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Abstract

The integration of ultrafast laser systems with transmission electron micro-
scopes led to the extension of conventional electron microscopy to the 48
dimension, time, and new techniques as photo-induced near-field electron

microscopy became available.

This novel class of instruments offers to the experimenter the possibility to
apply in one single instrument different and complementary ultrafast tech-
niques as imaging, electron diffraction and energy-loss spectroscopy, allowing
the investigation of the properties of matter with renovated efficiency obtain-

ing time-resolved informations of both structural and electronic structures.

In this thesis we report the design and implementation of the world-first
ultrafast electron microscope based on a thermionic gun and we characterize

the performances of the machine.

Strongly correlated electron materials are an optimal playground for this in-
strument, the challenge being the ability to decouple the several degrees of
freedom characterized by similar energy scale. We applied ultrafast diffrac-
tion and electron energy loss spectroscopy to the study of the metallic phase
of a layered manganite, and we study the electronic and lattice response to

a femtosecond photo-excitation.

Taking advantage of the capabilities of PINEM to visualize electromagnetic
fields at the ultrafast timescale we report the first simultaneous observation

of the particle-like and wave-like behavior of a plasmon-polariton confined
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Abstract

on the surface of a silver nanowire.

Finally we present a discussion about the possible evolution of ultrafast elec-
tron microscopy, analyzing the feasibility of the integration of an ultrafast-
transmission electron microscope with a free electron laser for performing

high-energy excitations in solids.

Keywords

Ultrafast electron microscopy
Ultrafast diffraction
Ultrafast spectroscopy
Strongly correlated materials

Nanoplasmonics
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Sommario

L’integrazione tra laser ultraveloci e microscopi elettronici a trasmissione
ha portato all’estensione della microscopia elettronica convenzionale nella
quarta dimensione, quella temporale, e alla nascita di nuove tecniche spe-
rimentali quali la microscopia elettronica di campo evanescente foto-indotto

(photo-induced near-field electron microscopy, PINEM).

Questa nuova classe di sistemi offre allo sperimentatore in un singolo stru-
mento 'accesso a differenti tecniche ultraveloci complementari tra loro quali
I’acquisizione di immagini, la diffrazione di elettroni e la spettroscopia elet-
tronica a perdita di energia, agevolando notevolmente lo studio delle pro-
prieta della materia e offrendo la possibilita di ottenere informazioni sulle
dinamiche sia della struttura cristallina che di quella elettronica del campio-

ne.

In questa tesi riportiamo I'implementazione del primo microscopio elettro-
nico ultraveloce al mondo basato su una sorgente termoionica e la caratte-

rizzazione delle sue prestazioni.

I materiali fortemente correlati sono un ottimo campo di prova per questo
strumento. L’obbiettivo sperimentale e quello di riuscire a disaccoppiare
i diversi gradi di liberta del sistema, compito reso complesso dal fatto che
molti di essi sono caratterizzati da energie simili. La spettroscopia elettronica
ultraveloce e la diffrazione di elettroni sono state applicate allo studio della

fase metallica di un composto di manganite ed e stata studiata la risposta
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Sommario

elettronica e reticolare ad uno stimolo luminoso ultrabreve.

Visto che la tecnica PINEM e in grado di visualizzare campi elettromagnetici
in una scala temporale ultraveloce, riportiamo inoltre la prima osservazione
simultanea del comportamento ondulatorio e corpuscolare di un plasmone-

polarone confinato sulla superficie di un nanofilo di argento.

Infine, presentiamo una discussione sulla possibile evoluzione della micro-
scopia elettronica ultraveloce, analizzando la possibilita di integrare un mi-
croscopio elettronico ultraveloce ed un laser ad elettroni liberi per stimolare

eccitazioni ad alta energia in campioni solidi.

Parole chiave

Microscopia elettronica ultraveloce
Diffrazione ultraveloce
Spettroscopia ultraveloce
Materiali fortemente correlati

Nanoplasmonica
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Introduction

Walking through the historical path of the technology-driven human society
it is noticeable that to every improvement to the ability “to see” and ana-
lyze clearer nature’s details corresponds a scientific revolution that gradually

influences collective consciousness drive improvements to living standards.

During the transition between medieval and modern era the astronomic rev-
olution represents one of the most important steps in the direction of modern
society. At the beginning of the seventeenth century, Galileo Galilei (Pisa,
1564-1642) optimized the design of the telescope and posed the basics for a
cultural revolution that concerned all of the European continent. His scien-
tific results have been inherited by Isaac Newton (London, 1643-1727) that,
between the other things, laid the foundations of modern optics and invented
the reflecting telescope whose scheme is still used today in the most impor-

tant astronomical observation facilities.

Aside from the observation of big and distant objects, the magnification prop-
erties of well-designed lens systems endorsed the study of the sub-millimeter
world, disclosing details about nature inaccessible to the limited resolution
power of human eye. In 1665 Robert Hooke in his work Micrographia first
described a copious amount of details about microscopic living creatures and
introduced the word “cell” to describe what in his understanding represented
the basic component of vegetable life structures. At the same time, the dutch
Antonie van Leeuwenhoek was the first to visualize elements like bacteria,

blood flow in capillaries and muscle fibers, posing the foundations of micro-
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Introduction

biology.

The precision in the production of optical components grew rapidly and at
the beginning of the 20" century the resolving power of optical microscopes
was already close to their theoretical value, limited by diffraction effects

governed by the wavelength of visible light.

During the revolution stimulated by the discovery of quantum mechanics
the idea introduced by Louis De Broglie that an electron had an associated
wavelength of the order of picometer suggested that such a particle could be

user to overcame the limits of optical microscopy.

In their seminal work in 1933, Max Knoll and Ernst Ruska [1] described the
electron microscope they first conceived. It represented a big technological
leap forward in the field and in few years what was a simple laboratory
prototype became a successful commercial product capable unveiling details
in the nanometer scale and whose design remains conceptually unchanged

until nowadays.

The 1986 Nobel’s price in Physics is the seal on half century of success leading
to several declinations of modern electron microscopes that have applications
in different fields, from biology to material science, from medicine to physics,

to nanotechnology.

In its evolution the increased performances of the electron optical elements
and the electron sources grew alongside the research for better devices able
to register the informations collected from the samples. The need for ever
increasing performances of these devices was justified to reduce the exposure
times to limit the irradiation damage of the samples and avoid degradation
of the data due to mechanical instabilities of the machine, critical for high

resolution applications.

Since early times the possibility of acquiring shorter and shorter snapshots
of the specimen has been supported by the interest in observing not only

static images but also the evolution of the properties of the specimen itself

16



Introduction

after some dynamical process had been initiated. Many designs for sample
holders today allow the interaction with the specimen applying light, electric
and magnetic fields, controlling its temperature, its pressure and observing

its behavior in gaseous or liquid environments.

The first approach for obtaining fast acquisition times involved the research
for of efficient and sensitive acquisition devices able to record signal in short
amounts of time. Nowadays electronic sensors used for delicate biological

samples in cryo-microscopy are able to reach the microsecond timescale [2].

For even shorter time scales is necessary a different approach, following the
steps of ultrafast laser optics. The main idea is to not reduce the acquisition
time of the sensor but to deliver to it a packet of informations relative to a
precise instant in the time evolution of some process stimulated in the sample.
For applying this idea in electron microscopes, conventional continuous-wave
electron sources had to be rethought in order do produce a pulsed electron

beam.

The evolution in this field dates back several decades [3, 4, 5, 6] but recently
the popularity increased drastically thanks to the evolution of stable ultrafast
laser sources, pushing the technology of time-resolved microscopy from the

domain of us down until the sub-ps regime.

The work reported in this thesis has been accomplished at the LUMES lab-
oratory at the cole Polytechnique Fdrale de Lausanne (EPFL) and has been

the base for the following publications:

- Principles and Implementation of an Ultrafast Transmission Electron
Microscope, L. Piazza, M. Cottet, D.J. Masiel, T. LaGrange and F.
Carbone, Proceedings of Microscopy & Microanalysis, 18 (Suppl 2),
2012

- Design and implementation of a fs-resolved transmission electron mi-

croscope based on thermionic gun technology, L. Piazza, D.J. Masiel,
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Introduction

T. LaGrange, B.W. Reed, B. Barwick, F. Carbone, Chemical Physics,
423 7984, 2013

Ultrafast structural and electronic dynamics of the metallic phase in a
layered manganite L. Piazza, C. Ma, H. X. Yang, A. Mann, Y. Zhou,
J. Q. Li, F. Carbone, Structural Dynamics, 1 014501, 2014

A proposal for fs-electron microscopy experiments on high-enerqy exci-
tations in solids, L. Piazza, P. Musumeci, O.J. Luiten, F. Carbone,
Micron, 63 4046, 2014

Simultaneous observation of the quantization and the interference pat-
tern of a plasmonic near-field, L. Piazza, T.T.A. Lummen, E. Quinonez,
Y. Murooka, B.W. Reed, B. Barwick, F. Carbone, Nature Communi-
cations 6, 6407 (2015).

Outline

The outline of the thesis is the following:

18

e In Chapter 1 we present the description of the time-resolved ultra-

fast electron microscope installed in the LUMES laboratory at the cole
Polytechnique Fdrale de Lausanne (EPFL) and the characterization of

its performances.

In Chapter 2 we describe the results of the study on a strongly cor-
related material, layered manganites, performed via ultrafast electron

diffraction and ultrafast electron energy loss spectroscopy.

In Chapter 3 we present the simultaneous observation of particle-like
and wave-like behavior of surface plasmon polaritons on silver nanowires,

obtained by photo-induced nearfield electron microscopy.



References

e In Chapter 4 some perspectives on the future evolution of the hard-
ware of an ultrafast electron microscope are presented, together with
the scientific study for a proposal for an hybrid instrument obtained

coupling fs-TEM with an X-ray free electron laser beamline.
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Chapter 1

fs-Transmission Electron

Microscopy

The extension of transmission electron microscopy to the fourth dimension,
time, has taken several steps to reach the ns to fs resolution domain [1, 2, 3, 4,
5], proving to be dramatically effective in the investigation of light induced
phenomena in a variety of systems [6, 7, 8 9, 10, 11| and spanning areas
of research like physical chemistry [12, 13], biophysics [14], nanophotonics
[15], condensed matter physics [16] and materials science [17, 18]. Unlike a
conventional TEM, high time resolution electron microscopes take advantage
of laser generated ultrashort pulses of electrons to probe the specimen. To
achieve femtosecond time resolution with the low energy spread desired for
real-space imaging, the simplest technique is to allow each electron pulse to
contain at most one electron [19]. This requirement imposes the use of a very
low average current in the TEM, thus sacrificing signal in order to obtain the

best possible spatial and temporal coherence.

Currently, there are two main approaches to time resolved electron mi-

Parts of this chapter are taken from Design and implementation of a fs-resolved
transmission electron microscope based on thermionic gun technology, L. Piazza et al,
Chemical Physics, 423 7984, 2013.
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Chapter 1. fs-Transmission Electron Microscopy

croscopy: femtosecond ultrafast electron microscopy (UEM) which uses stro-
boscopic “single” electron pulses to study ultrafast dynamics [19, 20] and
the dynamic transmission electron microscope (DTEM) which uses electron
pulses containing more than 10% electrons to acquire ”single-shot” images
with nanosecond exposure times [17, 21, 22]. This letter focuses on a new mi-
croscope that is optimized for operation in the femtosecond mode, or UEM,
that utilizes a combination of a thermionic source with a Wehnelt and an
extra condenser lens. In fs-resolved machines, it is important to keep the
current density very low to avoid the temporal broadening of the electron
pulses during propagation due to space charge. In this low current or ”sin-
gle” electron regime, the average beam current is a few orders of magnitude
lower when compared to the conventional continuous wave (CW) electron
beam in thermionic mode. For example, when operating at 1 MHz with 1
ps electron pulses, a current is present in the microscope only for 1 us out of
every second. This greatly decreases the signal that is available for imaging,
diffraction or spectroscopy. Unfortunately, the increase in the electron en-
ergy spread and pulse duration, caused by space charge and Boersch effects,
happens at the source and in the accelerator section, where the electrons are

moving relatively slowly.

