of oscillation. If the timing of the
pump laser and the probe electron pulses changes because of the timing jitter, the drift in

timing can be detected by tracing the displacement of electron pulses on the CCD screen.

In Figure 3.8a, five different traces collected over 15 hours (3 hours each) show clear short-
term timing shift of the short-term and long-term jitter of the temperature drift. In Figure
3.8b, we re-bin all the five traces according to their real time points based on the streak
velocity and their displacement on the CCD screen. It is easy to see a great improvement
in signal-to-noise ratio and resolution of the time constant of the fast lattice-heating

dynamics of Si.
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Figure 3.7: Comparison of the streaked and unstreaked diffraction patterns of a Si (001)
single crystal. (a) an unstreaked diffraction pattern. (b) the same sample but with the streak
camera turned on. Reprinted with permission from [46]. ©2013 American Institute of
Physics.

The time-stamping technique can overcome both short-term and long-term timing jitter.
However, this technique has its own limitations in FED experiments. The problem of time-
stamping method is that the streak plates on the streak camera block electrons scattered at
higher angles from reaching the detector. For the streak camera with smaller gap, up to 2/3
of the detector area receives no electrons. These higher diffraction orders contain important
information, which is lost. The streak camera must be placed after the sample, because the
timing jitter of pump laser and probe electron will introduce change in the incident electron
pulse angle which makes data analysis much harder. In order to have a high enough streak
velocity, the gap width between two streak plates is only 300 um, which is too small for
most diffracted electrons to pass through the streak plates. On the CCD screen, only Bragg
peak (000) and some low order Bragg peaks can be collected, offered limited structural
information. If the sample is simple inorganic crystals with high symmetry such as (001)
Si, low-order Bragg peaks may offer enough structural change information to understand
its ultrafast dynamics. However, for organic samples with complex structures, only these

few Bragg peaks are not enough to obtain a full molecular movie.
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Second, the streak plates on the streak camera decrease the brightness of the electron
diffraction peaks not blocked by the streak camera. For organic compounds, which mostly
contains light atoms, the intensity of these Bragg peaks is not high and the ultrafast changes
in diffraction intensity are too small. Additional dimming of the Bragg peak intensities
caused by time stamp technique makes the study of ultrafast dynamics in organic

compounds even more difficult.

Beside all these drawbacks, time-stamping technique allow us to directly track the time of
arrival of each electron pulse and correct for the timing jitter down to 30 fs RMS with
minimal distortion to the diffraction patterns. Furthermore, the time-stamping technique
helps us to correct the laser-electron time zero easily which makes data collection very
efficient. It is not necessary to use additional data analysis to reject “bad” scans and correct

time zero shift for every scan.
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Figure 3.8: FED results with time-stamping. (a) Five traces were taken in 3 hours, showing
the time zero shift during the experiment. (b) The same data but with correction of arrival
time obtained by the time-stamping. The insets show the average traces in (a) and (b)
respectively. Reprinted with permission from [58] ©2013 American Institute of Physics.

3.3.2 Time-stamping of accumulated electron pulses

Although short collection scans and traces recombination based on the time-zero shift of
every scan can correct the arrival time drift in the experiment, the data collection is very
inefficient. For some ultrafast dynamics with small signals, obvious time-zero

determination of time-dependent traces is not possible [52,58]. A simple average of time
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traces from the original data would have worse time resolution (see Figure 3.8). Therefore,
in FED experiments without time-stamping, the laser-electron time-zero must be tuned
once every hour to make sure it hasn’t drifted too far. Data scans should be finished in
around one hour. In the data analysis, every time-dependent trace must be checked
carefully to reject “bad” scans. In order to recombine data from different scans with
different arrival time shifts, the laser-electron time-zero (the time point when the ultrafast
signal starts) must be obtained by fitting [52,58]. Here, we use the time-stamping technique
to track the arrival time of every 50 shots, so we can overcome the long-term arrival time
shift problem while we still have enough signal-to-noise ratio within a reasonable
experiment time. We perform this experiment to confirm that our hybrid DC-RF FED
system has enough time resolution to study sub-picosecond dynamics, although it suffers
from time-zero shift because of temperature drifts.

The experimental setup is similar to Figure 3.6. A 800 nm laser was used to pump the
sample. We accumulated 50 electron pulses in one electron diffraction pattern. One of those
50 electron pulses was streaked by the streak camera to track the arrival time of the electron
pulses at that time point. The remaining 49 electron pulses were used to study the ultrafast
dynamics of the sample [Fe(PM-AzA).](NCS).. The one streaked electron pulse cannot
represent the arrival time of all 50 electron pulses because of short-term timing jitter (~200
fs RMS (see Figure 3.3b), but its arrival time helps us to track the slow long-term time-
zero shift (1.2 ps in 3 hours) (see Figure 3.11).

At first, we measure the contribution of timing jitter to the pulse duration of accumulated
electron pulses. In Figure 3.9, it is clear that the contribution of timing jitter reaches
maximum after 5 accumulated electron pulses. Although the pulse duration of one single
electron pulse is better (~230 fs), the pulse duration of 50 accumulated electron pulses is
good enough (~325 fs). Therefore, even though we didn’t apply single shot time-stamping
technology in this experiment, the time resolution is still good enough to track the ultrafast
SCO dynamics in single crystal [Fe(PM-AzA)2](NCS)..

37



360 [

T T T
340 / i
\g_\“‘g

320 1

300-% 7

280 " 7

Pulse duration (fs)

260—/ 7

| |
240 &

220 11 1 1 1
12 5 10 20 25 50

number of electron pulses

Figure 3.9: Averaged pulse duration vs. number of accumulated electron pulses. The timing
jitter from RF cavity increases the pulse duration of accumulated electron pulses, but the
contributions from timing jitter reaches maximum after 5 accumulated electron pulses. The
electron number was 64,000 per electron pulse and the streak velocity was 60 pixel/ps for
this measurement.

Figure 3.10 is a standard electron diffraction pattern in the time-stamping measurement of
the accumulated of electron pulses. This electron diffraction pattern was accumulated over
fifty electron pulses, and one of these fifty electron pulses was streaked by the streak
camera. The delay of trigger laser was tuned to move streaked electron pulse away from
most Bragg peaks of electron patterns. At the start of every time trace scan, the original
streaked electron pulse position which presents the arrival time of electron pulses was
recorded. Then, the time-zero shift in the whole scan could be tracked by measuring the
displacement of streaked electron pulse. On the other hand, the quality of electron
diffraction pattern was worse than regular electron pattern, since almost 2/3 of electron
diffraction pattern was cut over by streak plates. Although some high order Bragg peaks
can still be found, the signal-to-noise ratio of them is not good enough for this technique

to be applied for the study of ultrafast dynamics.
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Figure 3.10: Electron diffraction pattern with streaked electron pulse. One electron
diffraction pattern is accumulated by fifty electron pulses, and one of these fifty electron
pulses is streaked by streak camera to track time-zero shift.

In Figure 3.11, we select 18 hours of experiment to present the arrival time shift of electron
pulses in the experiment. In the middle of the experiment, we adjust the arrival time of
electron pulses back to 0 ps by tuning the delay of trigger laser for streak camera when the
arrival time drifts too much. We notice in Figure 3.11 that it is impossible to anticipate the
shift of electron pulse arrival time, since many reasons can change the arrival time of
electron pulses. These include the temperature changes in the lab and the temperature

variations from the chillers of the RF cavity and the PLL.

In Figure 3.12, we present results of the time-stamping method as applied to overcome the
long-term arrival time shifts in [Fe(PM-AzA).](NCS). experiment (see Chapter 6 for more
details) Figure 3.12(a) shows the time trace analyzed by compact FED data analysis
method. We check every individual time trace to reject “bad” data and rebinned based on
different arrival time shift. In Figure 3.12b, for the same electron diffraction data, we re-
bin the time traces based on the arrival time shift obtained from time-stamping data. The
time step from -2 ps to 5 ps is 200 fs, and only the data in this area is applied to generate
the time-stamping. Then, we fit an exponential function for both time traces, and the fitted

time constant is 3.2 ps and 2.9 ps, respectively. Although time-stamping method is applied
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to overcome arrival time shift in long-term, the signal-to-noise ratio and time constant of

both time traces are still similar.
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Figure 3.11: Arrival time shift of accumulated electron pulses vs. experimental time. The
time-stamping method is used to measure the arrival time of each 50 electron pulses. We
adjusted the arrival time of the electron pulses in the middle of the experiment to make sure
it hasn’t drifted too far.

In Figure 3.11, the pulse duration of accumulated 50 electron pulses is ~300 fs. This pulse
duration includes the short-term timing jitter. To correct arrival time shift of electron
pulses, we tried both the typical data analysis method and the time-stamping method. They
show similar signal-to-noise ratio and time constant. Therefore, there is no doubt that time
resolution of our DC-RF FED system is good enough to probe ultrafast dynamics. On the
other hand, Figure 3.12 supports the suggestion we made in the study of [Fe(PM-
AzA)2](NCS), that the time constant of ultrafast structure change in [Fe(PM-

AzA)2](NCS)2 is ~ 2.3 ps. This observation of longer time constant structural change than
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that of other studies is not caused by the time-zero shift in long-term or our data analysis

method.
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Figure 3.12: Result of time-stamping method for long-term arrival time shift. The [Fe(PM-
AzA)2](NCS)2 sample is pumped with same experimental conditions as in optical pump-
probe experiments and other FED measurements. The ultrafast changes in diffraction
intensity of (110) Bragg peak is plotted as a function of time. The overall experiment time
is 18 hours divided over 13 individual scans. (a) The time trace is analyzed by checking
every individual time trace to reject “bad” data and rebinning based on different arrival
time shift. (b) The same data corrected by the long-term arrival time shift. The time step
from -2 ps to 5 ps is 200 fs, and only the data in this area is applied to generate the time-
stamping.
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3.4 Summary

A photo-triggered streak camera has been used to measure the pulse duration of electron
pulses and perform time-stamping technique to correct timing jitter in our hybrid DC-RF
electron source down to 30 fs RMS [58]. The typical pulse duration of the electron pulses
is ~300 fs FWHM with an areal density of 0.92 electron per pm?. We measured the short-
term timing jitter to be 200 fs RMS and the pulse duration of single electron pulse to be
178 fs RMS. The photo-triggered streak camera has the ability to easily measure the
temporal resolution before every pump probe experiment to make sure the system has both
high brightness and sub picosecond temporal resolution. We used time-stamping technique
to study the ultrafast lattice heating dynamics of single crystal Si [58] and ultrafast spin
crossover of single crystal [Fe(PM-AzA)2](NCS)2 to present the principle and performance

of this technique in FED experiment, especially the improvement on temporal resolution.