In a standard TEM design, the current throughput between the gun and
the sample is typically only a few percent at most (and often much less).
Thus if an average pulse has a single electron when it reaches the sample,
very likely it had tens or even hundreds to thousands of electrons when it
was emitted, and the presence of these unused electrons may substantially
worsen the time and energy resolution. To optimize the performance in fs
mode, two things must be done: (1) adjust the conditions at the electron gun
so that it only emits a small excess of electrons beyond those that are used
to form an image or spectrum and (2) modify the condenser lens system to
capture a very large fraction of the emitted electrons. To satisfy the first task,
we systematically vary the laser pulse energy, laser pulse duration and the
bias voltage on the Wehnelt electrode (which, for a thermionic source, acts

as a feedback-stabilized electron focusing and suppression optical element).
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As we vary these parameters, we measure the signal level, pulse duration,
and energy spread in order to understand how to optimize performance for
any given experiment. To do the second, we add a large, weakly focusing
condenser lens, called the CO lens since it precedes the standard C1 condenser

lens, similarly to the design described in [23].

The Wehnelt is an electrostatic lens which works by decelerating, then re-
accelerating the electron beam while it is still at a very low energy, greatly
increasing dispersion. Any electrostatic lens in the upper regions of the
accelerator would similarly tend to degrade the pulse duration. Whereas
the CO lens is a magnetic lens operating on the fully accelerated beam and
thereby has much less detrimental effects on the pulse duration. The CO lens
is crucial for the operation of the Wehnelt based UEM, because, as we show
below, the shortest duration electron pulses are obtained with zero or low
Wehnelt bias; this in turn does not efficiently couple the electrons down the

column, which dramatically reduces the electron counts.

The CO lens is used to get a majority of the electrons that exit the accelerator
to reach the sample, thus recovering the signal lost because of the Wehnelt
settings. Moreover, ad hoc combinations of electron-pulse duration and co-
herence can be achieved by independently controlling the Wehnelt and CO
voltages. In fact, since brightness is conserved, signal increases at the ex-
pense of spatial coherence and hence can reduce spatial resolution. It should
be mentioned as well that in previous reports describing the CO lens opera-
tion with nanosecond electron pulses the primary advantage was its ability
to increase current for single shot imaging; in the application reported here,
this lens’s primary use is to prevent space-charge effects in the gun region
by providing a combination of electron-collection and acceleration that op-
timizes the duration and energy spread of fs-electron bunches. As we shall
show below, the impact of such a modification on the performance in static
imaging mode is minimal. With this modified system, we show that few-
hundred-fs time resolution can be achieved with sufficient electron counts for

imaging, diffraction, and EELS.

23



Chapter 1. fs-Transmission Electron Microscopy

This approach delivers similar results to a UEM with a modified FEG module
which uses the extractor and suppressor lens system to control the emission
properties of the photo-current; here, we show that in our microscope the
simpler combination of the Wehnelt and CO allows the direct control of elec-
tron pulse duration and beam current. This ability allows the microscope
to be optimized for the demands of each experiment. It has to be noted
that conventional field-emission guns come with voltage controllers that of-
ten forbid independent tuning of the extractor/suppressor lenses, resulting

in a somewhat limited tunability of the instrument [20].

The fs-TEM components

The femtosecond laser used in the setup is a " KMLabs Wyvern X” Ti:Sapph
amplified laser pumped by three Finesse CW green pump lasers for a total
maximum pump power of about 40 W. It delivers 5 W of average power at
800 nm wavelength, 80 fs pulse duration, and repetition rates between 200
kHz and 2 MHz. The beam is split into two paths: one is frequency tripled to
generate the UV probe beam, while the other is used to pump the specimen.
The laser pulses are sent to the microscope to allow fs time-resolved electron
microscopy (dynamical) operation. The microscope is a modified JEOL 2100
TEM with a Gatan Quantum GIF electron energy loss spectrometer (EELS).
Two optical ports have been added to the microscope, two mirrors have been
placed inside the column and an additional magnetic lens has been placed
between the acceleration region and the C1 lens. The upper optical window
located in an additional column section allows the UV (266 nm) laser pulses
to enter the microscope, where it is reflected on a movable holed aluminum
mirror. After the UV is reflected up the column it hits a 30 pm flat LaBg tip,
creating electron pulses through the photoelectric effect. A second optical
window located near the specimen allows an additional laser beam to enter
the column, where it hits a mirror that is placed on the top of the objec-

tive lens pole-piece. This second laser beam after reflection on the mirror
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Performances in pulsed mode

is focused onto the specimen. The additional CO magnetic lens allows the
electrons to be more efficiently coupled down the column. A schematic of the
modification is presented in Figure 1.1. In the right panel of Figure 1.1 two
high-resolution images taken in thermionic emission mode before (top) and
after (bottom) the modification are shown. After the modification, a slight
blurring is visible towards the edges of the image, resulting in a slightly lower
spatial resolution. However, lattice fringes are visible in both images proving
that the modification itself only has a minor impact on the conventional per-
formance of the TEM. When the C0 lens voltage is increased, an increased
electron intensity is achieved at the expense of the spatial resolution. Also,
for dynamical operation a 30 ym flat LaBg tip is used instead of the stan-
dard conic one, also resulting in a somewhat reduced spatial resolution. For
these reasons, in a realistic time-resolved experiment, a spatial resolution
around 1 nm is to be expected. It is important to stress at this point that in
time-resolved experiments the overall final spatial resolution does not depend
solely on the imaging capability of the microscope but also on the mechanical
response of the sample to the exciting pulses and the possible photo-emitted

charge present on its surface [24, 25].

Performances in pulsed mode

While the microscope can be operated in thermionic mode, where it gives
performances similar to a standard machine, we will focus here on its op-
eration in femtosecond pulsed mode operation. The two parameters that
require optimization while in femtosecond pulsed mode are total current and
the energy resolution (width of the zero loss peak (ZLP)). One important
characteristic of the JEOL 2100 TEM is that the voltage on the Wehnelt
can be adjusted directly and does not rely on the feedback current provided
by the electron beam. That is, there is a static bias voltage continuously
applied to the Wehnelt that can be independently varied, which is crucial for

optimizing pulsed electron parameters. This voltage can be adjusted from
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Chapter 1. fs-Transmission Electron Microscopy

Retractable
camera

Figure 1.1: Modified TEM: the critical sections where conventional parts have been mod-
ified are transparent. In the right panel a static atomic resolution image taken on a gold
nano-particle TEM resolution standard is shown before and after the modification of the
instrument. Image adapted from [26].
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Performances in pulsed mode

around 0 V to roughly 1000 V, even with the emission current equal to zero,
and the change in this voltage when the filament emits in thermionic mode
is relatively small. The characteristic response time of the resistive feedback
is much longer than the photo-emitted pulse duration. When a high bias
voltage is used on the Wehnelt, electrons emitted from the center of the tip
are selected and coupled down the column. This typically results in bet-
ter beam coherence and lower energy spread in the ZLP, but because the
Wehnelt voltage tends to decelerate the electrons at the cathode, the pulse
suffers from space-charge effects, resulting in longer pulses. On the contrary,
if very low or no bias voltage is applied to the Wehnelt, electrons from a
larger region of the cathode are accepted, the energy spread of the ZLP is
larger and the coherence of the beam is lower, but electron pulses with du-
rations of a few hundred fs can be obtained (as will be shown in Figure 1.4).
In Figure 1.2, the effect of the bias voltage on the beam properties is visi-
ble. In all the experiments the strength of the CO lens is kept at its optimal
value to maximize counts. The UV beam from the laser is directed to the
cathode via a 1 m focal length optical lens. The spot-size at the LaBg tip is
estimated to be between 100 and 150 pum in diameter. The repetition-rate
of these experiments was 1 MHz. In Figure 1.2 A, the electron counts as a
function of the UV power used to photo-emit electrons from the cathode are
shown; a 0 V bias on the Wehnelt lens was set. An image of the tip is taken
for different UV power values, top panels of Figure 1.2. The electron counts
are estimated on the detector by integrating the intensity of all the pixels
in the images and then converting pixel counts to electron counts. At low
UV power, the electron counts are found to increase linearly with the laser
power as expected for the photoelectric effect. However, a saturation in the
counts is observed beyond 150 electrons/pulse on the detector. It is interest-
ing to notice that above 1 mW of illuminating UV power, corresponding to
approximately 30 electrons per pulse, the image of the tip becomes blurred
(Figure 1.2 A and central top panel), and the energy width of the ZL peak
begins to significantly broaden, Figure 1.2 B. The width in energy of the ZL
peak displayed as a function of the UV power for two different Wehnelt bias
voltages also shows a divergence beyond 1 mW of UV power for the 0 V bias
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Chapter 1.

fs-Transmission Electron Microscopy
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Figure 1.2: A. Beam current as a function of UV power. B. Dependence of the FWHM of
the ZL peak on the UV power for two different Wehnelt bias voltages. In the top panels
of the figure, the images of the tip taken for three different illuminating UV powers are
shown. Image adapted from [26].

setting. At higher UV power, the width of the ZL becomes several eV, and
the image of the tip becomes a cloud of charge with no details distinguishable
(Figure 1.2, top right panel), testifying to the abrupt onset of space-charge

effects already at very low currents.

It is interesting to notice that for a high voltage on the Wehnelt (350 V,
Figure 1.2 B), a higher number of electrons in the pulses does not result
in a broader energy distribution. This suggests, and will be verified below,
that the electron pulses have fairly long durations, so that the space-charge
effects are less severe due to a low instantaneous electron density. This is
consistent with the fact that a higher bias voltage reduces the acceleration

of the electrons at the cathode, as discussed above. Instead, at low bias
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Temporal resolution

voltages, the energy spread of the beam drastically increases with electron
density, suggesting that in realistic time-resolved operation a very low current
has to be maintained to keep both a short pulse duration and a narrow energy
distribution. The so-called ”single electron regime” is attained by lowering
the UV power on the cathode until the ZLP reaches its minimum width,
1 eV (corresponding to an UV illumination of less then 1 mW at 1 MHz
repetition rate in Figure 1.2 B).

Temporal resolution

The duration of the electron pulses is characterized via photon-induced near
field electron microscopy (PINEM) [15, 27, 28, 29, 30, 31, 32, 33]. When
electrons and photons are overlapped spatially and temporally on a nanos-
tructure, the evanescent field photo-induced at the edges of the latter in-
teracts with the electrons allowing them to absorb and emit photons from
the pump laser beam [15]. This results in sideband peaks spaced by an en-
ergy corresponding to the pump photon energy on both the energy gain and
loss sides of the ZLP [15]. Because the surface charge density waves that
mediate this interaction typically have very short lifetimes relative to the
excitation pulse durations, the temporal duration of the PINEM effect is a
cross-correlation between the laser pulse and the electron pulse, while they
are both in the vicinity of the nanostructure. To measure the pulse dura-
tion using the PINEM effect a specimen of silver nanowires, whose average

diameter was around 100 nm with average lengths of a few pum was used (see
Figure 1.3 D).

The laser pulse duration was varied from 100 fs to 2 ps, at a wavelength of
800 nm (1.55 eV photons), with a repetition rate of 1 MHz and a fluence as
high as 10 mJ/cm?. The delay between the IR pump pulses and the photo-
emitting UV pulses is changed via a computer-controlled optical delay-line.

In Figure 1.3 A the time-energy dependence of the EEL spectrum through
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Chapter 1. fs-Transmission Electron Microscopy

the silver nanowire sample is displayed. The bias voltage in the Wehnelt lens
was set to 300 V. In Figure 1.3 B the energy spectrum before the arrival of
the laser pulses (red line) and at the time of coincidence between electrons
and photons (blue line) is shown. The sideband peaks of the PINEM effect
are clearly distinguishable and are separated by 1.55 eV as expected. We can
count up to 18 peaks on each side of the zero-loss peak, corresponding to a
gain or a loss in the kinetic energy of the electrons by as much as 27.9 eV. In
Figure 1.3 C, the temporal evolution of one of the satellite peaks is displayed.
The FWHM of the whole cross-correlation is around 1.5 ps, similar to what

was reported in [15].

In Figure 1.3 D, an image of the silver nanowires taken integrating for 2
seconds the photoelectron beam is shown. These spectra show that our
instrument has around 1 eV energy-resolution in pulsed operation, similar to
the resolution of the conventional CW TEM and sufficient to look at both

low-energy loss plasmons [13] and multiplets effects in core levels [34].