For simple inorganic compounds with high symmetry, by applying time-stamping
technique on every electron pulse, both short-term and long-term timing jitter can be
corrected to improve the temporal resolution of the hybrid DC-RF electron source down to
around 200 fs RMS (the pulse duration of single electron pulse) [58]. However, for
complicated organic compounds, this technique has its own limitations such as cutting
diffraction pattern and reducing diffraction intensity, but it can still correct long-term

timing jitter caused by the temperature drift in the experiment.
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Chapter 4

Electron Diffraction Theory and Time-
resolved Crystallography

As mentioned in Chapter 1, the electron diffraction has atomic spatial resolution to track
structure change in many ultrafast dynamics. X-ray and electron diffraction crystallography
is developed based on the pioneer contributions of M.V. Laue, W.H. Bragg, and W.L.
Bragg [36]. In this Chapter, fundamentals of electron crystallography are introduced first,
including Bragg’s law, Ewald sphere, Zones, and structure factor. Furthermore, the time-
resolved crystallography used widely in FED data analysis is discussed for further
discussion of FED experimental results in Chapter 6, including structure refinement

method.
4.1 Fundamentals of electron crystallography

Because of the wave particle duality of electrons [36], the wavelength and the frequency

can be related with the energy and the momentum of the particle by the de Broglie equation:

h h
ﬂ,:g:m (41)
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where h is the Planck constant, p is the relativistic momentum of the electron, m is the mass
of the electron and v is the electron velocity. When electrons are accelerated by an electric

potential, the kinetic energy of the electron is given by:

(4.2)

where e is the elementary charge and mo is the rest mass of the electron. The wavelength

of the electron is then given by:

h

\J2myev

A= (4.3)
In most FED studies, the accelerating voltage is higher than 50 kV, so the velocity of the
electrons can be more than 33% of the speed of light. Therefore, the wavelength of the

electron need to corrected for relativistic effects:

A= (4.4)

where c is the speed of light.

Table 4.1: Accelerating voltage vs. electron wavelength (with relativistic corrections)

Vace (KV) 100 200 300 400 1000

Wavelength (&) | 0.037 | 0.0251 |0.0197 |0.0164 |0.0087

Velocity (108 m/s) | 1.64 2.09 2.33 2.48 2.82

In our hybrid DC-RF electron source, for an accelerating voltage of 95 kV, the wavelength
of electron is 0.0381A.
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4.1.1 Bragg’s law

Electrons have the properties of waves and particles. When electron waves pass through a
crystal, electron waves are scattered by atoms in the crystal. Because of the long-range
order of the crystal, constructive interference of the scattered electron waves occurs at
specific angles where all the scattered electron waves are in phase, resulting in an electron

diffraction pattern on the camera screen.

In Figure 4.1, monochromatic electron waves are incident on two identical atomic planes
with interplanar spacing d. The scattering angle of atomic planes is 6. The path difference
of the two scattered waves is 2dsin 6. A and B are the two incident beams with same
wavelength and phases, and Al and B1 are the two scattered beams. If the path differences
of the scattered wave of the first plane (OA1) and the scattered wave of the second plane

(RB1) is the sum of SR and RT, the path difference (8) equals 2dsin 6.

Figure 4.1: Bragg’s law. The incident angle of electron beam and scatter angle of atomic
planes is 6. The path difference (SR+RT) of the two scattered waves is 2dsin 4. A and B
are the two incident beams with same wavelength and phases, and Al and B1 are the two
scattered beams.
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The condition of constructive interference for the two waves is that the path difference is

an integer number of the wavelength. Therefore, Bragg’s law is given by:
2dsing = nA (4.5)

where d is the interplanar spacing, @ is the scattering angle, n is an integer number and 4 is
the wavelength. The Bragg’s law determines the geometric condition for diffraction peaks
to occur in a diffraction pattern. If the Bragg condition are satisfied by the interplanar

spacing d and the scattering angle 6, Bragg peaks will occur in the diffraction pattern:
2% sing = (4.6)
According to the definition of Miller indices,
2%51’719 = 2dppnkmSind = 4 4.7)

n is the diffraction order of a set of parallel planes (Bragg planes) (hkl), so the n'" order
diffraction of Bragg planes (hkl) equals to the first order diffraction of Bragg planes
(nh,nk,nl). Therefore, n can be taken as n=1 in a simplified Bragg’s law,

2dsind = (4.8)

The accelerating voltage in FED and TEM is about 100-200 kV, so the wavelength of the
electrons is ~107 nm. The interplanar spacing in common crystals is ~10"* nm. Under the
Bragg condition, the scattering angle is ~1< Therefore, the crystal planes which can

generate Bragg diffraction are almost parallel to the incident electron beams.
4.1.2 Ewald sphere

Bragg’s law can be written as:

sinf = (4.9)

ETEN/ AT
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The electron scattering geometry of an electron beam with wavelength (1) and a crystal
interplanar distance (d) can be visualized using the concept of the Ewald sphere. In Figure
4.2, the crystal is placed in the center position of the Ewald sphere (O1). AOy is the direction
of the incident electron beam. When AO: passes through the crystal at O1, some electrons
transmit through the crystal and end up at O while other electrons are scattered by the Bragg
plane (hkl) in the direction of O:G. g is reciprocal lattice vector, g=0G=1/dni, AO=2/ 1,
£0AG=6.

Figure 4.2: 2D representation of Ewald sphere. AQOq is the direction of the incident electron
beam. Sample is placed at Os. O is the end of transmitted electron beams, and G is the end
of scattered electron beams. Ko and Kg are incident and scattered vectors, respectively. g
is the reciprocal lattice vector.

The incident wavevector Ko and scattered wavevector Kq have same length of 1/ 4, because
of elastic scattering. Their directions represent the direction of the incident electron beam
and the scattered electron beam, respectively. g is the reciprocal lattice vector of Bragg
planes (hkl), so the Bragg’s law is given by:

1 1,
| gl = |Ks — Ko| = =—=2=sinb (4.10)
dnki A
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Therefore, we get from equation (4.10):

2dnusing = 1 (4.12)

4.1.3 Zones and zone axis

In crystallography, zone refers a set of planes whose intersection lines are all parallel to
each other, and zone axis refers the intersection line. Zone axis can be presented by [uvw]
in crystallography. Therefore, the reciprocal lattice zone is perpendicular to the zone axis

[uvw], and the reciprocal plane (uvw)* is orthogonal to zone axis [uvw].

The Zone axis is described by r = ua+vb+wc and the set of Bragg planes (hkl) is described
by reciprocal vector gni=ha*+kb*+Ic*. Because the reciprocal lattice zone is

perpendicular to the zone axis [uvw], r*G is given by:
hu+kv+Ilw=0 (4.12)

This equation 4.12 called Weiss zone law is useful in data analysis of electron diffraction.
(uvw)* is the reciprocal plane which is orthogonal to zone axis [uvw]. Therefore, all
reciprocal points (hkl) of [uvw] zones are on reciprocal plane (uvw)*. According to Weiss

zone law, if (hy, k1, 11) and (h2, k2, I2) are two Bragg planes of [uvw] zones,
hiu+kyv+liw=0 (4.13)
hau+kov+low=0 (4.14)
Therefore, the zone axis [uvw] can be given by:

ki L
ky, 1,

L h
L, h,

hy  ky
h, k,

)

)

(4.15)
One Bragg plane (hkl) in real space can be described by a reciprocal point hkl in reciprocal

plane, and one zone [uvw] in real space can be described by a reciprocal plane (uvw)* (see
Figure 4.3).
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Figure 4.3: zone and zone axis in real space and reciprocal space.
4.2 Structure factor calculation and diffraction intensity

The position of points in the reciprocal lattice depends on the geometry of the crystal, but
the Bragg spots in the electron diffraction have different shape and intensity containing the
information about the content of the unit cell. We introduce the concept of structure factor
to present the relationship between reciprocal lattice and Bragg peaks. Many references in

this section is from Zhou [36].

The structure factor is the most important quantity for structure in electron diffraction data
analysis, because the square of the structure factors |F|? are proportional to the diffraction

intensity of the Bragg peaks.

I o |F?| (4.16)
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Therefore, the structure factors link the points in reciprocal lattice to the Bragg peaks in
diffraction pattern, and points in reciprocal lattice have more structural information such

as size, shape and intensity.

The structure factors depend on crystal structure: the type of atoms present and their

location. The structure factor of a Bragg plane is defined as:
Fw) =X, f;(w) - exp2mi(u - 1)) (4.17)
u-r = (ha*+kb*+Ic*) - (xa+ yb + zc) = (hx + ky + [2) (4.18)

where f;(u) is the atomic scattering factor. The structure factor can be complex and is

written in terms of its amplitude and phase component:
F(u) = |F(uw)lexp(ipy(w)) (4.19)
where ¢s is the phase of the structure factor.

In an electron diffraction experiment, only the amplitudes |F(hkl)| can be obtained from the
electron diffraction patterns, not the phases, so it is impossible to obtain the molecular
structure from the electron diffraction patterns only. The structure factor phases are the
quantities that determine the relative position of the atoms in the unit cell, known as the
phase problem of crystallography. However, if the molecular structure of initial and final
states are known from other studies such as X-ray diffraction, the electron diffraction

patterns can be simulated by calculating the structure factors mentioned above.

4.3 Electron diffraction patterns of thin polycrystalline and

amorphous films

When monochromatic electron waves pass through a crystal, the electrons are scattered by
the constituent atoms. The constructive interference of the electrons waves generates Bragg

peaks on the camera screen. For thin samples (thickness of less than 100 nm), assuming

50



negligible absorption of the incident radiation and single elastic scattering, the amplitude

of the N scattered wavelets is given by [37]
A(s)=Y" f,exp(-2zis-r,) (4.20)

s=2sin(d)/ 1 (4.21)

where s is the scattering vector, f, is the scattering factor, rn is the position of N atoms, &

is incident angle of electron beams, and 4 is the wavelength of the incident electron beams.

In an electron diffraction experiment, the observed quantity is the intensity of Bragg peaks

1(s):
1(s) =|A@s)[" = > Zn: f,f,.exp[-27is-(r, -1,.)] (4.22)

If N#N", 1(S) can be written because of conjugate terms,

f, f,.exp[—27is-(r,—r,)]+ f, f, exp[-27is-(r, - r,)]

(4.23)
= f f,.(cos[2zs-(r, —r )]+cos[2zs-(r, —T,)]
Defining r. .as the vector from atom n to atom n’,
1(s)=> f7+> > f,f.cos(2zs-r,,) (4.24)
n n nzn'

4.4 Structure refinement method

We apply structure refinement method to obtain intermediate structures from observed
changes of diffraction patterns from FED experiment in previous studies [50,51]. Spin
crossover dynamics of single crystal [Fe(PM-AzA)2](NCS). will be analyzed by this

structure refinement method in Chapter 6. In Figure 4.4, because of the phase problem of
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crystallography, the intermediate structure (f) can not be obtained from the observed
diffraction pattern changes from FED experiment (e). However, the initial structure and
final structure of sample molecule (a) are generally known by other studies such as X-ray
diffraction and theoretical calculations, and even the ultrafast intermediate structure of
some reactions can be simulated based on theory and other supplementary experiments.
Therefore, an assumed intermediate structure (b) can be built by a model with several free
parameters based on the structures of the initial and final states. Then, the differential
diffraction pattern (c) can be simulated using the structure factors calculation from the
initial structure and the intermediate structure of the sample molecule. An order parameter
(d) is applied to determine the difference between simulated structure change and observed
one. After many repetitions over steps (b), (c), (d), the free parameters are optimized and a

solution intermediate structure is then found.