The electron pulse duration can be varied by changing either the initial laser
pulse duration or bias voltage on the Wehnelt. In particular, the electron
pulse duration is very sensitive to the bias voltage, for the reasons discussed
above. In Figure 1.4, the evolution of the PINEM cross-correlation is shown
as a function of the laser pulse duration and the bias voltage. In Figure 1.4 A,
the temporal evolution of the ZLP of the PINEM spectrum for a bias voltage
of 300 V is shown at different values of the laser pulse duration. Clearly, when
the laser pulses are longer than the electron pulses, a longer cross-correlation
is observed (magenta trace, 2.5 ps). Instead, a sharper effect is observed when
the laser and electron pulses durations are equally matched. This happens
at a value around 750 fs, delivering a good estimate of the electron bunch
duration. In Figure 1.4 B, the temporal evolution of the PINEM signal for
a bias voltage of 0 V at different durations of the laser pulses is displayed.
In this case, an electron/light cross-correlation as short as 480 fs is observed,
confirming the idea that the best time-resolution, i.e. shorter electron pulses,

is obtained for the maximum acceleration from the cathode (no bias voltage
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Figure 1.3: A Time/energy landscape of the PINEM effect on silver nanotubes. B temporal
profile of one of the PINEM sidebands. C Energy profile of the PINEM spectrum. D Image
of the silver nanowires. Image adapted from [26].
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on the Wehnelt lens).

The dependence of the cross correlation FWHM on the laser pulses width is
shown in Figure 1.4 C for the two bias voltages used, and in Figure 1.4 D the
duration of the electron pulses is plotted against the bias voltage. An extra
experiment was performed at a high bias (600 V), delivering pulses as long as
5 ps. To the best of our knowledge, the dependence of the PINEM effect on
the initiating laser duration has never been reported, and it also provides an
interesting insight in the relation between the photo-induced field duration
and its interaction with the electrons. It is not immediately obvious for
instance why a longer laser pulse produces a shorter cross-correlation. One
possible explanation may be that the PINEM effect is highly nonlinear, and
is enhanced when a strong electric field is present during the whole duration
of the electron pulse, i.e. giving the sharpest effect when light and electron

pulses durations coincide.

The overall duration of the PINEM effect strongly depends on the voltage
placed on the Wehnelt. Moreover, when changing the Wehnelt voltage, a shift
of the temporal coincidence between electrons and photons is also observed,
as a consequence of the different acceleration times for the photo-emitted
electrons. The temporal broadening is overcome by reducing the Wehnelt
bias voltage to zero, which results in greatly reduced signal. However, this
signal can be recovered by using the C0 lens to better couple the electrons

down the column.

Conclusions

In conclusion, we demonstrate the ability to modify a commercial Wehnelt-
based JEOL 2100 TEM for fs-pulsed operation. Having flexible control of the
Wehnelt lens bias voltage and the addition of an electromagnetic lens right
after the acceleration stage, we demonstrate the ability to obtain fs time-

resolution, 1 eV energy resolution while maintaining a good overall brightness
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Figure 1.4: A Temporal profile of the amplitude of a PINEM sideband as a function of
the laser pulses duration at a bias voltage of 300 V. The peak intensity of the pump is
kept constant. B Temporal profile of a PINEM sideband as a function of the laser pulses
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[26].
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of the instrument. Also, the electron pulses properties in terms of duration

and energy spread can be independently controlled via the bias voltage and

the control of the photo-emission yield, making this tool highly versatile.
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Chapter 2

Ultrafast diffraction and
electron energy loss
spectroscopy of layered

manganites

In the last decade both theoretical and experimental results revealed that
the properties of several classes of materials are dominated by spatially not
homogeneous states. This situation appears when several physical interac-
tions — charge, spin, lattice and/or orbital — survive in a common volume
of the parameter space. The behavior of such materials in these circum-
stances causes interesting effects, such as colossal magneto-resistance, and it

also appear relevant to understand high-temperature superconductivity.

The complexity of the electronic configurations can lead to unusual macro-
scopic properties, potentially characterized by giant responses to small per-

turbations. From a technological point of view, not only charge and spin can

Parts of this chapter are taken from Ultrafast structural and electronic dynamics of
the metallic phase in a layered manganite, L. Piazza et al, Structural Dynamics, 1 014501,
2014, an extended introduction and more considerations are added.
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Chapter 2. Ultrafast diffraction and EELS

be exploited (semiconductor electronics and spintronics) but also the degrees

of freedom relative to lattice and orbital configurations.

Compounds of Manganese of the form AMnOj3 (where A can be one between
La, Ca, Ba, Sr, Pb, Nd and Pr) are characterized by the perovskite crystal
structure (CaTiO3) and are known since more than sixty years (cite van San-
ten and Jonker, 1950). The colossal magnetoresistence effect they exhibit has
not been observed in other bulk metallic systems. Comparable dependence
to external magnetic fields arises only in the case of pure crystals at very low
temperatures where the mean free path of the conducting electrons is greatly

reduced by the magnetic field inducing circular trajectories.

Depending on the actual composition manganites exhibit several different
phenomena, including charge and orbital ordering, ferromagnetism and anti-
ferromagnetism. If the state A is partially occupied by atoms with different
valence, Mn®** and Mn*" can coexist along different lattice directions giving
rise to domains in the microscopic scale that can be observed in a transmission

electron microscope.

Some manganite compounds crystallize in structures that present a layered
arrangement. In such compounds the conductive Mn0, planes are separated

from each other by AO layers.

Layered manganites, as some other 2D materials, provide a unique play-
ground for observing charge ordering phenomena due to the lowered dimen-
sionality of their electronic structure [1, 2, 3]. These states of matter are
of current interest both for their fundamental properties and their potential
exploitation in microelectronics. In particular, manganites have a rich phase
diagram originating from the presence of several competing energy scales; this

results in a broad versatility which has already seeded multiple applications
[4].

The phase diagram of these compounds can be explored manipulating one

of several macroscopic parameters. Transitions between different magnetic,
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charge and orbital ordered states, can be driven by temperature [5], pressure
[6], magnetic field [7], and chemical doping [5]. Recent experiments have
shown that light pulses can also make these systems cross the different crit-
ical lines of their phase diagram [8]. In particular, the dynamics of charge
and orbital ordering have been investigated by directly triggering specific
lattice distortions via resonant THz radiation pulses, [9] and orbital waves
have also been detected via high temporal resolution optical experiments
[10]. Moreover, the temporal evolution of the net magnetization upon photo-
excitation has been observed by ultrafast optical Kerr rotation experiments
[11, 12], yielding quantitative information about the spin-orbit interaction in
Lag.gSrg4MnOs.

So far, most of the time-resolved studies in these materials have been carried
out via optical [13, 14], and X-ray probes [15, 16, 17, 18, 19]; the latter have
allowed the observation of the structural rearrangement in the solid upon
melting the charge and orbital ordering [17, 18], as well as the formation
of metastable states with exotic properties accessible only in the picosecond
(ps) time scale [20]. Combined dynamical information about the crystal and
electronic structure have been obtained via resonant X-ray diffraction at the
L absorption edge of Mn ions, very sensitive to the material’s spin state,
showing that in the metastable photo-induced phase, magnetism could be

suppressed while maintaining the orbital ordering in the system [16].

Charge and orbital organized patterns in solids give rise to spatial modu-
lations of the crystalline order visible as superlattices in diffraction, often
accompanied by distinct fingerprints in the electronic structure. As demon-
strated in [16], the ability to monitor the evolution of both the crystal and
electronic structure in a broad momentum and energy range provides a priv-
ileged point of view on these phenomena and their evolution through the

critical lines of the phase diagram.

Charge and orbital ordering in layered materials have been observed also by
electron diffraction and microscopy, both statically [21] and with fs resolu-

tion [22]. Ultrafast electron microscopy offers the advantage of delivering
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momentum-resolved information through diffraction and broad-band elec-
tron energy loss spectroscopy in a very direct fashion and from very tiny
amounts of material [23, 24, 25]. In the bi-layered PrSry,Ca; sMnyOr, a pe-
culiar checkerboard pattern made of ordered orbital stripes has been observed
via transmission electron microscopy (TEM) [21], and optical spectroscopy
[26], and originates from a 1:1 ratio of Mn*" and Mn?* ions in the ground
state. The evolution of the orbital and charge ordering in this material can
be tuned with chemical doping or temperature, giving rise to a very rich

phase diagram [27].

For the reasons exposed a sample from this class has been chosen to perform
combined static and time-resolved electron diffraction and time-resolved elec-
tron energy loss spectroscopy. We show that laser light can be used in-situ
in a TEM to drive a PrSrp,Ca; sMnyO; sample in different regions of its
phase diagram, and then perform an ultrafast investigation of its metallic
phase. Pressure waves can be launched in thin samples via light-induced
temperature jumps, resulting in a modulation of the crystal structure that
can be followed by ultrafast diffraction and imaging experiments [28, 29],
while the consequent modulation of the electronic structure can be moni-
tored with ultrafast spectroscopy [23, 24]. Coherent structural motions of a
PrSry2Ca; sMnsO7 single crystal induced by the photo-induced temperature
jump were detected as periodic modulations of the Bragg peak intensities.
In the same instrument, the resulting modulation of the loss function was
recorded over a broad energy range (2 eV to 70 eV), evidencing the response
of the different electronic states to specific atomic motions. Such an inter-
play was understood via density functional theory (DFT) calculations of the
EELS spectra, performed considering an equilibrated electronic structure at

different lattice parameters.

This study provides the necessary background information to further investi-
gate the more complex regions of the phase diagram, and confirms the ability
of the ultrafast temperature-modulation approach to provide a direct view

of light induced thermal phenomena in a solid.
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Figure 2.1: A Experimental set-up. The TEM column is depicted, the parts where the op-
tical paths are found are transparent. B Image of the PrSry 2Ca; §MnyO7 single crystalline
nanoparticles. C Static unperturbed diffraction pattern at T=300 K. In the black circle
the charge/orbital ordering satellites are evidenced. D, E, F static diffraction pattern for
the sample irradiated by 5, 20 and 40 mW of laser light at 1 MHz respectively. Image
adapted from [30].
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The sample and the experimental setup

A polycrystalline sample of PrSrg2Ca; sMnyO7 was prepared by the solid-
state reaction technique. The compound was prepared via a mixture of
PrgOq1, CaCOgz, SrCO3 and MnQOs, in the desired proportions, heated to
around 900°C in air for 12 hours, then ground and sintered at 1450 °C for 24
hours. The TEM samples used in the present study were prepared by crush-
ing the well-characterized polycrystalline, and then the resultant ethanol
suspensions were dispersed on a holey carbon-covered Cu grid. The crys-
tallinity, shape and orientation of the different micrometer-sized flakes were
checked by imaging and diffraction in our TEM (see Figure 2.1 A, B, C) and
by observing the shape and orientation of the Kikuchi lines (see Figure 2.2).

Two samples were selected on the basis of the optimal shape and thickness
for diffraction and EELS experiments. The sample for diffraction was 100
nm thick, while the one used for EELS was twice as thin (50 nm), to prevent
severe multiple scattering effects [31]. The samples were then mounted on a
double tilt holder and inserted in our fs-TEM [32] (the set-up is depicted in
Figure 2.1 A).

The experimental setup and its performances in term of temporal, spatial
and energy resolution are described in Chapter 1. Briefly, fs electron and
photo-exciting pulses are generated by a Wyvern X Ti:Sapp amplified laser
capable of 5 W average power at rep-rates between 200 kHz and 2 MHz. The
pulse duration was set at 80 fs and the photon energy was frequency doubled
to obtain 400 nm linearly polarized pump pulses containing up to 1 uJ of

energy at 1 MHz repetition-rate.

1n-situ static measurement

To perform a static in-situ observation the pump beam was focused on the

sample in a 100 pum spot, and the fluence was chosen to provide an average
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Figure 2.2: An example of Kikuchi lines observed in a PrSrg.2Ca; §MnoO~. The orientation
of the sample can be inferred and optimized from the image. In this case the electron
beam is alligned with the [0 0 1] zone axis of the crystal flake. Image acquired at the
Interdisciplinary Center for Electron Microscopy (CIME) at EPFL, using a Jeol JEM-
2200fs electron microscope equipped with a 200kV field emission source.
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heating of the specimen sufficient to drive the material into its metallic phase,
by suppressing the charge/orbital ordering that is naturally present at room
temperature [21]. In Figure 2.1, C, D, E, F and in the inset of Figure 2.3 A,
the diffraction patterns for the unperturbed sample, the sample excited by 5
mW at 1 MHz (corresponding to a fluence of 16 pJ/cm?), the sample excited
by 20 mW , 40 mW, and 100 mW respectively are displayed.