The order parameter we applied in our structure refinement is the Pearson correlation
coefficient: y(F;, F,) [50]:

__ Tkea(c(k)
r(Ff2) = VEkc1()2Tic ez (k)2 (4.25)
Fi(k)-F,
Ci(k) = T (426)
F, =200 (4.27)

where F1 and F» are the experimental structure factors and the calculated structure factors,
respectively. The value of y(F;, F,) varies from -1 (perfect anti-correlation), to 0 (no

correlation), to +1 (perfect correlation).
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Figure 4.4: The structure refinement algorithm. (a) The initial structure is known from other
studies as starting point. (b) The initial structure is modified to obtain initial intermediate
structure. (c) The relative diffraction pattern changes can be simulated by the structure
factors calculation. (d) An order parameter is applied to determine the difference between
the simulated change from (c) and the observed one from (e). If the error is above a
threshold, then the process goes back to (b) to alter the initial intermediate structure. This
process is repeated for many times until an optimized intermediate structure is obtained.
(e) The observed diffraction pattern change can be obtained from the FED experiment by
calculating (Ipump-on-lpump-off)/ lpump-oft. () The optimized intermediate structure is obtained
by repeating steps (b) — (d).

4.5 The advantages of electron diffraction over X-ray diffraction

X-ray diffraction and electron diffraction are widely used to determine the crystal
structures with sub-A spatial resolution [36]. In femtochemistry, ultrafast electron
diffraction (UED) and ultrafast X-ray diffraction (UXD) are developed as ultrafast
structural probes. The principle of these two diffraction techniques is similar, and they are
considered as both competitive and complementary techniques. In certain fields of study,
electron diffraction has some advantages over X-ray diffraction. First, electrons are
scattered more strongly by crystals than X-rays. The electrons interact with the Coulomb
potential of the nuclei and the bound electrons of the atoms, while the X-rays are scattered
by the electric dipole of the atoms. Furthermore, the damage introduced by electrons is
much smaller. X-rays at high energy can damage the crystals in one shot [20,21]. Therefore,
most UXD experiments need to change samples for every shot, while the samples in UED
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show no noticeably damage despite long exposure of the electrons. Finally, UED setups
are much less expensive and smaller than UEX setups. The cost of a tabletop scale UED
devices is under € 1 million, and two doctoral students can operate and maintain it easily.
However, the new generations of UXD such as X-ray Free Electron Lasers (XFELSs) and

Linac Coherent Light Source (LCLS) requires > € 1 billion budget and hundreds of senior
scientists and engineers.
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Chapter 5

Spin Crossover

In this chapter, the background of SCO dynamics is introduced first. Then, time-resolved
studies are discussed to investigate the photoinduced SCO dynamics, including time-
resolved X-ray absorption near edge spectra (XANES) and UV-Vis spectroscopy studies.
Furthermore, studies of single crystal [Fe(PM-AzA)2](NCS)2, a classic model system of
the SCO dynamics, are summarized for further discussions in Chapter 6. In the following
thesis, explanations and theories of the SCO dynamics are about the iron(ll) metal center

compounds. This chapter has many references from Hauser [6].
5.1 Ligand field theory

The discovery of the phenomenon was almost simultaneously to the formulation of the
ligand field theory [71]. With the development of the ligand field theory, the SCO
dynamics has been explained by Van Vleck and Ewald et al. [72,73].

55



weak field strong field

10Dq < 1/r, 10Dq > 1/r,
€, — —
4 4.
4‘_ + + l.‘u
(3:-"#%' 4#_ 4*"
Tty 'e,d) 'A(L,")
paramagnetic diamagnetic
high-spin low-spin

Figure 5.1: The electronic configurations of the LS and the HS states in the iron(ll)
octahedral complex. In this figure,10Dq is the ligand field strength, and rj; is the distance
between the metal center and the ligand. Reprinted with permission from [6] ©2004
Springer-Verlag Berlin Heidelberg.

Figure 5.1 is a classic iron(ll) FeNg octahedral coordination [6]. 1A1 and °T> are Mulliken
symbols which represent the symmetric information of electronic states. In Figure 5.1, t
refers to triply degenerate levels orbitals while g refers to “gerade” (even) the orbitals
which have the same symmetry with respect to the inversion center. On the other hand, e
refers doubly degenerate orbitals. Five d orbitals from iron(11) atoms are split into a subset
of three non-bonding orbitals, dxy, dy; and dzx (t2g) and a subset of two anti-bonding orbitals,
dz2 and dxo-y2(eg). The tog orbitals are non-bonding and the eq orbitals are anti-bonding, so
tog Orbitals are at lower energy than the eq orbitals. The splitting between these two sets of
orbitals is called ligand field strength. The electronic configurations of the LS and the HS
states depend on the competition between the ligand field strength, 10Dq and the spin
pairing energy []. If the ligand field strength is larger than the spin pairing energy, the six
electrons in the d orbitals will pair up in the t2g orbitals as As(tz°). Otherwise, the six d
electrons will follow the Hund’s rule to occupy all five d orbitals as °T2(tzg*e¢?). In both
thermal and photoinduced SCO dynamics, the LS *As(t®) ground states transfer to the HS
T,(tg"eq?) excited states by 2 paired electrons in the tzg sublevel entering the eq sublevel

as unpaired electrons.
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Figure 5.2 Regions of stability of either one or the other spin state as a function of the
ligand field strength. The region of spin crossover compounds is indicated by the shaded
area. Reprinted with permission from [6] ©2004 Springer-Verlag Berlin Heidelberg.

Whether one compound can have thermal SCO depends on the competition between the
zero-point energy difference and the ligand field strength. In Figure 5.2, the zero-point
energy difference(AE%4L) between the HS state and the LS state can be presented as a
function of 10Dg™ and 10Dg"S. If 10Dg™<10,000 cm™, AE®n.<0, the high spin state is
the thermodynamically stable state. On the other hand, if 10Dg“S>23,000 cm™,
AE%;>2,000 cm™, the low spin state is the thermodynamically stable state. Only the
narrow range of the shaded area (10Dg"“°~11,000-12,500 cm™, 10Dg"5~19,000-22,000 cm
! and AE%~0-2000 cm) has thermal SCO dynamics.

5.2 Thermal spin crossover

In the thermal SCO dynamics, if the zero-point energy difference(AE%.) between two
potential energy wells of the HS state and the LS state is comparable to the thermally
accessible energies (ksT), a thermal SCO between the HS state and the LS state is possible.

(see Figure 5.3)
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.r{Fe-L)P

Figure 5.3 Potentials for the HS and LS are plotted with Fe-L which is considered as the
most structural change in thermal SCO. In the figure, L is the ligand and ru. is the
difference of iron-ligand bond between the LS state and the HS state. Reprinted with
permission from [6] ©2004 Springer-Verlag Berlin Heidelberg.

In the SCO dynamics from the LS state to the HS state, the relative occupancies of the d
orbitals changes from 1A;(t2¢°) to 5Ta(t2g*e¢?), so the HS state has two unpaired electrons in
the anti-bonding eg orbitals. After SCO from the LS state to the HS state, two paired
electrons from the tyg orbital enter eq orbital as unpaired electrons, so the banding energy
of the metal center and the ligand is weaker and there are unpaired electrons in the HS state.
Therefore, the two most important consequences of a SCO transition are changes in the
metal ligand atom distance (the Fe-N bond distance in most iron(ll) compounds) and
changes in the magnetic properties [6].

5.3 Characterization of spin states

In present study, the SCO dynamics can be monitored by several different techniques from
different parameters of the SCO compounds, such as the metal ligand bond elongation, the
magnetic changes and the change of electron configuration of the metal center. The most
common method to monitor the SCO is the measurement of the magnetic susceptibility,
because this measurement can direct probe the changes of the magnetic properties [6].
However, the limited time resolution of the magnetic susceptibility method makes this
method more useful in the study of thermal SCO instead of the photoinduced SCO
dynamics. With the development of the femtosecond laser and the time resulted X-ray
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technology, optical spectroscopies and XANES offer indirect probes to study the ultrafast

photoinduced SCO dynamics with femtosecond time resolution.

The typical probe to study the SCO compounds is the measurement of the magnetic
susceptibility as a function of temperature. (in Figure 5.4 (a)) SQUID (superconducting
qguantum interference device) magnetometers are generally applied for their higher
sensitivity and accuracy rather than other types of magnetometers [75,76]. In present
studies, the XANES [20-26] (in Figure 5.4b) and the optical spectroscopies [11-19] (in
Figure 5.4 (c)) are also employed generally to track the change of the spin state as a function

of temperature.
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Figure. 5.4: Temperature dependence of (a) ym. T () XANES (c) optical reflectivity for spin
crossover of the [Fe(PM-AzA)2](NCS).. Reprinted with permission from [21] ©2015 Prof.
Eric Collet

Figure 5.4 is the magnetic susceptibility of a classic iron(ll) SCO compound [Fe(PM-
AzA)2]J(NCS)2 [21]. In this figure, ym.T is determined by the temperature dependent
contributions yns and yLs according to equation 5.1, while yns and yLs are the mole fraction
of the HS state and the LS state, respectively.
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X(T) = Xpysxus + (1 — Xus)xis (5.1)

It shows [Fe(PM-AzA)2](NCS)2 crystals undergo a smooth isostructural spin crossover
with T:=184K, a typical of non cooperative systems. The degree of cooperativity depends
on the effects of the spin changes which are propagated throughout the solid and
determined by the lattice properties.

5.4 Time-resolved XANES studies on photoinduced SCO

dynamics

Time-resolved X-ray methods has been used to investigate the photoinduced SCO
dynamics of the Fe(ll) metal compounds with the development of ultrafast X-ray laser
pulses from X-ray free electron lasers (XFEL), including X-ray absorption [24,77],
emission [22], and diffraction [79,80]. Among those time-resolved X-ray methods, the
XANES [20,21,25,81] is generally applied to study multiple Fe(I1) sample systems to probe
the SCO dynamics with femtosecond time resolution. The features of given samples in the
X-ray absorption spectra (XAS) are from the photo-absorption cross section from an
atomic core level to final states. The features in the energy region above the ionization
energy “edges” are called XANES, and the region at higher energy is called extended X-
ray absorption fine structure (EXAFS). Since XANES is reported [20,21,25,81] to be
sensitive to both structural and electronic changes in a selected target atom (the core Fe(ll)
atom in our Fe(ll) SCO studies), the photoinduced SCO dynamics can be monitored by
tracing the time-resolved changes of the features in the XAS.

Fe(phen)2(NCS)2, an Fe(ll) SCO compound, has been extensively studied by various time-
resolved techniques [20,81]. Figure 5.5 is an XANES experimental spectra of
Fe(phen)2(NCS)2 compounds at the Fe K edge at temperatures below and above the spin
transition temperature [81]. It has many obvious changes in absorption of XANES between
the LS and the HS states during the spin switch by thermal SCO. In an XANES
experimental spectra, one of the most important features is that the intensity of the shoulder
labeled A in the “edge” (7125 eV) reduces to the intensity of the shoulder labeled A’.
Another important feature is that a new shoulder labeled C’ (7133 eV) appears. For those
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changes of the resonances (A, B), Briois et al. [81] explained these changes by a transition
toward antibonding states that results from hybridization between N(2p) and Fe(4s, 4p)
orbitals. When the Fe-N bond distance is reduced, the enhanced hybridization introduces
both the energy shift of the edge and the change of the resonance intensity. Furthermore,
there is a large bump labeled X (7170 eV). According to Briois et al., X and X energies is
related by Natoli’s well-known rule [81]:

Ed? = cste (5.2)

where E is the resonance energy; cste is a constant; d is the mean distance of the Fe-N bond.
Cammarata et al. [20] further suggest that the changes of these features mainly result from
the Fe-N bond elongation and they are important fingerprints of the SCO based on this
study.
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Figure 5.5: XANES experimental spectra of the SCO transition Fe(phen)2(NCS)2
compounds at the Fe(ll) K edge. Reprinted with permission from [81] ©1995 American
Chemical Society.