The charge/orbital ordering satellites, indicated in the figure, are found to
first rotate at intermediate laser fluence, corresponding to an average heating
that brings the sample temperature from 300 K to about 320 K, while they
have completely disappeared for an average pump power of 100 mW (320
pJ/em?; the latter is the fluence used in our time-resolved experiments at
which the sample is deeply in its metallic phase, at a temperature above 350
K). Upon irradiating the sample with the laser at 1 MHz repetition-rate, an
increase in the sample temperature was observed and stabilized within few
minutes, indicating that a new equilibrium was reached at a temperature
higher than room temperature itself. In this condition, it was verified that
the system relaxes to such a new thermal equilibrium between subsequent
pulses, as testified by the flat temporal dependence of the diffraction intensity

before time-zero, in Figure 2.3.

Ultrafast electron diffraction

Snapshots of the crystal structure at different time-delays between the pump
and the probe are obtained via fs electron diffraction. The sample is oriented
in such a way that the electron beam impinges along the direction perpen-
dicular to the ab-plane of the material. The diffraction patterns, in Figure
2.1 C,D,E,F and Figure 2.3 inset, show the lattice parameters a,b = 5.46 A,
and the satellites at ¢4, g, ~ 0.45. In the metallic phase (Figure 2.3 inset),

the satellites are absent.
Light excitation is performed via 400 nm laser pulses, in the interband tran-
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Figure 2.3: A Temporal evolution of the Bragg diffraction intensity. In the inset, the
diffraction pattern for the sample irradiated by 100 mW of laser light at 1 MHz is shown.
No charge/orbital ordering is evident in these conditions. B temporal evolution of the
in-plane diagonal. Image adapted from [30].
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sitions region of the optical conductivity [26]. At positive time delays, the
Bragg peak intensities are found to decrease, according to the behavior dic-
tated by the Debye-Waller effect. The transient data along the in-plane
diagonal of the unit cell are depicted in Figure 2.3. An exponential inten-
sity drop of as much as 18% with a time constant of 31 ps is observed; this,

according to the Debye formula: n(I/ly) = —s* < u?

> /3 would corre-
spond to an average atomic displacement induced by the temperature jump
of around 3% of the interatomic distance. In Figure 2.3 B, the change of the
in-plane diagonal is shown; an expansion of 3% of the equilibrium value is
indeed observed within the same time-scale (obtained via an exponential fit
to be 31 ps). The distortion of the c-axis lattice parameter also contributes

to the DW effect and is expected to be of the same size.

In the dynamics of the Bragg peak intensity, an oscillation originating from
the pressure-wave launched by the photo-excitation is visible. In this sce-
nario, the sample behaves like the membrane of a drum, vibrating at partic-
ular frequencies that coincide with the film’s eigenmodes [29]; in our mea-
surements, these oscillations have a period of 48 ps. It is possible to estimate
the Young modulus (Y) along the c-axis knowing the thickness and the den-
sity of the material through the formula that relates Y to the oscillation
period of an ideal freely vibrating nanofilm: % = %(%)1/ 2 with n = 1 for
the fundamental tone. For the single crystal used for diffraction, assuming
a density that for manganites typically is around 6.5g/cm? [33], we obtain a

value of 113 GPa.

Ultrafast EELS

In electron energy loss spectroscopy, multiple scattering effects complicate the
assignment of the different spectroscopic features by inducing broad satellite
peaks [31]. To avoid this problem, thinner samples must be used. For this

reason, the mesoscopic sample we selected to perform ultrafast EELS was
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Figure 2.4: A Static EELS spectrum from 0 to 700 eV (blue symbols). The red curves
are theoretical calculations; DFT calculations are used until 600 eV and atomic multiplet
calculations for the Mn L-edge above 600 eV. B Energy-time map of the low loss EELS
spectrum. The 3D plot is obtained by taking the difference between EELS(t)-EELS(t< 0).
C Temporal profile of the EELS intensity at selected energies, in correspondence with the
specified electronic states. Image adapted from [30].

twice as thin (50 nm) the one observed in diffraction.

The static spectra of our PrSrg2Ca; sMny,O; sample are displayed in Figure
2.4 A in the range from 0 eV to 700 eV. Each region of this broad spectrum
is modeled by theoretical calculations; in particular, in the low loss region,
between 0 and 70 eV, two plasmon peaks at 3 eV and 13 eV are observed and
are assigned to the partial and the highly-damped valence electron plasmon
respectively. At higher energy, the shallower core levels are found, such as
the Pr Oq3 at 20 eV, the Sr Ny3 at 29 eV, the Ca My3 34 eV and the
Mn M; 3 at 55 eV. This portion of the spectrum is modeled via state of the
art DFT calculations via Wien2k code [34], see red line in Figure 2.4 A.
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The calculations are in reasonable agreement with the experiment, despite
a shift of some of the electronic states already observed in previous reports
[35]. At 345 eV, the Ca Ly 3 is observed and the 3 eV spin-orbit splitting is
evident on this edge. In the oxygen K-edge instead, the sharp peak at 524.4
eV originates from the hybridized states between O-2p and Mn-3d orbitals,
while two pronounced peaks centered at about 532 eV and 540 eV come
from the hybridization of the O-2p with Pr/Sr/Ca and Mn-4s/4p states.
The splitting between the valence band and upper Hubbard band is invisible
here, because it is smaller than the energy resolution (~ 1 eV in our fs-
TEM). In the DFT calculations, red trace in Figure 2.4 A, only the strong
feature originating from the Pr-O hybridization at 533 eV is not captured. To
simulate the Mn L-edge, the atomic multiplets code is used [36]. The EELS
spectrum is simulated by a mixed valence state Mn3* 4+ Mn**, in a crystal
field environment of 2.4 eV as estimated by the Mn bands splitting in the
high symmetry points of the fat bands diagram [37]. The broad experimental
energy range provides a solid constraint to our modeling of the EELS spectra,

which we use to understand the following time-resolved experiments.

Upon light excitation, as shown in diffraction, the film undergoes a peri-
odic structural modulation as well as an overall dilatation due to the light
induced temperature jump. The period of the modulation depends on the
sample thickness, its Young modulus and density. For EELS experiments,
the 50 nm thick sample used gives rise to a faster oscillation of the dynam-
ical spectra with a period of 23 ps. The overall energy-time map of the
experimental data is depicted in Figure 2.4 B, where black lines indicate the
energies corresponding to the different electronic states observed in the static
spectra. Each of these states shows a different temporal dynamics, reflect-
ing a different sensitivity to the photo-induced structural distortions. This
is better visible in Figure 2.4 C, where the temporal profile corresponding
to each energy level is shown. Here, an overall decay of the peak intensity
is observed after time zero, with a periodic modulation superimposed. It is
interesting to notice that despite the overall effect is the weakest on the Mn

M-edge at 53 eV, the periodicity is the clearest at this energy, suggesting that
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the Mn orbitals are the most sensitive to the structural distortions. This is
not surprising considering the large crystal field on the Mn ions, which we
estimated from the band structure and the Mn L-edge static spectrum, and
that is certainly affected by the shape and dimension of the cage surrounding
the Mn ions.

Discussion of the results

To understand the dynamical EELS spectra, we performed DFT calculations
of the low-loss as well as the oxygen K-edge region for different structural
parameters, reflecting the changes estimated by diffraction, i.e. an overall
lattice expansion by few percents of its equilibrium value. For comparison,
we also calculate the spectrum for a compressed lattice, to verify the unam-

biguity of our interpretation.

In Figure 2.5 A, the difference spectra EELS(compr.-ab) - EELS(equil.),
EELS(expand.-ab) - EELS(equil.), EELS(compr.-c) - EELS(equil.) and

EELS(expand.-c) - EELS(equil.) are shown together with the experimental
difference spectra EELS(t< 0) - EELS(t=0) and EELS(t=50ps) - EELS(t=0).
The sign of the transient change, i.e. a reduced EELS intensity, is captured
by the calculations that consider an expanded lattice after time zero. The
overall shape of the transient spectrum is also reasonably reproduced by the
calculated difference spectra with a good coincidence between the position
and relative strength of the negative peaks; the simulations consider a lattice
expansion/compression in both ab and ¢ direction of 2%, and estimate inten-
sity changes of the EELS features in the order of 3%, and energy shifts in
the order of 80-90 meV, close to what was observed in another layered solid,

namely graphite [23].

The magnitude of these changes is in good agreement with the experimental
observation; the largest energy shift is observed at the Ca edge, causing a

positive peak in the low energy side of the edge, in the theoretical curve.
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shown. Image adapted from [30].
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While the intensity change is captured by the experiment, the small energy
shift (80 meV) is washed out by the overall energy resolution in time-resolved
mode, around 2 eV. For this reason, the sharp positive peak is not visible in
our transient data; the same situation was observed in previous time-resolved

EELS data [38].

In Figure 2.5 B, the same simulation is performed for the oxygen K-edge
spectrum. Interestingly, while in the low loss region of the spectrum (1-70
eV) an expansion of the in-plane or c-axis lattice parameters induces similar
energy shifts and intensity changes of the different spectroscopic features, in
the near-edge region of the oxygen K-edge, the behavior due to the in-plane
or out of plane distortions is radically different. This is due to the fact that
the O K-edge is very sensitive to the local Mn-O chemical bonding and con-
sequently the orbital occupancy, while the low-loss spectra, including plas-
mons and other ionization edges, is mostly related to the bandwidth which
depends on the volume expansion. In the charge/orbital ordered state, the
orbital shape for Mn®* sites is dominated by the low-lying in-plane (3x%-r?)
/ (3y?-r?)-type orbitals which can be rotated through pressure or tempera-
ture changes. Therefore, changes in the lattices parameters along different
directions would result in different orbital reconstruction. In addition, our
calculations also demonstrate that the expanded a and b lattice parameters
lead to a decrease in the energy gap, while the expanded c-axis lattice pa-

rameter has the opposite effect, as shown in the inset of Fig 4 B.

These results show that photo-excitation can be used to span the phase
diagram of a manganite. In this particular case, we used light as a source
of both continuous heating (to drive the system into its metallic phase) and
to induce an ultrafast temperature jump in the material. The response to
such a temperature jump was monitored via a combination of diffraction and
EELS to observe the interplay between structural and electronic effects in
the metallic phase of the sample. The only other ultrafast EELS experiment
ever performed on a solid reported a radically different behavior in the first

few ps of the dynamics for the layered system graphite [23]. In that case,
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a compression of the system was observed before thermal expansion would
take place. This behavior was attributed to the anisotropic decay of the out-
of-equilibrium electronic structure, due to the peculiar semi-metallic band
structure of graphite [23]. The present results rule out this behavior as a
general feature of layered compounds, while a strong similarity between the
layered manganite and graphite is observed in the long-time scale (several
ps). In both materials in fact, the light-induced thermal expansion is found
to modulate the electronic structure in a similar way. In particular, the low-
loss energy range of the EELS spectrum is shown to be able to discriminate
between compression and expansion of the lattice, while being somewhat
insensitive to the direction of the ionic motions, in-plane or out-of-plane.
Based on these results, we also predict that distortions of the ab-plane or
c-axis lattice parameters instead give very distinct spectroscopic signatures

in the oxygen K-edge EEL spectrum.

Conclusions

These results provide a broad band direct observation of the interplay be-
tween the crystal and the electronic structure in a charge ordered mangan-
ite, and are the starting point for a deeper understanding of the different
phase transitions in these materials. In fact, once the thermal effects are un-
derstood, it will be easier to distinguish dynamical electronic effects across
charge ordering transitions. In particular, the fs dynamics of the orbital
ordering rotation, as observed both via static conventional temperature de-
pendent experiments, and the static photo-induced ones reported in Figure

2.1 is currently under investigation by the same technique.
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Chapter 3

Photo-induced near-field
electron microscopy of

nanostructures

In Chapter 1, Photo-induced near-field electron microscopy has been used for
the characterization of the temporal resolution of the ultrafast microscope.
In this chapter we will discuss some details about the technique itself and
the constrains that should be fulfilled for make possible an energy gain by

an electron transiting near an irradiated nanostructure.

In the second part we’ll see how, combining some freedom in the configuration
of the electron optics in the spectrometer and the ability of this technique
to probe electric field distributions, it is possible to experimentally obtain
a space-energy map that shows simultaneously wave-like and corpuscular

behavior of an electromagnetic field supported by a surface plasmon.

Parts of this chapter are taken from Simultaneous observation of the quantization and
the interference pattern of a plasmonic near-field, L. Piazza et al, Nature Communications,
6 6407, 2015, an extended introduction and more considerations are added.
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Chapter 3. Photo-induced near-field electron microscopy

Photons and electrons team up”®

The interaction between electrons and electromagnetic fields is a subject of
research actually older than the official discovery of electrons themselves.
German physicists Johann Hittorf and Eugen Goldstein observed and de-
scribed what they called cathode rays in 1869 and 1876 respectively, but it
was only in 1897 that J.J. Thomson showed that those rays were formed by

a unique kind of negatively charged particles [2].

On the other hand, it is certainly true that the laser, from its invention in
1960 till its modern ultrafast and ultra-bright declinations, offered a unique

tool for the study of matter and ceaselessly fueled innovative investigations.

Schilling and coworkers described first in 1974 the absorption of energy
quanta by an electron beam, a process mediated by plasmons on the sur-
face of a liquid indium sample. In their experiment the surface plasmons
were induced by the incident beam of fast electrons itself and the result was
a peak in the gain region of the spectrum of the reflected electrons (Figure
3.1). The separation between such apeak and the signal of the elastically scat-
tered electrons was of about 8.4 eV, a value that mirrored to the well-known
plasmonic absorption visible in the loss region of the same graph. They have
shown, furthermore, that the efficiency of such an interaction critically de-
pends on the angle between the electron beam and the plane that supports

the surface plasmons ([3]).

Multi-photon absorption and emission in the presence of an intense electro-
magnetic field has been later observed by Weingartshofer and coworkers in
1977 ([4]). Their experimental setup was designed to study the interaction
between an electron beam and a flux of Argon atoms under laser irradiation.
The result of their spectroscopic observations was the symmetrical pattern
of equally spaced peaks in the gain and loss region of the spectra depicted

in Figure 3.2. The peaks were spaced by an energy matching the energy

*Garcia de Abajo, Nature 462.7275 (2009)[1].
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of the photons generated by the CO, pulsed laser source and were present
only when the Argon atoms and the infrared radiation were spatially and

temporally superimposed to the electron beam.

In 2009 Barwick and coworkers reported multi-photon absorption and emis-
sion from plasmonic fields supported by nanostructures such as Carbon nan-
otubes and Silver nanowires and, at a later stage, by samples of different
nature such as nanoparticles and biological samples like bacteria and protein
vesicles [5, 6, 7]. The use of a post-column imaging energy filter and of an
ultrafast laser source allowed an in-deep exploitation of the energy-gain pro-
cess. With this setup not only the spectroscopic features of the interaction
were accessible but also the real space distributions of the nanoscopic evanes-
cent fields, their behavior in the picosecond timescale and the role played by

the polarization of the incident laser field [5, 8].
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Figure 3.3: Energy-momentum conservation of free electron and free photon via momen-
tum broadening (horizontal ellipses) due to spatial confinement and energy broadening
(vertical ellipse) due to temporal confinement. The solid green line represents the disper-
sion relation of a free photon, and the dotted blue line represents the momentum change
of a free electron at the given energy change. For PINEM, the electron changes its energy
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ton of the same energy. For the Kapitza-Dirac effect, the electron energy is unchanged,
whereas the transverse momentum is changed by two quanta of photon momentum, and
the longitudinal momentum is virtually unchanged (see the inset). Image adapted from
[9].

Energy-momentum conservation

Net absorption/emission of photons by an electron in free space is forbid-
den due to energy/momentum conservation constrains. In the well-known
Kapitza-Dirac effect [10, 11] an interaction with a standing wave still takes
place in vacuum but it involves an even number of absorption and emis-
sion of photons, resulting in a zero energy exchange and only a transverse

momentum variation for the scattered electrons [11].

To observe an interaction between electrons and photons with an effective
exchange of energy it is necessary to introduce a spatial confinement for the
electromagnetic field. This confinement, due to the Heisenberg’s uncertainty

principle Az.Ap, > h/2 imposes a spread of the momentum value that allows
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the necessary matching.

Figure 3.3 (adapted from the reference [9]) explains this concept; in the case
of PINEM the gain in energy observed can be of tens of eV so, taking into
account radiation in the visible or near infrared range, the confinement of

the field has to be of micrometric to nanometric scale.

A spatial confinement of the electromagnetic field is necessary but not suf-
ficient to guarantee an efficient coupling between photons and incident elec-

trons.

Considering a photon of angular frequency w, and an electron with energy

E. after the absorption one should have:

E! = E. + hw, (3.1)

Since the energy of a relativistic electron is defined by:

E. = \/c2p? + mict (3.2)

if we represent
p| = hk,sin © and  p, = hk,cos©

as the two component of the momentum of the photon respect to the direction

of propagation of the electron, the former relation becomes:

Ee+ hw, = \/02(pe + hk, cos ©.)? + c2(hk, sin ©,)% + m2ct (3.3)

where we call ©, the angle that supposedly satisfies the previous equation.
Solving for ©. and considering that the group velocity of the electron v, =

¢*po/ E. and that the phase velocity of the photon v, = wy,/k, we obtain the
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following constraint:
% _ cos 0. <1 (3.4)
Ve
This relation simply states that the phase velocity of the photon cannot
exceed the group velocity of the electron. This is accomplished through the
variation of k, via the material, posing some restrictions on the properties of

the dielectric function and on the angle ©. introduced before.

As showed in [9] a planar structure can sustain a limited plasmonic modes
able to couple efficiently with incoming electrons, thus a structure with a
more complex geometry able to sustain more plasmonic modes, such as a

cylindrical nanowire or a spherical nanoparticle, is often required.

Finally, to obtain a detectable signal from this highly non-linear process, a
high intensity of the stimulating field is necessary. In current instrumentation
this is achieved confining in time the photon energy by means of the use of

ultrashort laser pulses.
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Simultaneous observation of the quantization
and the interference pattern of a plasmonic

near-field

Far-field electromagnetic radiation can be converted to localized electromag-
netic energy through the excitation of so-called surface plasmon polaritons
(SPPs) at the interface between a metal and a dielectric. The definition refers
to the coupling between collective oscillations of electrons in the metal, i.e.
surface plasmons, and the resulting radiated electromagnetic field, the po-
lariton, which is evanescently confined in the direction perpendicular to the
interface. The term polariton is used to define a field that is strongly coupled
to a dipolar excitation, which in the case of SPPs is provided by the distri-
bution of electrons in the metal[12]. While SPPs are bound to the metal
surface in the perpendicular direction, they can propagate non-radiatively
along the surface, and as such can be guided relatively unperturbed through
bends, corners or virtually any arbitrary metallic nanostructure[13, 14, 15,
16]. Moreover, SPPs have been shown to be very sensitive to the refrac-
tive index of the local dielectric environment, allowing their properties to be
tailored using applied electric or magnetic fields in composite nanomaterials
systems.[17] In addition, in materials that exhibit exotic electronic proper-
ties due to dimensional confinement, SPPs exhibit unique features such as
low loss propagation and an unusually high modal index [18, 19, 20]. Such
phenomena are widely investigated because of their potential application in
nanophotonic circuits, where sub-wavelength guiding of the electromagnetic

field is crucial to miniaturization[21, 22].

For these reasons, a great deal of attention is currently devoted to the obser-
vation of SPPs at the nanoscale. Optical near-field techniques can be used
to image evanescent fields on surfaces reaching sub-wavelength spatial reso-
lution in the most advanced set-ups[23, 24, 25], but involve significant draw-
backs in terms of signal intensity, the necessity of point-by-point acquisitions

and the potential influence of the scanning tip on the electromagnetic near-
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field being probed. In electron microscopy, imaging through electron energy
loss spectroscopy (EELS) has proven successful in mapping SPPs confined
by nanostructures with nm resolution[26, 27, 28], and recently Rossouw and
Botton imaged electron-excited, Fabry-Pérot-type SPP standing waves in iso-
lated nanowires using a combined scanning transmission electron microscopy
(STEM)-EELS approach[29, 16].

Alternatively, photoexcitation and subsequent EELS imaging of SPPs using
the time-resolved photon-induced near field electron microscopy (PINEM)
technique has recently demonstrated additional control of the SPP properties,
as well as the possibility to film their evolution in the femtosecond (fs) time
domain[30, 31]. These experiments allow the observation of SPPs in multiple
dimensions; space, energy and time, yielding unprecedented insight into their

fundamental properties.

In the present work a SPP standing wave is photoinduced on an isolated
metallic nanowire using an intense fs laser pulse, and the ability to control its
spatial interference pattern is demonstrated by tuning the polarization of the
excitation light. A snapshot of the interaction between the imaging electrons
and the SPP standing wave is taken using a new ultrafast-imaging method-
ology that utilizes an electron imaging filter[32] to form a 2D projection of
one spatial coordinate versus electron energy. These energy-space-resolved
images simultaneously yield both the quantization of the photoinduced SPP
field and its characteristic Fabry-Pérot (FP) interference pattern, given by

the one-dimensional confinement of the single nanowire.

Results

SPP imaging

When irradiated by light, isolated metallic nanowires have been shown to

behave as quasi-one-dimensional plasmonic nano-antennas, whose radiation
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Figure 3.4: PINEM on a single nanowire. (a) A schematic of the experimental set-up.
Light and electron pulses at a variable time delay are spatially overlapped on an isolated
Ag nanowire suspended on a TEM grid with a few-layer graphene support layer. Probing
electrons are detected using a CCD camera after passing through an electron imaging filter.
(b) Map of the electron-energy loss intensity versus the relative time delay At between
the optical pump and electron probe pulses, taken on a single photoexcited nanowire (5.7
pm length, ~ 67 nm radius). Excitation wavelength and polarization angle are 800 nm
and ¢ = 45°, respectively. Energy spectra at negative (At = -1.6 ps, black trace) and
zero delay (At = 0 ps, orange trace) are superimposed. The intensity in both the map
and the spectra is plotted on a logarithmic scale. (c-g) Snapshots of an isolated nanowire
at different time delays obtained using only the electrons that have gained energy; i.e.
those in the region indicated by the white arrow in panel b. Electron counts are on a
linear scale. The vertical scale bar in panel ¢ corresponds to 2um and holds for all images.
Image adapted from [33].

patterns are governed by the properties of the excitation (wavelength, inci-
dent and polarization angles) and their geometry with respect to the orien-
tation and aspect ratio of the wire[34, 35]. The incident light photoexcites
propagating SPPs in the metallic nanowire whose back-and-forth reflections
from the wire ends give rise to a SPP standing wave, making the straight
nanowire the plasmonic equivalent of a FP nanoresonator[25]. In general, the
confined electromagnetic fields of such SPP standing waves, whether electron-
or photoinduced, are captured through scanning-based techniques such as
combined STEM-EELS[29, 16, 36] or scanning near-field optical microscopy
(SNOM)[37], which probe the electric near-field component perpendicular to
the sample plane. Here, we alternatively employ a fundamentally different,

field-of-view approach, based on ultrafast transmission electron microscopy

(UTEM).

UTEM is typically performed by modifying a conventional transmission elec-
tron microscope (TEM) such that ultrashort bunches of imaging electrons,
containing at most one particle each[38, 39], can be photoemitted from the
cathode by fs laser pulses. Optical access is also provided for photoexcitation
of the specimen, and the delay between the two pulse trains is controlled via
an optical delay line, allowing for time-resolved optical-pump/electron-probe
experiments (see Figure 3.4a and Methods)[39, 40]. When the specimen

being imaged is a (metallic) nanostructure, the temporal and spatial evolu-
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tion of a photoinduced SPP standing wave can be visualized via the PINEM
imaging technique[30, 31]. PINEM relies on the inelastic exchange of en-
ergy quanta between the photoinduced electromagnetic SPP wave and the
relativistic imaging electrons, which probe the SPP electric field component
along the electron propagation direction[41, 42, 43, 44, 45, 31]. In our ex-
periments, Ag nanowires (~ 50 nm radius, few-pm length) are isolated and
dispersed on a graphene-covered TEM grid and photoexcited using a pulsed
800 nm laser beam at a 5 mJ cm~2 fluence, corresponding to a peak excita-
tion energy density of ~ 10 GW cm~2. Under these experimental conditions
excitation of SPPs by the electron probe beam is a much weaker effect, which
can be considered entirely negligible[44]. The few-layer graphene substrate

is used to efficiently dissipate the laser-induced heat.