Time-resolved XANES has been applied to study the SCO dynamics on single crystal
samples. In 2014, Cammarata et al. [20] studied the time-resolved SCO dynamics of single
crystal Fe(phen)2(NCS)2 by both the femtosecond optical spectroscopy and XANES. They
believe the changes of the XAS features is related to the Fe-N bond elongation. The energy
shift in the rising edge (in Figure 5.6(a)) is introduced by an increase in the energy of the
anti-bonding MOs because of shorter Fe-N bond lengths. Furthermore, the energy shift

also has the contribution from the p-orbitals to the bonding MOs. The time constant of
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those features in Figure 5.6b is 170(10) fs fitted with a single-exponential function of the
rising edge. Furthermore, the absorption changes in Figure 5.6 are reported to be due to the
changes in the Fe-N bond lengths according to SCO theory studies and XANES simulations
[24,77,81]. In the end, they suggest that there is a fast inter system crossing driving a Fe-
N bond elongation followed by an additional bending phonons in the SCO dynamics of

Fe(phen)2(NCS). based on their experimental observations.
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Figure 5.6: (a) XANES spectra and difference AXANES measured between the LS and HS
states (b) Time-resolved traces of XANES at 7125 and 7148 eV Reprinted with permission
from [20] ©2014 American Physical Society

The SCO dynamics in liquid have been studied by the XANES. In 2009, Bressler et al. [20]
employed XANES to study the SCO dynamics of [Fe'(bpy)s]?* in solution. A simulation
of XANES spectrum to show a nearly linear relationship between the Fe-N bond distance
and the intensity of the B-feature in the rising edge. Therefore, they also believe the B-
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feature intensity in the rising edge of XAMES is a signature of the Fe-N bond elongation
[20,77].

5.5 Time-resolved UV-Vis spectroscopy studies on photoinduced
SCO

The SCO dynamics have been studied by the time-resolved UV-Vis spectroscopy as well
[11-19]. Most of studies published in recent years reported similar spectroscopic
observables of the photocycle leading to the SCO transition, but the timescale of the decay
from the metal ligand charge transfer (MLCT) state into the HS state reported is instrument
response limited in most studies, such as X-ray absorption [20,21,25], ultraviolet
absorption [82], Raman emission [14]. Aub&ek et al. [11] claimed the temporal resolution
of the experiment is the key issue of the time constants debate, and they reported the decay
rate of the MLCT state into the HS state is <50 fs by their improved time resolution
experimental setup. They summarised the timescales of the electronic states in the SCO
dynamics [11]. At first, the SCO process is believed to occur in a much shorter than 150 fs
timescale. Then, the SCO from the MLCT manifold to the HS state is reported to be
finished in <50 fs, and the lifetime of the MLCT state is more than 20 fs [25,83] and close
to 50 fs [19]. Furthermore, a vibrational cooling of the molecule on timescales of 1.1 and
3.4 ps is observed. This is the reported interpretation [11].

5.6 SCO studies on single crystal [Fe(PM-AzA)2](NCS)2

In this section, the background information of single crystal [Fe(PM-AzA)2](NCS). is
discussed. The ultrafast SCO dynamics of single crystal [Fe(PM-AzA)2](NCS): is also
discussed, which based on the present time-resolved studies, including the femtosecond
optical reflectivity [19,21] and XANES [21].
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5.6.1 Overview of [Fe(PM-AzA)2](NCS):>

Lé&ard. J. F et al. [84] measured the magnetic susceptibility of this single crystal [Fe(PM-
AzA)2](NCS). (Cis-bis(thiocyanato)-bis(N-2'-pyridyl methylene)-4-(phenylazo) aniline
iron(11)) by both Faraday-type magnetometer and SQUID magnetometer. Figure 5.7 shows
single crystal of [Fe(PM-AzA).](NCS). has a gradual spin state change from a mainly HS
state above 295 K to a mainly LS state below 110K, and it undergoes a smooth spin

crossover with T:=184K, a typical of non cooperative system [19].
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Figure 5.7: Structure of [Fe(PM-AzA)2](NCS). and thermal SCO characterized by
magnetic susceptibility Reprinted with permission from [19] ©2013 Elsevier Ltd.

X-ray diffraction was applied to obtain single crystal structure of the Fe(ll) spin crossover
(SCO) compound [Fe(PM-AzA)2](NCS) by Guioneau et al [85]. Crystal information files
of both states are downloaded from CCDC (Cambridge Crystallographic Data Centre).
Some key crystal information is summarized in Table 5.1, including three unit cell edge
lengths (a, b and c) and three internal angles (o, p and y). The LS and the HS structures
were collected at 110K and 295K, respectively.

From the LS state to the HS state, the crystal system and the space group are still same, so
there is no appearance or disappearance of Bragg peaks during the SCO process. The
structural motions in the local FeNg octahedron are the elongation of six Fe-N bonds and
the distortion of the N-Fe-N angles. The average Fe-N bond distance increases ~0.2 A form

the LS to the HS which is considered as a key structure signature of the SCO process in the
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FeNes environment. The expansion of the unit cell during the thermal SCO is not
homogeneous, while the Fe atom fraction position in the unit cell changes as well. Specially
the change along c axis is bigger than a and b axis's. Therefore, in the electron diffraction
experiment, a shift of diffraction peaks especially those peaks (h=k=0, 1#0) indicts the unit
cell expansion in the [Fe(PM-AzA)2](NCS). SCO process.

Table 5.1: Single crystal information of [Fe(PM-AzA)2](NCS). at different temperature
[93]

Temperature (K) 110K 295K
Crystal system Monoclinic Monoclinic
Space group P2l/c P21l/c
a(A) 15.038 15.155

b (A) 14.396 14.623
c(A) 16.677 17.068

o (deg) 90 90

B (deg) 92.84 92.95

v (deg) 90 90

V (A% 3605.92 3777.45
Fe-N bond (A) 1.97 2.16

Fe atom fraction (0.291 0.284 0.068)  (0.292 0.287 0.055)

[Fe(PM-AzA),](NCS). is a classic system of the Fe(l1) d° electronic configuration [21,84].
Figure 5.8 shows the SCO phase transition of single crystalline [Fe(PM-AzA).](NCS). and
the Fe atoms in both the LS and the HS molecules are fixed to compare the structure change
in the local FeNe environment. The energy of Fe-N coordination bond is smaller in the HS
state, because two electrons are pormoted to the antibonding eq orbital and loss of pi-
backbonding from the tag. Therefore, the Fe-N bond distance in the HS state is elongated
by ~0.2 A.
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Figure 5.8: Spin crossover phase transition from LS state to HS state. [Fe(PM-
AzA)2](NCS)2 has both the thermal and the photoinduce SCO. Fe atoms in both the LS and
the HS molecules are fixed to compare the structure change in the local FeNg environment.

5.6.2 Time-resolved optical reflectivity studies of [Fe(PM-AzA),](NCS):

The SCO dynamics can be monitored by optical pump probe measurements, because the
color of SCO compounds changes during the SCO [10]. The optical reflectivity is generally
applied to study the ultrafast SCO dynamics, because the optical density of ~100 pum thick
[Fe(PM-AzA)2](NCS):2 is too high to allow transmission measurements [19,21].

In Figure 5.9(a), the thermal SCO of the [Fe(PM-AzA)2](NCS)2 crystals have been
monitored by the optical reflectively measurement to show the change of the optical
reflectivity between the LS state and the HS state [66]. A isosbestic point at ~690 nm with
two distinct regions is considered as the optical fingerprint of the [Fe(PM-AzA)2](NCS)2
SCO dynamics. Therefore, in the optical pump probe experiment, 640 nm, 690 nm and 720
nm are chosen as probe wavelengths to track those optical fingerprints.
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Figure 5.9: (a) Change of [Fe(PM-AzA)](NCS). optical reflectivity spectra at different
temperature. (b) Ultrafast SCO dynamics was trackd by optical pump probe experiment.
An 850 nm laser was used to trigger the photoinduce SCO. The probe wavelengths are set
to be at 640 nm, 690 nm and 720 nm which are considered as optical fingerprints of the
[Fe(PM-AzA)2](NCS). SCO dynamics. Reprinted with permission from [21] ©2015 Prof.
Eric Collet

In order to track the ultrafast SCO dynamics in single crystal [Fe(PM-AzA)2](NCS)2, the
time resolution is critical for the experiment. For the pump-probe experiment, pump and
probe lasers are two ultrafast laser pulses with ~40 fs each [19]. Overall instrumental

response function (IRF) is on the order of ~80 fs. In Figure 5.9b, the time traces obtained
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by three different probe wavelengths 640 nm, 690 nm and 720 nm show an ultrafast OR
increase at 640 nm and decrease at 720 nm. The step function of the OR changes at 640
nm and 720 nm and the fitting of the Gaussian shape transient peaks observed at 690 nm
shows that the experimental time resolution is not high enough to track the SCO dynamics.
Therefore, the time constant of SCO dynamics from the LS state to the HS state can only

be estimated to be less than 50 fs [21].

Furthermore, Figure 5.10 reports a time constant on the order of 1-2 ps after the
photoexcitation at 660 nm and 635 nm probe wavelength [19]. This slower time constant
compared to sub 50 fs SCO dynamics is believed as a non radiative vibrational relaxation
in the HS potential called vibrational cooling [19,21]. The excess energy deposited on the
molecule from pump laser (~1.46 eV) has no time to dissipate in sub 50 fs SCO dynamics.
Therefore, they reported that the highly vibrational excited state of the HS state relaxes to

the bottom of the HS potential well in a time scale of 1-2 ps.
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Figure 5.10: Longer time scale of optical pump probe experiment. The probes at 660 nm
and 635 nm show a fast increase with sub 50 fs time constant and a slow vibrational cooling
in 1-2 ps time constant. Reprinted with permission from [19] ©2013 Elsevier Ltd.
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5.6.3 Time-resolved XANES studies of [Fe(PM-AzA);](NCS).

The time-resolved XANES [21] was also applied to study the SCO dynamics of single
crystal [Fe(PM-AzA)2](NCS)2, because the optical pump probe experiment is only
sensitive at electronic configuration changes in the SCO dynamics. XANES has been
reported to have the ability of monitoring the dynamics of the Fe-N bond elongation with
the accuracy of 100 fs [20]. Figure 5.11 is the time trace of the XANES signal of single
crystal [Fe(PM-AzA)2](NCS)2[21]. The sample is pumped by 50 fs FWHM laser pulses to
trigger the SCO dynamics and probed by 30 fs X-ray pulses at of 7125 eV which has the
biggest difference of absorption between the LS state and the HS state. The time constant
of XANES increase is 160 (20) fs with the 110 (10) fs FWHM IRF. This time constant is
believed to be the time for the molecule to elongate the Fe-N bonds after the photoinduced
SCO, because the SCO from the LS state to the HS state decrease the Fe-N bond energy
by two electrons from non-bonding orbitals entering anti-bonding orbits as unpaired

electrons.
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Figure 5.11: SCO dynamics [Fe(PM-AzA)2](NCS)2 of is monitored by XANES at the Fe
K-edge after 850 nm wavelength pump laser. The increase of XANES with a time constant
of 160 fs is believed to be the signature of the Fe-N bond elongation characteristic in SCO.
Reprinted with permission from [21] ©2015 Prof. Eric Collet.