Figure 1b shows the energy spectra of the probing electrons before and af-
ter interaction with an isolated, photoexcited Ag nanowire. The spectrum at
negative delay (At = -1.6 ps) shows the initial energy distribution of the elec-
tron bunches, i.e. the zero-loss peak (ZLP), whose full-width-half-maximum
(FWHM) determines the spectral electron-energy resolution as better than
1.1 eV. By contrast, when the optical pump and electron probe are over-
lapped (At = 0 ps), the interaction with the photoinduced SPP electric field
leads to acceleration (deceleration) of the probing electrons, and the corre-
sponding quantized gain (loss) of energy (peaks found at AE = 4+n-hw). In
the resulting electron-energy spectrum the (net) exchange of up to 9 energy
quanta can be observed. The panel further depicts the continuous temporal
evolution of this electron-energy spectrum as a function of At, showing a
1.5 picosecond (ps) FWHM cross-correlation of the optical pump and elec-
tron probe pulses. As was previously shown, when optimally configured for
time-resolution the same system can readily achieve a sub-ps temporal cross-

correlation.[39]

The electromagnetic field of the photoexcited SPP in the nanowire can be
captured by using an imaging energy filter to select out only electrons that

have gained energy (see white arrow in Figure 3.4b), and subsequently re-
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forming an image. Repeating this procedure at different time delays produces
a series of images (Figure 3.4c-g) of the temporal evolution of the SPP field,
showing its interferometric standing wave pattern in the silver FP nanores-
onator. This type of modal interference pattern reveals the wave character
of the electromagnetic SPP field, and is typically observed when the proper-
ties of light excitation (wavelength and polarization) are close to a resonance

condition of the excited nanowire.

Plasmonic nanoresonators

For symmetry reasons, light at normal incidence that is polarized parallel
to the wire long axis exclusively excites odd order SPP modes, i.e. modes
that have an odd number of SPP field nodes m[25]. By contrast, electron-
excitation of SPPs involves no such symmetry-based selection rules, such
that in STEM-EELS both odd and even order SPP modes can be excited.
In order to be able to photo-excite even order SPP modes as well, one re-
quires an excitation geometry where the light is incident at an oblique angle
and the azimuthal angle between the light polarization and the wire long
axis is nonzero[25]. In general, under such photo-excitation conditions (in
s-configuration), different SPP modes can be excited at the same time. This
can result in non-trivial photoinduced SPP field distributions, which require
numerical simulations in order to reproduce and understand them[24]. As
shown in Figure 3.5, these general selection rules are valid for the photoex-
citation of SPPs in PINEM as well. First, we image a 3.4 pum long, ~ 45 nm
radius nanowire, illuminated by s-polarized light with an azimuthal angle of
¢ = 0° with respect to the wire long axis, see Figure 3.5a-b. The result-
ing photoinduced SPP standing wave corresponds to an odd order mode (m
= 11), in excellent agreement with preceding reports|25, 35, 24], and with
our own finite element simulation (see Methods) shown in Figure 3.5c. The
experimentally estimated SPP wavelength (Aspp = 2d*) and wavevector
(keps = w/d™) for this mode are ~ 615 nm and ~ 10.2 pm ™!, respectively,

from the average antinode distance d*- ~ 308 nm in the standing wave pat-
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Figure 3.5: Control of the surface plasmon-polariton field. (a) Spatial variation
of the interferometric SPP field along the axis of the nanowire imaged in panel b. Black
data points depict the background-subtracted SPP field strength integrated along the
transverse direction, with the average distance between antinodes d*¥- determined from
a multi-Gaussian fit (solid line). (b) Experimental PINEM image of the photoinduced
SPP field distribution on an isolated nanowire (3.4 pm length, ~ 45 nm radius) with light
excitation polarized parallel to its longitudinal axis (800 nm, ¢ = 0°). The image was
recorded at At = 0 ps, using only electrons that have gained energy. Electron counts
in panels b-e are plotted using the same linear color scale. The scale bar corresponds to
1pm. (c) Corresponding finite-element simulation of the SPP field (| E,| in the plane 10 nm
below the wire) in the 800 nm, ¢ = 0° geometry. The shaded area indicates the spatial
projection of the nanowire, and the scale bar corresponds to lum. (d) Experimental
PINEM image of the SPP field distribution (at At = 0 ps, using only electrons that have
gained energy) on an isolated nanowire (5.7um length, ~ 67 nm radius) under 800 nm,
@ = 45° excitation. The scale bar corresponds to 1um. Different wires were used for the
two polarizations. (e) Corresponding finite-element simulation of the SPP field (|E,| in
the plane 10 nm below the wire) in the 800 nm, ¢ = 45° geometry. The shaded area
indicates the spatial projection of the nanowire, and the scale bar corresponds to 1um.
Image adapted from [33].
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tern (see the spatial profile in Figure 3.5a). At an energy of 1.55 eV, this is in
excellent agreement with both calculated and experimental dispersion curves
of resonant SPP waves in silver nanoantennae[46, 29, 24, 16]. In general,
the resonance condition of an order-m SPP mode in a one-dimensional FP

resonator of length L can be written as[25, 29]:

2L

Aspp

+ 200 =m, (3.5)

where 660 is the SPP phase shift upon reflection from the resonator ends,
which is often negligible for higher order modes[29, 24]. Calculating the
expected SPP wavelength for a resonant mode of order m = 11 in an idealized
one-dimensional FP resonator of length L = 3.4um (06 = 0) yields a value
of 618.2 nm, which is in good agreement with the estimated A¢pp. The
slight difference, disregarding the estimation error margin, would imply a
negative reflection phase shift 06 according to equation 3.5. However, it is
more intuitively interpreted in terms of a shortened effective wire length Lef,
resulting from the fact that the hemispherical wire caps were included in the
determination of L[25, 29].

Next we illuminate a 5.7 pm long nanowire using light polarized at a ¢ =
45° azimuthal angle, obtaining a non-trivial SPP field distribution in which
antinodes of opposite phase are concentrated on alternating sides of the wire
(Figure 3.5d). Under these excitation conditions, the nodal lines are clearly
at an angle with respect to the long axis of the nanowire. As shown in Figure
2e, the features of this transversally asymmetric SPP mode (m = 17) are nu-
merically accounted for by our finite-element simulations. To our knowledge,
the experimental observation of such an asymmetric distribution of the SPP
field using either SNOM or STEM-EELS techniques has never been reported.
In principle these features could also be observed in SNOM experiments|25].
The absence of such asymmetric field distributions in STEM-EELS experi-
ments is likely related to the differences between electron- and photoexcita-
tion of SPPs in terms of mechanism and selection rules[43, 44, 45, 31, 36].
For photoexcited SPP modes, Dorfmiiller et al.[25, 35] showed that while
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odd order modes emit the strongest field in the direction perpendicular to
the nanowire, thus maximizing the PINEM effect, the even order modes have
a minimum of radiation in this direction, resulting in a more difficult detec-
tion. However, at the same time the relative dipole coupling strength of odd
order modes was shown to quickly decrease with m, while staying fairly con-
stant for even order modes. In our experiments, two different nanowires were
used, in order to maximize the strength of the photoinduced SPP field in the
different excitation geometries. The excellent agreement between the exper-
imental and simulated SPP field distributions demonstrates the potential of

controlling SPPs using an external light field.

Experimental estimate of Planck’s constant

Theoretically, electron energy loss spectroscopy (EELS) and electron energy
gain spectroscopy (EEGS) can be treated in a similar formalism as stimu-
lated absorption and either spontaneous or stimulated emission[16, 45, 41,
44]. While a complete description of the process would be in terms of quan-
tum electrodynamics (QED), in practice the full machinery of QED is un-
necessary to describe the interaction, and most treatments[45, 41, 44] of
EELS/EEGS use a semiclassical formalism, which is still essentially quantum
mechanical, because the experimental spectra cannot be reproduced with-
out invoking Planck’s constant in the form of a quantized energy gain/loss
AFE = 4+n-hv. To illustrate this point, we show that the spectrum in Figure
3.4b can yield Planck’s constant itself. By taking the wavelength of the pump
light pulse, the spectrum of which is depicted in Figure 3.6a, and determin-
ing the precise spacing between the multiple PINEM peaks (AE = 1.55 eV,
see Figure 3.6d), h can be obtained through the formula h = AAFE/c. Un-
derlining the robustness of this method, the corresponding PINEM spectrum
from the same nano-structure, obtained when using a frequency-double pump
(400nm), yields an equivalent estimation of h. The precision of the absolute
value obtained for h depends on the combined accuracy in the determination

of the laser central wavelength and the energy gain/loss peak spacing.
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In our experiments, a 30 nm broad laser spectrum is used to induce a SPP
whose k-vector lies parallel to the length of the nanowire on which it is
confined. The combined uncertainty of localizing along the wire length
(Az = 3pum) a wave-packet with a A\ = 30 nm yields a value AzAp ~
9.3 -107% J - s, which is on the order of /2 (5.3 1073 J - s). The near-field
radiated by the photoinduced plasmon accelerates/decelerates the imaging
electrons, resulting in their velocity distribution measured by the spectrom-
eter. However, it should be noted here that the momentum imparted to the
electrons along the z direction does not reveal the momentum direction of
the SPP field imaged. The latter is determined by the k-vector of the field
confined on the surface of the nanowire. The acceleration/deceleration of the
electrons emerges from their interaction with the component of the electric
field parallel to their propagation. In the electron propagation direction (z),
the accuracy in measuring the changes in momentum imparted to the elec-
trons by the field is given by the energy resolution of the experiment (AE =1
eV). The complementary variable in this case is the precision in the temporal
localization of the plasmonic field on the nanowire, which is given by the time
that the 200 keV electrons take to cross the wire and image the interaction
with the field (At = 400 -107'® s). In this case, the combined uncertainty
AtAFE ~ 6.4 -10735 J - s is also on the order of 1/2. One should note here
that the temporal resolution of the experiment in this scenario plays no role
other than providing the high peak intensities of the fields necessary for the

Interaction to occur.

Energy-space SPP mapping

After interacting with the photoinduced SPP field, the imaging electrons
carry all the information about the exchange encoded in their spatial and
energy distributions. In electron energy loss spectroscopy (EELS) and 2D
energy-filtered imaging, one typically collapses one or more of these coordi-
nates to obtain either a 1D energy spectrum (collapsing both spatial coor-

dinates) or a 2D image (collapsing the electron energy). Instead, to simul-
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Figure 3.6: Measurement of h. a, The output spectrum of the Ti:Sapphire laser am-
plifier (grey symbols) is shown together with an asymmetric gaussian fit (split normal
distribution, solid red line) at A = 800 nm. The upper horizontal scale indicates the ex-
tracted h-value corresponding to the different wavelengths, given the value E = 1.55 eV
determined in panel d. The green shaded area shows the A-range corresponding to second
decimal precision of h, and the light grey shading represents the A-range corresponding to
one decimal precision. b, PINEM spectra obtained photoexciting a silver nanowire with
800 nm light (red line) and 400 nm light (blue line). c-d, The Fourier transform of the
PINEM spectra shown in panel b, yielding an energy spacing between the peaks of 1.55
eV and 3.10 eV.

taneously observe both the quantized spectrum and its spatial distribution,
here we resonantly excite an odd SPP mode in an isolated nanowire and
align the corresponding image such that the wire long axis is parallel with
the vertical detector axis (see Figure 3.7a). By then collapsing only the per-
pendicular (horizontal) spatial coordinate, we obtain an image that contains
spectroscopic information along the horizontal detector axis and spatial infor-
mation along the vertical detector axis. The experimental energy-space map
is shown in Figure 3.7b. In order to optimally resolve the inelastic exchange
process, we zoomed in on a selected section of the nanowire (4.6 pm length,
~ 61 nm radius, ¢ = 0°). As is clear from the experimental image, taking a
horizontal cut (horizontal dashed line) yields the quantized spectrum of the
interaction between the SPP field and the imaging electrons. At the same
time, by taking a vertical cut at an energy corresponding to one of the peaks
in the energy spectrum (vertical dashed line), the spatial distribution of the
interaction between single electrons and a discrete number of photons is ob-
tained, Figure 3.7c, displaying the typical interference fringes of the resonant
SPP standing wave. Though both the wave and particle character of SPPs
were already observed separately in individual, tailored experiments[47, 48,
49], here we obtain a very direct and illustrative view of both aspects of the

SPP field simultaneously in a single experiment.
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Figure 3.7: Energy-space imaging. (a) Conceptual representation of the energy-space
resolved PINEM methodology. Rather than recording an energy-filtered 2D spatial map
of the transmitted electrons (images on the left), or dispersing the electrons only in energy
(spectrum on top), this method retains the spatial electron distribution along the vertical
axis, while also dispersing the electrons according to their energy along the horizontal
axis. Combined with the PINEM effect, this results in the vertical spatial variation of the
photoinduced SPP field being duplicated at equidistantly spaced energy quanta, with an
intensity envelope and energy resolution determined by the PINEM interaction strength
and the ZLP-width, respectively. The vertical spatial variation here (solid white trace)
corresponds to a selected part (white shaded area) of the simulated photoinduced field
(|E,| in the plane 10 nm below the wire) of an isolated nanowire (black shaded rectangle,
4.6pm length, ~ 61 nm radius, 800 nm excitation, ¢ = 0°, m = 13), indicated on the
right. Electron counts in both images are plotted on the same linear scale. (b) The
experimentally obtained energy-space image, taken on a selected section of a photoexcited
nanowire (4.6pm length, ~ 61 nm radius, 800 nm excitation, ¢ = 0°, At = 0 ps) is
displayed together with a horizontal cut (along the energy axis, white dashed line), showing
the quantized energy dependence of the interferometric spatial distribution of the SPP
field. A Gaussian-fitted ZLP peak was subtracted and the intensity (electron counts)
is mapped on a logarithmic scale in both the image and the spectrum to enhance the
contrast. (c) A vertical cross-section at the energy corresponding to the net exchange of
five photons (grey dashed line in panel b) is shown, depicting the spatial distribution of
the plasmonic field with its characteristic interference fringes. Image adapted from [33].
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Discussion

It is important to clarify that the PINEM energy-space map shown in Figure
3.7b is fundamentally different from those previously obtained in STEM-
EELS experiments[29, 16, 36, 50]. In the latter, the transient field of the fast
electron probe excites all the different SPP modes across a wide energy range.
Accordingly, the multiple peaks observed in the electron energy distribution
correspond to the different odd and even order SPP resonances of the ex-
cited nanoresonator, and energy-filtered imaging centered on these different
SPP resonances visualizes their correspondingly different spatial field distri-
butions. By contrast, in PINEM the SPP modes are excited by light with
a fixed wavelength, which selectively drives only the SPP modes at the cor-
responding energy, and even then only when they are symmetry-matched to
the excitation geometry. Any optically driven SPP mode thus has an energy
equal to that of the incident photons, which is retrieved as the energy-spacing
of the series of equidistant peaks in the electron energy gain/loss spectrum
of a PINEM experiment (see Figure 3.4b). Rather than being related to the
different eigenmodes of the FP nanoresonator, these peaks correspond to the
exchange of different discrete numbers of SPP-field quanta with the prob-
ing electrons. As a consequence, regardless of the relative electron energy
at which one images, the observed SPP field distribution corresponds to the

optically driven mode (see Figure 3.7b).

In order to explore the different SPP modes of the nanoresonator using
PINEM, one would perform a series of PINEM imaging experiments while
varying the wavelength of the light excitation. The simulation in Figure 4a,
carried out for light polarized parallel to the wire long axis (2 um length, 40
nm radius), illustrates the typical wavelength dependence of the strength of
the photoinduced SPP field, and highlights the resonant SPP field distribu-
tions. In agreement with previous experiments and simulations[25, 35, 24],
only odd order SPP modes are photoexcited in this ¢ = 0° excitation geom-
etry. A PINEM experiment at a single wavelength allows one to selectively

photoexcite a single SPP mode (circled in Figure 3.8a), which then exchanges
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energy quanta corresponding to that free space wavelength with the probing
electrons, yielding the equidistantly peaked electron energy spectrum shown
in Figure 3.8b. Aligning a nanoresonator supporting such a single photoex-
cited SPP mode along the vertical detector axis, and simultaneously project-
ing out the spatial and energy distribution of the probing electrons along the
vertical and horizontal detector axes, respectively, yields the energy-space
map that showcases the wave-particle duality of the SPP (see Figures 3b and
4b).

Due to the strong optical excitation in PINEM, even when the excitation
wavelength falls between the SPP resonant conditions of a nanoresonator,
the inelastic exchange of energy quanta can be observed. Corresponding
energy-filtered PINEM images can thus provide the spatial distribution of
the optically driven SPP near-field away from a FP resonance. This ap-
proach is in principle only limited by the optical damage threshold of the
nanoresonator. The additional control offered by the tunability of the laser
excitation intensity enables the possibility to enhance these off-resonance ex-
citations, providing high contrast and high resolution images of their spatial
field distribution. Another advantage of using PINEM to image plasmonic
field distributions, in contrast to scanning-based conventional STEM-EELS
imaging, is the capability of capturing the dynamics of the photoinduced
SPP fields with fs resolution[30, 31].

Summarizing, in ultrafast energy-filtered PINEM imaging each pulse contains
at most one electron to avoid space-charge broadening, and the electrons that
exchanged quanta with the photoinduced SPP field carry the information
about the interaction between one single electron and a discrete number of
exchanged photons. An intriguing consequence is that by imaging the energy
spectrum of such an exchange as well as its spatial distribution at the same
time, one can obtain simultaneous information on complementary aspects of
the confined electromagnetic field[51, 52, 53]. The wave aspect of surface
plasmon polaritons was previously established in a SPP-analogue to Young’s

famous double-slit experiment[47]. Furthermore, SPPs have also been shown
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to be quantized in the same way as the free space electromagnetic field (i.e.
light), manifesting similar quantum behavior including entanglement[54] and
two-plasmon quantum interference[49, 55|. Recently, single surface plasmon
polaritons were shown to exhibit both wave and particle behavior, in a set of
individual measurements[48]. Our experiments provide a simultaneous ob-
servation of these two aspects of the SPP field in a single measurement and
demonstrate the ability of a UTEM to image and control SPPs in multi-
ple dimensions of space, energy and time, yielding further insight into their
behaviour, and providing a unique playground for the observation of the

fundamental properties of confined electromagnetic fields.

Methods

Sample preparation

Hemispherically capped silver nanowires (radii ~ 50 nm, varying lengths on
the order of a few-pm)[56] were dispersed in dimethylformamide (DMF, Acros
Organics, 99.95% purity) through ultrasonification for 10 minutes. Samples
were prepared by dropcasting a single drop of the resulting suspension on
a 300-mesh copper TEM grid covered by a few-layer graphene support film
on lacey carbon (Ted Pella, 21740), immediately following ultrasonification.
TEM-grids were then air-dried for a minimum of 4 hours before examination
in the UTEM (at 295 K and ~ 107° Pa) for identification and characterization

of isolated silver nanowires.

Experimental apparatus

A 500 kHz train of linearly polarized, 800 nm, 80 fs light pulses was split
to generate two beams. One of these beams was frequency-tripled to deliver

few-nJ UV pulses that were used to photoemit electrons from the custom

81



Chapter 3. Photo-induced near-field electron microscopy

82

SPP field strength

»

<
jus
o
—
o
1 A 1 A 1 A 1 A 1 A 1 A 1 1 1 A 1 A 1 A 1 A :
02 04 06 08 10 12 14 16 1.8 20 22 24
excitation energy (eV)

A 9 =il
[J]
(9}
[g°]
Q
(%]

+hws

+2hws

ZLP +3hws

+4hws

space

I TTYIXIXXT I

electron gain energy

0
]
c
S
o
o
c
o
e
=]
]
9
()

electron counts




Quantization and the interference of a plasmonic near-field

Figure 3.8: Excitation energy dependent imaging versus energy-space imaging.
(a) Finite-element simulation of the excitation energy dependence of the photoinduced
SPP field strength (log,, |E,| integrated over the volume surrounding the nanowire) in a
¢ = 0° normal incidence excitation geometry. The simulated nanowire length and radius
are 2um and 40 nm, respectively. Representative spatial field distributions of the various
odd-order SPP resonances are shown below (|E,| in the plane 10 nm below the wire),
with electron counts plotted using the same linear color scale. The vertical scale bar in
the image of the m = 1 SPP mode corresponds to 500 nm and holds for all images. (b)
Selectively photo-exciting only one of the SPP modes of this wire (here m = 5) in a single
wavelength PINEM experiment instead (at ws, ¢ = 0°) quantizes the energy exchange
of its field distribution with the probing electrons, as shown in this conceptual PINEM
energy-space map. The corresponding electron energy gain spectrum is depicted on the
top. Electron counts in both the map and the spectrum are plotted on a linear scale.
Though not shown here, a similar series of quantized features is present on the energy loss
side of the ZLP in both the energy-space map and the spectrum. Image adapted from
[33].

truncated-cone LaBg tip (15 um diameter truncation plane, AP-Tech) of the
thermionic electron gun in a modified JEOL JEM 2100 microscope.[39] The
other 800 nm pulsed laser beam was passed through an optical delay line
and focused on the sample in the UTEM at near-normal incidence such that
photoexcitation in the field of view of the photoelectron beam was uniform.
Corresponding optical fluences ranged between tens of pJ ecm™2 and 5 mJ
cm~ 2. The experimental apparatus is equipped with a post-column Gatan
Quantum GIF electron energy loss spectrometer (GIF)[32], and is pictorially
represented in Figure 3.4a. A detailed description and characterization of the
system can be found elsewhere[39]. For the PINEM experiments described
in this work, the UTEM was operated at 200 keV in photoelectron mode.
The GIF imaging camera was operated with a 0.05 eV channel™! dispersion
setting, and typical exposure times of the 2048 x2048 pixel CCD sensor were
60 s for images and 10 s for spectra. PINEM energy spectra were aligned
using a differential-based maximum intensity alignment algorithm, and where
appropriate the zero loss peak (ZLP) was removed by subtraction of a fitted

Gaussian line profile.
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Finite-element simulations

The plasmonic near-field around the silver nanowires was calculated us-
ing a commercial fast finite-element software (COMSOL Multiphysics 4.3b,
www.comsol.com), using the Wave Optics package, performing two sequential
frequency domain studies. Nanowires were modeled as flat-ended cylinders of
varying length and radius, whose complex and wavelength dependent refrac-
tive index was taken from Palik[57]. The nanoscatterer was surrounded by a
rectangular volume of vacuum (index of refraction taken as 1), which itself
was surrounded by perfectly matched layers (layer thickness 150 nm, mini-
mum clearance to nanowire 250 nm) to absorb scattered light and minimize
reflections. In a two-step calculation, first the distribution of the excitation
electromagnetic field was calculated throughout the physical simulation vol-
ume (in the absence of the nanowire). The excitation was modeled as a
linearly polarized plane wave incident on the rectangular input port above
the scatterer (positive z) and absorbed at the corresponding output port be-
low the scatterer (negative z). Floquet boundary conditions were imposed
on the lateral boundaries of the simulation volume. The resulting electric
field was then used as the background field in the second calculation, which
solved for the electric field scattered by the nanowire. The maximum mesh
element size on the nanowire surface was set to 30 nm, and the meshing of all
other domains was chosen to optimize both the computational time and the
accuracy of the calculation, similar to the procedure described by Miljkovié
et al.[24].
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Chapter 4

Perspectives in ultrafast

electron microscopy

In the previous chapters we described some applications of ultrafast electron
microscopy. These include ultrafast imaging, ultrafast diffraction, ultrafast
spectroscopy and the possibility of combining them as in ultrafast energy-
space mapping and energy-filtered ultrafast imaging. The landscape of sys-
tems that can be investigated in a fs-TEM is still vastly unexplored but in a
field in such rapid evolution is nonetheless worth looking forward in to the
future and imagine what are the possible technological evolutions for this

technique.

The electron microscope components

Currently the main approach to ultrafast electron microscopy consist in

the modification of a existing commercial TEM sobtituting the traditional

Parts of this chapter are taken from A proposal for fs-electron microscopy experiments
on high-energy excitations in solids, L. Piazza et al, Micron, 63 4046, 2014, an extended
introduction and more considerations are added.
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thermal-emission or field-emission process with a photo-emission mechanism.
The harware modifications necessary for propagating an ultrafast laser beam
into the column depend on the particular brand and model of the micro-
scope but is common practice to generally limit the modifications as much
as possible because of the advanced engineerization and the highly optimized

proprietary solutions developed by individual companies in decades of work.

This is definitely a succesfull approach but it’s hardly the optimal solution,
preventing the optimization of the performances of the ultrafast microscopes

over a certain boundary.

In traditional microscopy the electron beam brightness is generally the pa-
rameter chosen for describing its overall quality and an high value is neces-
sary for high spatial and energy resolution. In the case of pulsed electron
sources this concept should be extended and the phase space that describes
the beam has two extra dimensions, adding to the transverse size and spread
of the beam also the longitudinal components, directly connected to the final
time resoltion of the instrument. In [1] a new quantity has been proposed,

the coherent fluence, described as:

2\2BAt
N, = TABAL
e
where A = ﬁ is the relativistic electron wavelength, At is the pulse dura-

tion and B is the conventional brigtness defined as

Ne

b= (mr?)(ma?) At

where N is number of electrons, r is the radius of the beam and « is the

convergence angle.

The coherent fluence of an electron pulse (i.e. the relative volume in the
phase space) is a constant of motion in an ideal system and can be used
to descrive the effect of electromagnetic lenses and their aberrations as well

as the effect of temporal lenses like radio-frequency cavities, the effect of
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apertures and energy filters.