The observations from the ultrafast optical pump probe and the time-resolved XANES

measurements are summarized in Figure 5.12 [21]. After a photoexcitation by a pump laser
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at 850 nm, the HS state is speculated to be reached in 50 fs through several intermediate
states. The Fe-N bond elongation occurs with a time constant of 160 fs as the result of two
electrons from the non-bonding orbitals being promoted to the anti-bonding orbitals as
unpaired electrons in the SCO dynamics. The highly vibrational excited state of the HS

state relaxes to the bottom of the HS potential in a time scale of 1-2 ps.
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Figure 5.12: Schematic summary of the ultrafast photoinduce SCO dynamics of [Fe(PM-
AzA)2](NCS)2 based on the observations from ultrafast optical pump probe and time-
resolved XANES measurements. After photoexcitation, the excited HS state is reached in
time constant of sub 50 fs. The Fe-N bond elongation occurs with a time constant of 160
fs. Reprinted with permission from [21] ©2015 Prof. Eric Collet.

5.7 Summary

In this chapter, the SCO dynamics are discussed with details including thermal SCO and
photoinduced SCO. Basically, the phenomenon of SCO is a property due to the interplay
between the ligand field strength and the electron-electron repulsion. The photoinduced
SCO dynamics have been studied by XANES, transient absorption and reflection
spectroscopies. Most of studies published in recent years reported similar spectroscopic
observables of the photoinduced SCO transitions. One important consequence of the SCO

is changes in the metal-donor atom distance. This metal-donor bond elongation is
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considered as the signature of the SCO dynamics. One key issue is that metal-donor bond
elongation is reported to be directly correlated in time (150 fs) to the electronic state
dynamics. Although multiple methods have been used to study the photoinduced SCO
dynamics, they are more sensitive to changes in the electronic state rather than atomic
motions. In Chapter 6, | will report the studies on the photoinduced SCO by FED, a direct
probe of structure changes, with atomic spatial resolution and femtosecond temporal

resolution.
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Chapter 6

FED study on single crystal [Fe(PM-
AzA)2](NCS):>

In this Chapter, I will discuss the study of the photoinduced SCO dynamics in single crystal
[Fe(PM-AzA)2](NCS)2 by our ultrabright DC-RF hybrid femtosecond electron source. As
mentioned in Chapter 5, the photoinduced SCO dynamics in single crystal [Fe(PM—
AzA)2](NCS)2 have been investigated by XANES and optical reflectivity studies[66,91].
Marino et al. [21] suggest that the SCO dynamics of single crystalline [Fe(PM-
AzA)2](NCS); electronic state is a two-step process with a fast sub-150 fs relaxation of
short-lived intermediate states (INT), following with a slow 1.6 ps vibrational cooling of

the photoinduced high spin state (see Figure 6.1).

The key issue is that recent time-resolved studies [20-26] reported that the Fe-N bond
elongation was coupled to the electronic spin transition which in turn was correlated in
time (150 fs) to the excited state dynamics as observed by changes in spectral signatures.
They suggested that the excitation is to an antibonding state, which should instantly result
in a repulsive force on the Fe and N atoms, and atoms separate along the bond direction.
The problem is to identify uniquely which change in absorption and electronic surface is
related to the spin transition and bond elongation. Although various measurements have

been used to study the SCO dynamics, optical pump probe studies are more sensitive to
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changes in the electronic state rather than atomic displacements.

Here we provide a direct measurement of the Fe-N bond distance which has been uniquely
calibrated by exploiting the thermal cycling of the high spin and low spin states of spin
cross over systems. We definitely show the structural change of Fe and N atoms and
electronic state change in Fe are concomitant but not simultaneous. The Fe—-N bond
elongation, compared to other ligand motions in SCO, is not a conclusive signature of SCO,
and it is coupled to the other ligand motion in phase transition. The time scale of the Fe—N

bond elongation is significantly slower than the Fe(lIl) electronic state dynamics.
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Figure 6.1 Schematic pathway of photoinduced SCO based on present works

6.1 FED experimental conditions

6.1.1 Excitation conditions

The femtosecond electron diffraction experiment has similar excitation conditions of
optical pump-probe reflectivity studies [19,21]. Samples are mounted on TEM grid, and
the equilibrium temperature is measured to be 170 K. At this temperature, 25 % of
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molecules in the crystal are at the high spin state and 75 % of molecules are at the low spin

state.

60fs FWHM laser pulses, centered at 800 nm are used as the pump. Optical reflectively
study [19] reported that single crystal [Fe(PM-AzA)2](NCS)2 need ~1 ms to recover from
the HS excited state to the LS ground state, so the repetition rate of this pump-probe
experiment is 100 Hz to make sure the excited molecule has recovered to the ground state
before the next pump laser. The excitation fluence is 1.28 mJ/cm?, and there is no damage

from heat accumulations during the experiment.

Ultrabright femtosecond electron pulses [49,50], generated by a 95 keV hybrid DC-RF
electron source, are used as the structure probe to track the ultrafast structure dynamics in
the SCO. Figure 6.2 is the schematic diagram of the FED setup at the University of Toronto.
The ultrabright femtosecond electron pulses have 5.3 x 10* electrons per pulse with a spot
size of (275420) pm diameter (0.86 e”/um?), a repetition rate of 100 Hz and 0.5 % electron
shot to shot intensity stability.

electron pulse

fs laser
pump pulse

Figure 6.2: Schematic of ultrafast electron diffraction setup.
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6.1.2 Temporal Resolution Measurement

One of the most important features of FED experiment is the ultrabright electron pulses

have enough spatial and temporal resolution to study ultrafast atomic displacements.

Electron pulses accelerated by a 95 keV high voltage have enough spatial resolution to
track the atomic motions in < 0.1 A. However, because of the space charge effect
(mentioned in Chapter 2), the pulse duration of the electron pulses is one key parameter for
the overall temporal resolution of the FED system. Therefore, the pulse duration needs to
be confirmed before every pump-probe experiment. The RF cavity in our DC-RF hybrid
electron source can reduce the pulse duration of the ultrabright electron pulses at the sample
position to ~300 fs [49,58]. Time-resolved streak camera is employed to measure the pulse
duration of electron pulses before every pump probe experiment in this experiment. The
RF field amplitude applies on the RF cavity needs to be optimize for different brightness
of electron pulses.

Figure 6.3 shows the relationship between the pulse duration of electron pulses and the RF
field amplitude. In order to keep small transverse width of electron pulse and obtain
ultrashort pulse duration, the RF field amplitude is comprised between 1.6 MV/m to 1.75
MV/m. Therefore, the RF field amplitude is set to be 1.68 MV/m to obtain ultrashort and
stable pulse duration. We also tried to increase the streak velocity by applying more voltage
on the streak plates, because higher streak velocity increases the temporal resolution of the
streak camera. However, the pulse duration of single electron pulse stayed around 180 fs
FWHM.

In DC-RF hybrid electron gun, there are two main contributions to overall system temporal
resolution. One is the pulse duration of single electron pulse 178 fs FWHM (Figure 6.3a)
based on 63 pixel/ps streak velocity. The other is the arrival time jitter 200 fs RMS (Figure
6.3b). Therefore, the pulse duration of accumulated electron pulses is ~300 fs FWHM.
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Figure 6.3: Pulse duration measurement. (a) Pulse duration measured by streak camera vs.

RF field amplitude. Shortest pulse duration of single electron pulses is ~178 fs FWHM. (b)

Single shot electron time zero shift vs time. The jitter of arrival time is ~200 fs RMS.
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6.1.3 Excitation Fraction Calculation

To investigate the SCO dynamics of [Fe(PM-AzA)2](NCS)2, the pump pulse duration is
(6045) fs centered at 800nm. At the sample position, the energy per pulse of the pump is
(9.5540.05) |0 with a width of (550220) pm. Therefore, the incident excitation fluence at
the sample position was 1.28 mJ/cm?. We also measured the transmission of the pump 800
nm laser to be (38%2) % at 170 K for further excitation calculations. Based on the above
measurements, the excitation fraction of the experiment is 12.5% by calculating the number

of absorbed photons and molecules in the crystal.

The excitation fraction calculation is critical in further electron diffraction data analysis,
but the excitation fraction calculated from optical data may not be precise enough.
Therefore, in order to confirm the excitation fraction, we applied another two methods to
calculate the excitation fraction from electron diffraction signal beside excitation fraction

obtained from laser excitation conditions.

First, the excitation fraction can also be calculated based on the intensity of Bragg peaks
[50].

_ Fexp(kvtoo)_FLT(k)
Mexc = Fyr(kK)=FpT(k)

(6.1)

Nexc IS the excitation fraction; Frs is the structure factor of the low spin state; Fus is the
structure factor of the high spin state. We assume the excited molecules have reached the
HS excited state after 10 ps, and starts to have phonons oscillation at 20 ps, because the
optical studies show that the SCO is finished in <50 fs. Therefore, we take the range
between 10 ps and 20 ps as t . A distributed of excitation fraction is expected, because
nNexc Calculated by this equation is sensitive to the signal-to-noise ratio of every Bragg peak.
Figure 6.4 is the calculated excitation fractions of the strongest 26 diffraction peaks. The

mean of excitation fraction is ~13.5 %.
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Figure 6.4: distributed of excitation fraction of selected 26 diffraction peaks

Furthermore, a systematic and clear shift in the position of Bragg peaks is observed in

Figure 6.14a during the both thermal SCO when the temperature at the sample is raised

from 170 K to 300 K. We believe this shift in the position of Bragg peaks is a result of the

expansion of the unit cell mainly along the c-axis that accompanies thermal SCO phase

transition. In Figure 6.14b, a similar shift in the position of Bragg peaks is also observed

in photoinduced SCO. We fitted each Bragg peak with a 2D Gaussian function to determine

the unit cell parameter ¢ for each different condition of sample crystals.

Table 6.1: Determination the unit cell parameter ¢ for each condition of sample crystals

T =300 K, cys 17.0680 A (from XRD data)
T=110K, c.5 16.6770 A (from XRD data)
T=170K, t = +10 ps, pump off, corr | 16.753 A
T =170 K, t=+10 ps, pump on, c,y | 16.783 A
T=170K, ¢c;p 16.768 A
T =300K, cyr 17.076 A
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According to Vegard’s law, these values can be related by using a and 7, so the LS fraction

at T= 170 K and the excitation fraction, respectively:

cir = acps + (1 — a)cys

Cyr = Cys
Corr = CiT
Con = “((1 — ncps + UCHS) + (1 - a)cys (6.2)

By solving these two unknown parameters, we calculate & = 78.9% and n = 9.6%, which
are consistent estimation compared to the result obtained by other methods such as
temperature-dependent magnetic susceptibility (¢ ~ 75%) and pump laser fluence data
(n ~ 12.5%).

6.1.4 FED Data Collection

Time-resolved electron diffraction patterns were obtained with an exposure time of 0.2
seconds at 100 Hz (20 electron pulses). 20 electron pulses accumulated in one diffraction
pattern can avoid saturation of peak (0 0 0) on CCD screen. On the other hand, 100 Hz
repetition rate can make sure samples can recover from last excitation before next pump

laser.

The change of Bragg peak intensity in this SCO dynamics ((lon-loff)/loff) is sub 3%, so the
stability of the electron pulses needs to be improved. Therefore, as mentioned in Chapter
2, the width of the pinhole on the anode in the electron gun was reduced from 500 pm to
200 pm to improve the brightness stability. Although intensity of UV laser which is directly
related to the brightness of the electron pulses may change during up to 20 hour’s
experiment, the brightness of electron pulse is still stable. In order to increase the single-
to-noise ratio of the time-resolved change of Bragg peak intensity, every time step of the
time traces was repeated by 250 diffraction patterns. The final time trace is an average of

5,000 pulses per time point.
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6.1.5 Fluence Dependence

Fluence dependence is an important supplementary measurement, because a lot of
important information can be obtained by the fluence dependence measurement such as the
excitation condition and the sample damage induced by heat accumulations. In this
supplementary measurement, the fluence dependence of our sample for excitations is
measured from 0.93 mJ/cm? to 1.38 mJ/cm?. Higher than 1.38 mJ/cm? fluence was tried
and a slow decrease of diffraction peaks' intensity in 3 hours which indicates a damage
threshold was observed. However, the intensity of diffraction peaks stayed same after
weeks’ experiment at 1.28 mJ/cm? fluence. The changes in the diffraction intensity of the
Bragg peaks at lower than 0.93 mJ/cm? fluence are close to background noise. Figure 6.5
shows the normalized averaged signals of four selected Bragg peaks in the time step range
between 10 ps and 20 ps as a function of the fluence. In this range, the excited molecules
have reached the HS state while the phonon oscillation in the crystal have not started.
Although the signal-to-noise ratio is not perfect because of relative small changes in the
diffraction intensity of the Bragg peaks, it is clear that the fluence we applied to pump
single crystal [Fe(PM-AzA)2](NCS)2 is in the linear range of the fluence dependence plot.
Figure 6.5 and Figure 6.6 show selected peaks' change while pump fluence increasing.
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6.2 FED data analysis

6.2.1 Orientation determination and indexing

The first step of the time-resolved FED data analysis is to determine of the crystal
orientation of the sample, which is also the incident direction of the probing electron pulse.
Here, the electron diffraction patterns of the sample are simulated over 8 parameters and
compared with the experimental diffraction patterns at T = 300 K to find the crystal
orientation. These parameters are: camera parameter, 3 Miller indices, sample thickness,

overall coherence length, in-plane sample rotation, Debye-Waller factor.

The camera parameter is the conversion factor between the local coordinate system on the
camera sensor to the absolute coordinates in reciprocal space. The 3 Miller indices
determine the relative direction of the incident vector to the reciprocal unit vectors. The
sample thickness and overall coherence length are modelled using a Gaussian shape
function to the reciprocal lattice points; they are the inverse of the width along the parallel
and perpendicular direction to the incident vector, respectively. In-plane sample rotation
refers to the rotation around the incident direction. The Debye-Waller factor is taking
account as Gaussian pre-factor that attenuates the magnitude of the structure factors at
higher scattering angles. Figure 6.7 shows the result of the refinement process.
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Figure 6.7: Refinement of Crystal Orientation. Electron diffraction pattern at 300 K is
overlaid with simulated data under best-fit parameters.

6.2.2 Simulations of structural factor

One important observation in our FED study on single crystal [Fe(PM-AzA)2](NCS)2 is
that the structure change during the photoinduced SCO goes through both Fe-N bond
elongation, ligand motion and unit cell expansion simultaneously. This observation
challenge previous studies [19-21] which suggest that the Fe-N elongation happens
simultaneously with the changes of the electronic states with sub-150 fs time constant.
Therefore, it is critical to confirm whether our FED has enough spatial and temporal
resolution to observe ~0.2 A Fe-N bond elongation in sub 150 fs time scale and simulate
the changes in the diffraction intensity of the Bragg peaks which we are supposed to
observe if the Fe-N bond elongation happens in sub 150 fs, following with other motions

in 2 ps.

The changes in the diffraction intensity of the Bragg peaks are associated with atomic
motions by changing the interferences of electrons. Structure factor (F) can indicate these
changes in the diffraction intensity of the Bragg peaks, because the position of atom j within
the unit cell determines the intensity of a Bragg peak which is proportional to the square
of the structure factor [36,86,87].
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I(hkl) o |F(hkD)|? (6.3)

Therefore, the changes in the diffraction intensity of the electron diffraction patterns in the
FED can be simulated, based on structure factor change from motions in the unit cell.

In the data analysis of the time-resolved diffraction patterns, the kinematic theory was
applied to simulate the diffraction patterns [36]. Before the use of kinematical theory over
dynamical theory, Weak-phase-object approximation (WPO) need to be considered. Based
on the FED experimental conditions, it is reasonable to employ the single scattering
formulation for the calculations of [Fe(PM-AzA)2](NCS) electron diffraction patterns [88]:

F(k) = X\, f; e*™k7 (6.4)

where f; is the atomic scattering factor for the j™ atom, parameterized as [88]:

£ = Ty aes” (6.5)
6.2.3 Contribution of changes in the diffraction intensity

To simulate the changes of the structure factor during the SCO dynamics, the low spin
structure at 110 K and the high spin structure at 300 K from structure data base [85] are
used to study the contribution from different motions. The changes in the diffraction
intensity of the Bragg peaks can be considered to be the summary of the Fe-N bond
elongation and other ligand motions. Figure 6.16 and Figure 6.17 show the contributions
of changes in the diffraction intensity (in percentage and indicated by different colors) of

selected most intense Bragg peaks.

6.2.4 Structure factor calculation based on the Fe-N elongation and other

motions.

Other than the calculation in Chapter 6.2.3, we also calculated the structure factors of

different Bragg peaks based on assumptions from previous studies [19-21].
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The Fe-N bond elongation and other motions in molecule are considered individually. In
the structure factor calculation, we assume, LS=small Fe-N & LS atom position; LS*=big
Fe-N & LS atom position; HS*=small Fe-N & HS atom position; HS=big Fe-N & HS atom
position.
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Figure 6.8: Structure factor simulation of the contributions from Fe-N elongation and other
motions in SCO dynamics.

For peak (11 1), LS (9.86) equals to LS* (8.88) and HS (242) equals to HS* (189), so the
changes from big Fe-N and small Fe-N is similar. The intensity of Peak (1 1 1) has no
influence from the Fe-N bond elongation, and the change of peak intensity is dominated

by molecule reorganization.

For peak (2 2 0), LS (6.27) equals to HS* (4.95) and HS (10.45) equals LS* (12.53), so the
changes from big Fe-N and small Fe-N is similar. Most contribution is from Fe-N bond
elongation.

For peak (1 1 0), LS* equals to HS*, so the difference between big Fe-N and small Fe-N
is similar to the difference between HS atom position and LS atom position. The

contributions from Fe-N bond elongation and molecule reorganization are similar.
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For most peaks, the changes from the Fe-N bond elongation are big enough to be noticed
easily. According to previous SCO literature [65-71], the Fe-N bond elongation happens
in sub 200 fs and molecule reorganization happens in sub 2 ps. Therefore, peak (1 1 1),
peak (1 1 0) and peak (2 2 0) should have different time constants.

The UED signal of peak (1 1 1) should be the signature of the molecule reorganization and
HS vibration cooling, and its time constant is supposed to be around 2 ps. The signal of
peak (2 2 0) should show a fast signal around 200 fs. Because our UED system’s time
resolution is 300 fs, a fast signal should be found around 400 fs and a slower signal is

following.
6.2.5 Global Fitting of Time-dependent Diffraction Intensity

In the FED experiment data analysis of [Fe(PM-AzA)2](NCS)2, we found that there is only
one step of structural changes of the photoinduced SCO. In order to support this statement,

we checked the time constant of almost all bright diffraction peaks.

Of the hundreds of observable Bragg peaks, we selected 30 representative ones that are

bright and/or show strong pump-probe signal AI;(t) where

All(t) — Ii,ON(t)_Ii,OFF(t) (6.6)

Iiorr(t)

I; x(t) is the intensity of diffraction peak i under pump state X at time t. These data points

are then described using a global fitting model as follows:
10/ y2
Si(t) = G (t) * [ci(1— e7/7)] = %ci [(1 + erf(ﬁ)) _ o-t/t3C/D) (1 +

erf (t;?’))l (6.7)

o is the instrument response time (267 fs FWHM or 113 fs 1/e) . By fitting all the data

points simultaneously, we obtained a robust value for the time constant: T = (2.32 + 0.09)

ps.
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6.2.6 Comparison between mono-exponential and bi-exponential

behaviour

As mentioned above, literature [19-21] strongly suggests that the Fe-N bond undergoes
abrupt elongation on the same timescale as the spin transition, T ~ 150 fs. However, no
such time constant was found in the fitting of our time traces, where each diffraction signal

can be fitted to a single and much longer exponential time constant, T ~ 2.32 ps.

A concern is that a faster signal could be present in our data and is simply obscured by
fitting a possible bi-exponential decay with a single mono-exponential function. Such a
fast signal would appear with a time constant that is limited by our instrument response
time. To check whether a bi-exponential decay of 7, = 113 fs and 7, > 7, can be fitted by
a single mono-exponential decay with 7, , ~ 2.32 ps, we simulated bi-exponential data
Sqim(t, 71,7, ) Over a broad range of possible t;, 7, and applied our least-square fitting

routine with Sy;, (¢, 742).
Ssim(t, 71, T2) = Go(t) + [1— Je /01 —2e~t/%] 6.8)

Sfit(t' T1,2) = Gy(t) * [1 - e_t/rl'z] (6.9)

In Figure 6.9a, 7, is set to the instrument response time and the largest 7, , achievable is
less than 0.8 ps. In Figure 6.9b, it is clear than no combination of 7; < 1 ps and 7, yields

a signal that can be fitted by a 7, , close to the observed value of 2.32 ps.
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Figure 6.9: Fitting a bi-exponential decay with a single mono-exponential function. (a) Plot
of fitted mono-exponential time constant as a function of the 7, for 7; = 0.113 ps. (b) 2D
surface plot of fitted 7, , — 2.32 ps over the possible values of 7; and 5.

6.2.7 Time-dependent Model of Atomic Motions

The electron diffraction is a direct probe of atomic positions. Here, we follow the motion
of the atoms during the photoinduced SCO by an approach similar to previous works on
structure recovery from ultrafast electron diffraction data [50,51]. We applied this similar
method to study the time-dependent model of atomic motions. A model is constructed by
the atomic displacements parameterizing into 3 normalized variables (3, &, &3) that would
link the LS and HS molecular structures within their respective crystallographic unit cell.
For each time point measured in the experiment, a least square fitting routine is used to
find the optimal set of parameters (i.e. reaction coordinates) that would best match the

observed changes in diffraction intensity.
We defined these 3 reaction coordinates as follows:

1) Elongation of the 6 Fe-N bond, collinear with the bond direction
2) Motion of the PM-AZzA ligands, relative to the Fe atom position
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3) Symmetric expansion of the crystallographic unit cell

The result of the fitting is a series of points in the 3D configuration space that best match
observation and track out the entire reaction pathway from the initial LS structure to a final
HS-like one.

6.2.8 Acoustic Phonon Analysis

AZA time-resolved electron diffraction
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Figure 6.10: Oscillation of changes of diffraction intensity of selected diffraction peaks.
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AZA time-resolved electron diffraction
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Figure 6.11: Clear oscillation of intensity of Bragg peaks (1 -1 0) and (2 -2 0)
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Figure 6.12: Fourier transform of Bragg peak (1 -1 0) to present two frequency components
at 3.96 GHz and 7.92 GHz frequency while Bragg peak (2 -2 0) has one frequency

components at 3.96 GHz frequency.

In the longer time scale (-50 ps to 1005 ps), the oscillations of diffraction intensity of Bragg
peaks are observed (Figure 6.13 inset). The biggest oscillations are from the Bragg peaks
(h=k#0, 1=0) which is related to the orientation of crystal. In Figure 6.12, the Bragg peak
(1 -1 0) and the Bragg peak (2 -2 0) are selected to displayed oscillation breathing modes
in long time scale. Fourier transform is applied to obtain the frequency of oscillations®. In
Bragg peak (1 -1 0), two frequency components at 3.96 GHz and 7.92 GHz frequency were
found, equivalent to the periods of the oscillation of 126 ps and 250 ps. The pump laser
exposed on surface of the sample crystal, the periods of these oscillation breathing modes
correspond to round-trip acoustic propagation normal to the film surface. Two frequency
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components represent both longitudinal and transverse acoustic phonons. The period of the
biggest oscillation is 250 ps, so the speed of sound implied by the period is 1190 m/s, in
good agreement with typical values obtained in molecular crystals [18,89], based on 150

nm sample thickness.
6.3 Result and discussion

Figure 6.13 is the change of static electron diffraction patterns, corresponding the structural
changes, from the LS ground state to the HS excited state at 170 K and 300 K, respectively.
The change in the intensity of Bragg peak intensity induced by thermal SCO matches
approximately with those photoinduced changes measured at 170 K, after first 5 ps SCO
dynamics, plateau from 5 to 20 ps in Figure 6.14a. It also matches the simulated changes

in the diffraction intensity of Bragg peaks using LS, HS x-ray structure in Figure 6.14b.
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Figure 6.13: short-time relative change in the intensity of select Bragg spots from t = -5 ps
to 24 ps; inset: long-time plot from -50 ps to 1000 ps.

However, there is more than just a Fe—N bond elongation but also ligand motion and unit
cell expansion in the entire SCO. Figure 6.14 a gives the normalized relative changes in
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the diffraction intensity of some selected Bragg spots. The transient behavior on the longer

time scale was also revealed.
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Figure 6.14: (a) Difference electron diffraction patterns from photo-induced SCO (b)
Difference electron diffraction patterns after temperature change.

One of most noteworthy features in Figure 6.13 is that for all of the Bragg peaks studied,

we only observed one type of behavior: a decay or rise after excitation with ~2 ps time
constant. We also note that for Bragg peaks (h=k=0, 1#0) such as (002), (004) and (006),
shifts in peak position have same time constant like changes in the diffraction intensity of

the Bragg peaks. The shift with same time constant of changes in the diffraction intensity

shows substantial unit cell expansion is taking place on the ultrafast time scale with other

nuclear motions of entire molecule.
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Figure 6.15: Difference electron diffraction patterns simulated based on HS and LS
structures from X-ray diffraction measurement.

To obtain molecular motions in real space behind the changes in the diffraction intensity
of Bragg peaks and peak position shift, we calculated for most diffraction peaks' structure
factor change [36] when the molecule undergo to HS structure by different pathways of
atomic motion in Figure 6.16 and Figure 6.17. Two possible pathways for atomic motion
were considered. In Figure 6.16, we display the structure factor calculation of the excited
state structure after a sub 300 fs ultrafast Fe—-N bond elongation and before a 2 ps slower
ligand motion suggested by previous literature [19-21]. Most Bragg peaks' behaviour was
not observed in the experiment on the subpicosecond time scale (see Figure 6.14a). In
contrast, we considered a coupled movement of Fe—N bond elongation and ligand motion
with unit cell expansion (see Figure 6.17a) which is a direct motion from LS to HS, and
most changes in the diffraction intensity (see Figure 6.17b) are very close to observation

from experiment (see Figure 6.14a).
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Figure 6.16: (a) model 1: elongation of Fe—N coordination bond by an average of 0.2 A.
(b) simulated change in electron diffraction from model 1.

SC CS

Figure 6.17: (a) model 2: simultaneous nuclear motions from low-spin to high-spin
structure. (b) simulated change in electron diffraction from model 2.

On the other hand, the contributions from different molecular motions to Bragg peaks
intensity are also calculated. In Figure 6.18, selected peaks receive different contributions
from Fe—N bond elongation and ligand motion including unit cell expansion. Most
contribution of the change in the diffraction intensity of Bragg peak (111) is from ligand
motion; Bragg peaks (110) (330) (002) obtain different contributions from both Fe—N bond
elongation and ligand motion. If Fe—N bond elongation happens in sub 150 fs following
with ligand motion in ~2 ps, peak (111), peak (110), peak (002) and peak (330) should
have different time constants which are not observed in experiment. Only coupled motions
of Fe—N bond elongation and ligand motion can explain one type behavior of all Bragg

peaks.
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Fe—N bond distance is usually employed as a smoking gun to describe geometrical changes
in SCO including changes of N-Fe-N angle and ligand, because the largest geometrical
changes in SCO occur for the Fe—N distance [59,97]. The potential energy surfaces of
different electronic states of Fe are plotted as a function of Fe—N bond distance [59]. In
ultrafast SCO dynamics, Fe—N elongation, unlike other motions in ligand, is believed to be
a conclusive evidence of SCO [65-71] and directly correlated to the electronic state
dynamics in time (150 fs), because LS-HS dynamics results in a repulsive force on the
atoms for two electrons being promoted to anti-bonding orbitals and Fe—N bonds losing ©
backbonding. However, the Fe—N bond is longer and much weaker than the N-C bonds in
the ligands (2.0 A vs 1.3 A). Therefore, the change in energy associated with the Fe—N
elongation is too small to allow the immediate distortion of the much stronger bonds in
ligand. Instead of incoherent vibrational cooling as reported before, the population of the
anti-bonding Fe—N orbital drives the Fe—N stretching mode which is in turn coupled to
other modes that coherently/collectively distort the molecule to the new energy minimum.
Fe—N bond elongation is coupled to the entire ligand motion and molecule reached bottom
of HS state in ~2 ps which was observed by other optical studies [11-19]. The one type of
behaviour of changes in the diffraction intensity and position shift shows despite sub 150
fs electronic state change of SCO which decrease the bond energy of Fe—N bond, the Fe—
N bond elongation is coupled with entire molecule phase shift including ligand motion and
unit cell expansion, and is delayed with respect to the electronic transition.
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Figure 6.18: Contribution to relative changes in the diffraction intensity. Comparing
changes from Fe—N bond elongation versus all other nuclear motions.

Several points are worth mentioning to support our observation and discussion. First, FED
system is a direct method to study atom motion with ~0.04 A space resolution and 267 fs
time resolution [49,50,58]. Its space and time resolution is high enough to monitor 0.2 A
Fe—N bond elongation is sub picosecond time scale. Based on the instrument response time,
a sub 300 fs change of selected peaks is supposed be seen, if the Fe—N bond distance is
directly correlated in time with the electronic state changes. Second, the sub 2 ps ultrafast
structure transition in this study is only induced by photo-induced SCO. Although
deposited laser energy on lattice can result in lattice expansion and thermal SCO which can
also induce Fe-N bond elongation and unit cell expansion, it only happens with
inhomogeneous lattice expansion in 10 ns — 10 us time window, following with
homogeneous crystal expansion and thermal SCO at 50 ps [90,91]. Only Bragg peaks
(h=k=0 1£0) had position shift in ultrafast time scale indicating unit cell ¢ axis expansion,
and c axis expansion in unit cell is the largest and following with Fe atom fraction change
along c axis. Thus, the unit cell expansion in ultrafast time scale is the result of
photoinduced SCO instead of pure thermal unit cell expansion. Therefore, all the phase
transition observed in this study is local molecular photo-switching with structural motion

at LT unit cell. Finally, transient absorption reflectivity spectroscopy and XANES are not
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direct way to observe the Fe—N elongation because the former approach is more sensitive
to the electronic changes [87] of the material whereas the latter one relies on MXAN

simulation and assumed INT structures [77,81,92] to speculate Fe—N bond elongation.

Another noteworthy feature is the plateau behaviour observed for time delay from about 5
ps to 20 ps, which reflects an excited HS structure. To obtain a time-dependent map of the
molecular motions of SCO, we applied a structural refinement algorithm based on a
parameterized molecular model [50,51]. The model refinement calculations compare
|[Fexp(k, t)| with simulated amplitudes mnexcFsim,exc(k, &)+(1-n)Fsim,LT(k)| and
maximize the Pearson correlation coefficient, y(|Fexp|, |[Fsim|). In the photoinduced SCO
process, the structure motion from LS to HS can be decomposed to three independent
groups: Fe—N bond elongation; ligand motion to HS structure; unit cell expansion. The
term & is an atomic structural parameter composed of the three time-dependent generalized

reaction coordinates (§ N & L & U) assigned to the motion of three independent groups.

Figure 6.19 depicts the three key dynamical groups and temporal evolution of each key
dynamical group, Fe—N bond elongation and ligand motion and unit cell expansion,
representing the ultrafast structure motion dynamics in SCO, respectively. Figure 6.20 is a
clear time dependent trace of Fe-N bond elongation to show the average Fe—N bond
expanded to 0.171A in photo-excited state with 2 ps time constant (91% of Fe-N
elongation from thermal SCO). The time constant of these three key dynamical groups are
2 ps and they are coupled to each other in the photoinduced SCO. The time-dependent
changes of & are summarized in Figure 6.20 to show the collective motion of three
dynamical groups. The reaction coordinate of three motions represent relative structure
motion from initial {§ = (0,0,0)} LS to {& = (1,1,1)} HS. Previous picosecond X-ray
diffraction studies on later slow SCO process indicate there is a local excited HS state
which is photo switched to HS electronic state with structural reorganization at LT crystal
unit cell. Here, we measured the photo-excited HS structure {§ =(0.9,0.8,0.75)} and found
molecule was forced to be reorganized in relative smaller unit cell than regular HS unit cell
in HT. We notice unit cell expands in ultrafast time scale and this motion is coupled to Fe—
N bond elongation and ligand motion which was not observed in previous X-ray diffraction

studies.
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Figure 6.19: Molecular movie. a-c, time-dependence of refined reaction coordinates.
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Figure 6.20: Plot of refinement over reaction-coordinate space.
6.4 Conclusion

Figure 6.21 presents the major steps of electronic and structural changes of the SCO

dynamics from the structural information in this FED work and previous studies:

(1) The electronic state change of SCO dynamics happens from MLCT manifold to HS °T>
state within 150 fs via intersystem crossing (ISC) [11,24,36], or a direct MLCT—°T>
conversion on the extremely short timescale of <50 fs [11]. After 150 fs, the electronic
state of Fe(Il) atom has reached HS °T state, but the SCO molecule stays at the original

LS structure including Fe-N distance, ligand in the LT unit cell.

(2) The vibrational “hot” molecule in the HS state surface undergo vibrational cooling to
the fully relaxed bottom of HS state on timescales of 2 ps [11]. In this vibrational cooling
process, Fe-N bond distance and other ligand motion in SCO molecule are coupled to

switch toward the HS structure from the LS structure on timescales of 2.3 ps.
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(3) The vibrational cooling process occurs on timescales of 2 ps. On this time scale, there
is no time for thermal unit cell expansion and molecule was forced to be reorganized in
relative smaller unit cell than regular HS unit cell in HT. Therefore, the structure of HS
state molecule is similar to the HS state molecule in HT unit cell, but the percentage
switched of different structure motions varies. Unit cell expands in ultrafast time scale and

this motion is coupled to Fe—N bond elongation and ligand motion are observed.

(4) After vibrational cooling, the photoinduced SCO process has finished. The HS fraction
reaches plateau until elastic and thermal steps start to increase the HS fraction by deposited

laser energy on photo-excited molecules after 0.1 ns [90, 91].

Figure 6.21: Schematic representation of the proposed reaction pathway of SCO in
configuration space.
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Chapter 7

Conclusions and Future work

In this chapter, a brief overview of the FED study on single crystal [Fe(PM-AzA)2](NCS)2
is presented first. Future work on the photoinduced SCO dynamics is discussed as well.

7.1 Summary of [Fe(PM-AzA)2](NCS)2 FED results

This thesis describes the FED study on single crystal [Fe(PM-AzA)2](NCS),. Our DC-RF
hybrid electron source is used to track molecular motions in single crystal [Fe(PM-
AzA)2](NCS)z.

The background of the SCO dynamics is discussed to present multiple studies on the SCO
dynamics first. Photoinduced SCO, a molecular transition induced by photoexcitation,
involves both electronic state changes in center metal atom and atomic motions of the SCO

molecule

Our FED is a direct probe of molecular motions with atomic spatial resolution and ~300 fs
time resolution [49,58]. Therefore, our FED study on the SCO dynamics is focused on the
atomic motions during the SCO transitions. For the atomic motions during the ultrafast

photoswitching of spin states, the metal-ligand bond elongation is generally believed as
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one key motion of SCO [19-26]. The metal-ligand bond elongation is caused by the transfer
of two electrons from the nonbonding orbitals to antibonding orbitals and loss of =-
backbonding which weaken the Fe-N bonds. Many works [19-26] have reported that the
Fe-N bond elongation is directly correlated in time (150 fs) to the electronic state dynamics

observed by changes in the SCO compounds’ spectral features.

In our FED study on single crystal [Fe(PM-AzA)2](NCS)2, we notice that there is only one
type of behaviour of all of the Bragg peaks studied, a decay or rise after excitation with ~
2.3 ps time constant. It is very similar to the time constant of vibrational cooling of the
excited HS state observed in both transient absorption and reflection spectroscopies.

In order to understand the molecular motions in real space behind changes in intensity of
Bragg peaks, structure factor calculations of most Bragg peaks during the structure change
from the LS state to HS state are introduced. Two possible pathways of atomic motion are
simulated. Previous works [19-26] report there is a two step structure change, a sub 150 fs
ultrafast metal-ligand bond elongation followed with a 2 ps slow ligand rotation. However,
the behaviour of most Bragg peaks based on this pathway is not observed in the experiment.
However, a coupled movement of the metal-ligand bond elongation and ligand rotation
with unit cell expansion which is a direct motion from the LS state to the HS state is
suggested. Most changes in intensity of Bragg peaks are very close to the observation from
our FED experiment. In order to confirm the possible pathways, the contributions from the
metal-ligand bond elongation, ligand motions, and unit cell expansion to intensity of Bragg
peaks are also considered. Selected Bragg peaks which receive different contributions have
similar time constant. Therefore, only coupled motions of these three motions can explain

one type behaviour of all Bragg peaks.

Based the observation from our FED study, we report the metal-ligand bond elongation,
compared to other motions during SCO, is not a conclusive signature of SCO, and it is
coupled to other ligand motions. The structure change in SCO is significantly delayed with

respect to the electronic SCO transition.

Furthermore, the metal-ligand bond elongation, ligand motion, and unit cell expansion are

selected as three key motions to obtain molecular movie of the photoinduced SCO. A
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structural refinement algorithm based on a parameterized molecular model from previous
FED studies is used to obtain a time-dependent map of the molecular motions of SCO. The
temporal evolution of key motions shows the time constant of these three key motions are
~ 2.3 ps and they are coupled to each other. According to the reaction coordinate of three
motions, a photo-excited HS structure is measured which is speculated by previous X-ray
diffraction studies [79,80].

7.2 Future work on photoinduced SCO dynamics

Single crystal [Fe(PM-AzA);](NCS):2 is classic Fe(ll) SCO compound, and it has both
thermal SCO and photoinduced SCO. In our FED study, we can obtain electron diffraction
patterns of both the HS state and the LS state easily by changing the temperature of the
samples. Based on the changes in intensity of Bragg peaks from the thermal SCO between
the HS state and the LS state, the behaviour of photoinduced SCO on the intensity of Bragg
peaks can be expected. Therefore, in the FED studies, we can easily determine whether the
ultrafast changes in the intensity of Bragg peaks is due to the photoinduced SCO. However,
for the SCO compounds with both thermal SCO and photoinduced SCO, we must set the
excitation condition carefully, because the deposit heat from pump laser may introduce the
thermal SCO. Therefore, a SCO compound with only photoinduced SCO can give
supplementary information and help us to further understand photoinduced SCO.

Some SCO compounds only have photoinduced SCO, because the energy gap AE between
the LS and the HS potential energy surfaces is too large. Among these SCO compound, we
choose single crystal iron(II) tris(2,2’-bipyridine) hexafluorophosphate ([Fe(bpy)s](PFs)2)
as another Fe(ll) photoinduced SCO sample system. [Fe(bpy)s]?* is also a classic Fe(ll)
SCO system which undergoes a SCO transition by photoexcitation by near-UV and visible
light [11]. The optical studies on single crystal [Fe(bpy)s](PFs)2 show that the relaxation
mechanism leading to the HS state in single crystal [Fe(bpy)s](PFs)2 is similar to that in
aqueous [Fe(bpy)s]** [18]. Therefore, similar structural changes reported by previous
works [25] is expected to be observed in the FED study. One of the most important
structure changes is the ~0.2 A Fe-N bond elongation that is finished in sub-picosecond

time constant.
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The FED experiment was performed with excitation conditions similar to optical pump-
probe transmission studies [18]. The single crystal samples are mounted on TEM grid and
kept at room temperature. 60 fs FWHM laser pulses, centered at 400 nm with a fluence of
2.5 mJ/cm?, are used as the pump. In Figure 7.1a, a static electron diffraction pattern of
single crystal [Fe(bpy)s](PFe)2 at LS state is presented. After photoexcitation, the average
changes in intensity of Bragg peaks between 0 and 150 ps in Figure 7.1b show that almost

all Bragg peaks have increasing changes in intensity, while the intensity of the center (0 0

0) Bragg peaks decreases.

Figure 7.1: Preliminary results of FED study of single crystal [Fe(bpy)z](PFe)2. (a) Static
electron diffraction pattern of single crystal [Fe(bpy)s](PFs)2. (b) Average changes in
intensity of Bragg peaks between 0 and 150 ps.

In Figure 7.2, preliminary FED study shows there is no ultrafast (sub-picosecond) changes
in intensity of selected Bragg peaks. The only change in intensity of Bragg peaks found in
the FED study is an ~100 ps slow increase in diffraction intensity. This change is believed
to be the acoustic phonon introduced by the pump laser, and it is similar to the oscillation
observed in FED study of single crystal Fe(PM—-AzA)2](NCS)2 (see inset of Figure 6.13).
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Figure 7.2: Preliminary long-time relative change in the intensity of select Bragg spots
from t = -100 ps to 600 ps

One challenge of this FED study is that the structure of [Fe(bpy)s](PFs)- at the HS state
can not be obtained by thermal SCO, so unlike the FED study of single crystal Fe(PM—
AzA)2](NCS). the relative changes in intensity of Bragg peaks of single crystal
[Fe(bpy)s](PFs)2 cannot be simulated to compare the observations in the FED experiment.
Based on the preliminary FED results, the observation of relative slower changes in
intensity of Bragg peaks observed in the FED study does not support the ultrafast structural
changes reported by XANES and optical pump-probe experiment on aqueous
[Fe(bpy)s](PFe)2.[15,16]. Therefore, the structural changes of single crystal
[Fe(bpy)s](PFs)2 during the SCO transitions may be different, compared to the observation
in the liquid. Another possible reason is that the changes in intensity of Bragg peaks
introduced by ultrafast structural changes during photoinduced SCO is too small to be
noticed, based on the signal-to-noise ratio of our FED system. In Figure 7.1a, all bright
Bragg peaks are low order Bragg peaks which have smaller change in intensity during the
SCO, according to the FED study of single crystal Fe(PM—AzA)2](NCS).. In the future, if
diffraction intensity of high order Bragg peaks can be increased by preparing single crystal

with better quality and improving the orientation of the crystal, it will be possible to observe
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ultrafast structural changes. Further FED experiments will focus on better signal-to-noise

ratio and quality of the single crystal.
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Appendix

In this thesis, photoinduced SCO dynamics of single crystal Fe(PM-AzA)2](NCS); is
studied by DC-RF hybrid femtosecond electron diffraction system (FED). The temporal
characteristics of the high brightness electron pulses is characterized by a photo-triggered
streak camera. The results of the FED experiment show that the structural changes of the
metal and ligand and electronic state changes in the metal atom are concomitant but not
simultaneous. The metal-ligand bond elongation, compared to other nuclear motions in the
photoinduced SCO, is not a conclusive signature of the photoinduced SCO, and it is
coupled to the other nuclear motions in phase transition. The metal-ligand bond elongation
(and other nuclear motions) is significantly delayed with respect to the electronic SCO

transitions.

In dieser Arbeit wird photoinduzierte SCO-Dynamik von Monokristall Fe(PM-
AzA)2](NCS)2) durch die DC-RF-Hybrid-FED untersucht . Die zeitlichen Eigenschaften
der Elektronenpulse mit hohen Helligkeit wird von einem photoinduzierten Streak-Kamera
gemessen. Die Ergebnisse des FED-Experiments zeigen, dass die Struktur&derungen des
Metalls und Ligands und die elektronische Zustands&nderungen in dem Metallatom sind
begleitend, aber nicht gleichzeitig. Die Dehnung einer Metall-Ligand-Bindung, im
Vergleich zu anderen Kernbewegungen in der photoinduzierten SCO, ist kein
ausschlaggebender Faktor des photoinduziertes SCO. Sie wird mit den anderen
Kernbewegungen in Phasentbergang kombiniert. Die Dehnung einer Metall-Ligand-
Bindung (und andere Kernbewegungen) ist, im Vergleich zu SCO-Dynamiken, signifikant

verzggert.
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