This parameter is essential in case of single-shot operation because it de-
termines the highest spatial resolution available in function of the abount
of charge in every electron pulse [1]. In the case of few-electron operation,
when the space-charge effects are reduced, it’s still important to understand
how a particular configuration of lenses alters the phase-front in time and
space, giving the experimenter the ability to tailor the electron probe to the
needs of a particular measurement. The ability to tradeoff coherence of the
beam with signal-to-noise ratio at the price of a longer acquisition time, for
example allows the acquisition of data when incoherent imaging based on the
absorption of electrons by the sample is not feasible. The ability of using a
spacially coherent beam is foundamental to be able to observe critical de-
tails in diffraction patters, as the extraspots due to orbital ordering visible

in image 2.1 of chapter 2, or for the case of Lorentz microscopy.

There are two possible ways to increase the spatial coerence, namely to re-
duce the emittance at the source decreasing the dimension of the source of
emission or by blocking part of the beam with apertures in the column of
the microscope. For operations in the femtosecond timescale it is not desir-
able to photo-emit many electrons with the idea of blocking the majority of
them with apertures, since the space-charge and the Boersch effects at the
source will irreversibly degrade the temporal and spatial properties of the
electron bunch. For these reason a lot of work has been done in this field and
several configurations for photoemission from sharp tips [2, 3, 4, 5, 6] and
some innovative schemes involving ultracold electron sources [7, 8] have been
proposed. The latter, in particular, have not yet been interfaced to electron
microscopes but they showed promising performances in combination with
ultrafast diffraction setups, making a big step in the direction of obtaining
an electron pulse whose density in the phase space is limited only by the

physical constrains of the Pauli exclusion principle.

The creation of a well defined electron pulse in the gun is only the first step

since it should be efficiently delivered to the sample, allowing the user of the
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Figure 4.1: (Top) Cs-limited and (bottom) Cs-corrected resolution limits as a function of
the scaled product of brightness and pulse duration (or coherent fluence) for single-shot
imaging. Vertical dashed lines are four different N¢ values. These curves are for ideal
samples with 100% contrast in a 200 keV microscope; the curves for real samples will be
shifted somewhat to the right. Adapted from [1].
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microscope to choose between the variety of different operational modes. In
comparison with the optical counterpart the quality of the electron lenses is
very poor. In the last decades a big effort has been made by the microscopy
community and particular electron-optics schemes has been developed [9],
able to correct the first orders of the spherical and chromatic abberrations
introduced by the solenoids, reaching a spatial resolution below the angstrom
and an energy resolution on the order of 0.01 eV [10] . These complicated de-
signs will eventually be very useful in the framework of ultrafast microscopy,

increasing the overall quality of the electron beams also for pulsed operations.

Proposal for a high-energy excitation in solids.

The use of ultra-coherent pulsed electron sources and the complete control
of the beam used to probe the sample is only one side of the medal, and in
the framework of the evolution of ultrafast electron microscopy there is the
possibility of rethinking also the way we perturbe the sample and clock our

time-resolved experiment.

Introduction

The development of fs lasers opened the possibility to investigate the tempo-
ral evolution of photoexcitation in solids and molecules. The research field
of transient states in molecules has been referred to as femtochemistry [11],
and ultrafast spectroscopy has been successfully applied to several domains
including solid state and biological physics [12]. Despite the huge potential
and the evident success of these techniques, some limitations to their appli-
cability persisted over the years, confining them to specific situations. In a
nutshell, while it is often possible to measure the value of a given physical
quantity by a large choice of static techniques, the out-of-equilibrium nature

of time-resolved techniques makes their output more specific and its theoret-
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ical modeling more challenging and less direct. This is due to the need of ref-
erencing in time the observable, which is typically done via photoexcitation,
and therefore is an intimate characteristic of such experiments. There has
to be a well-defined excitation in time to be able to probe the temporal evo-
lution of a system. Naturally, when the ground state properties are already
elusive, the description of its excitations and its out-of-equilibrium state is a
further complication. In molecules, this issue has proven less severe than in
solids because electronic excitations are more univocally described and have
smaller coupling with the other degrees of freedom, allowing for a better de-
scription of the pump excitation process. On the contrary, if one considers
strongly correlated systems, many-body effects induce a broad spectrum of
complex electronic states extending all the way to the visible-light region [13,

14], often making the description of the photoexcitation challenging.

Recent advances in ultrafast technology provided a large variety of observ-
ables. Depending on the phenomenon investigated, nowadays time resolution
between ms and as can be achieved with X-rays and electrons, giving direct
information on both the structure and the chemistry of materials via ei-
ther diffraction or spectroscopy [15]. Free-electron laser facilities guarantee
a unique X-ray flux in a highly transversally coherent beam, capable of few
fs time resolution [16, 17, 18], while state of the art electron-beamlines and
transmission electron microscopes offer higher sensitivity and versatility at
the cost of coherence and to a less extent time resolution [19, 20, 21, 22, 23,
24, 25, 26]. Despite this, transverse coherence can be increased using larger

beamsizes.

In short, current ultrafast techniques allow the direct observation of the out-
of-equilibrium properties of materials via both structural probes and broad-
band spectroscopy. The need for photoexcitation and consequently the ob-
servation of a perturbed system is a key aspect, especially for the study of
complex materials, where a great challenge lies in the understanding and de-
scription of the lowest energy excitations of the ground state, which would

seem logic to observe by the least perturbing possible probes. This said, a
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great potential hides in time-resolved experiments: if the excitation is care-
fully prepared [27, 28], it can decay on a well-defined final state, and the
real-time observation of the latter can have major advantages: i) not only
the amplitude, but also the phase of the wave-function describing such a state
can be obtained, ii) the temporal evolution of different many-body objects,
i.e. their consequentiality, can also be obtained and therefore the evolution
of a system through a phase transition can be described in much more detail

[29]. The following two examples can clarify this point:

e Graphite: the phonon spectrum of graphite has been known for almost
a century. Despite this, only recently it was discovered that some of
the vibrational modes couple to the electronic structure in a particular
sequence, giving rise to photoinduced structural changes that can even
turn graphite into diamond during a few fs, a process that takes ages
under extreme conditions in nature [30, 31, 32, 21, 33, 34]. These results
shed new light on the dynamics of the structure of graphite which could

not be inferred by the knowledge of its equilibrium properties.

e High temperature superconductors: In recent ultrafast experi-
ments on high-temperature superconductors [28], 1.5 eV photons were
used to induce a direct transition between the ground state of the ma-
terial and higher energy electronic states, ascribed to the excitation of
charge stripes and the Cu-O charge transfer bands [35, 36], see schemat-
ics in Fig. 4.2 B. In a conventional static Raman experiment, as de-
picted in Fig. 4.2 A, one can excite the system with a continuous wave
(CW) photon beam at 1.5 eV and analyze the Raman-shifted outgoing
photons, obtaining the energy spectrum of the low-energy excitations,
structural and electronic. In a pump-probe experiment, the final state
after impulsive excitation at 1.5 eV is the same as in a static Raman
experiment. Only this time, instead of analyzing the outgoing pho-
ton, one probes the system with weak non-perturbing fs pulses while
the excited state still survives (few ps after excitation). As a result,

an equivalent of the Raman spectrum is obtained in the time domain,
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Fig. 1 C,D, via the Impulsive Stimulated Raman Scattering mecha-
nism (ISRS). This scenario is confirmed by the agreement between the
data (FFT) and conventional Raman experiments [37], in Fig. 4.2 E,F.
These results provided the first observation of the coherent oscillation

of the Cooper pair condensate in the time domain.

The aim of this work is to propose a new class of experiments that can
exploit the ISRS mechanism to provide a selective population of the different
excited states and at the same time combine the advantages of pulsed X-rays
and electron beams for the investigation of solids. Particular emphasis is
put in the discussion on the advantages of a chemically selective excitation,
as achievable via X-rays. In what follows, the technical requirements and
the feasibility of experiments based on an X-ray photoexcitation and an EM
probe will be discussed. A quantitative discussion of what type of excitations
and physics can be probed in solids by such a technique is proposed. These
ideas borrow concepts from the community of ultrafast technology, electron
microscopy and condensed matter physics, and provide an interdisciplinary
challenge aimed at exploiting the most recent technologies made available

worldwide.

The role of the excitation in time-resolved experiments.

As was briefly introduced above, a key ingredient of this discussion is the
preparation of the excited state via the photoexciting pulse. In fact, not
only are X-rays a unique tool for probing materials and molecules, they also
provide the possibility to create chemically selective excitations. Typically,
ultrashort laser pulses in the visible light region are used as a pump because
of their easy availability. In this energy range, temperature jumps, charge
transfers, and phase transitions can be triggered. However, at these energies,
the strong orbital hybridization makes the chemical selectivity of the pump
absent in many systems, and in some cases like strongly correlated solids,

it is often very hard to decipher the effect of light excitation in the sample,
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Figure 4.2: A schematics of a Raman experiment (left), and static Raman spectrum in
a Lag_,Sr,;CuOy (LSCO) high temperature superconductor. B. Scheme of the Raman
process involved in an ultrafast ISRS experiment. C, D temporal evolution of the optical
susceptibility of LSCO in different Raman geometries, B1, and By, respectively. E,F
Fourier transform of the temporal traces and comparison with the static Raman spectra
of the superconducting gap in LSCO. This figure is adapted from [28] and [37].
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since a thorough description of the static optical absorption can be lacking or
be model dependent. Very novel and interesting experiments have been put
forward where a more precise selectivity of the excitation has been obtained
via the use of THz pump pulses [27]. In the low energy region of the in-
frared spectrum, light can excite selectively atomic motions, providing a way
to distort ”ad hoc” the structure of a system for probing its consequent dy-
namics. This approach takes advantage of the interaction between light and
low-energy many-body bosonic excitations and allows a direct manipulation
of collective modes in materials. However, because of the way THz pulses
are generated and their intrinsic characteristics, sub-ps temporal resolution
is often challenging. Another possibility to achieve selectivity, although lo-
cal, in the excitation would be to use X-ray pulses tuned to specific core
levels while monitoring the consequent dynamics with another photon or an

electron pulse.

In the case of pump-probe experiments in high-temperature superconduc-
tors, it is clear that in certain circumstances one can regard a pump-probe
optical experiment as a resonant Raman experiment. The main difference is
that instead of detecting the outgoing photon and its polarization, to obtain
the low-energy excitations spectrum, information is obtained directly in the
time domain via an appropriate ultrafast probe. In the end, by Fourier trans-
forming the time-domain probe signal, one ends up with a Raman spectrum.
In addition, the time domain observation yields the phase of the probed
state and its temporal evolution through phase transitions. In this context,
as much as Resonant Inelastic X-ray Scattering (RIXS) provides additional
information with respect to low-energy Raman experiments [38] thanks to
chemical and orbital selectivity, an (X-ray pump)-(time resolved probe) ex-
periment would take advantage of the same benefits. In RIXS, resonance
with certain core-levels can greatly enhance the inelastic cross-section, i.e.
the population of excited states; X-ray photons can also probe the dispersion
of low-energy excitations and can even differentiate between different sites
occupied by the same element, if they have distinguishable absorption fea-

tures. In the energy range of the L-edge of transition metals, X-rays have
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a penetration depth of few hundreds of nm, matching both the penetration
depth of high energy electrons and infrared light. One of the main chal-
lenges of a RIXS experiment is the presence of a relatively broad elastic peak
whose tail hides the lowest energy excitations (in the THz, meV regime). On
the contrary, the technique is very effective for energy losses in the region
of a fraction of an eV to a few eV. This behavior is complementary to the
performance of time-resolved experiments, because in this case, the lowest
energy (meV, THz) excitations translate into slower oscillations requiring
few tens to few hundreds of fs time resolution. The high energy features
like charge transfers instead are found in the eV region, requiring a tempo-
ral resolution within the single fs regime. This concept is depicted in Fig.
2, where we show the typical excitations observed via RIXS; the graph is
adapted from [38], and a temporal scale was added to the top of the panel,
making the correspondence between the energy of the electronic states and
its consequent time-period. In one example, the low-lying orbital excitations
(orbitons) which are speculated to hide from sight within the elastic peak
of a conventional RIXS experiment may be visible in a time-resolved mea-
surement as a hundreds of fs oscillation of the probed quantity. Moreover,
looking at the example of the ultrafast response of LSCO, the THz Raman
spectrum of a high-temperature superconductor was obtained through a time
domain experiment, with no information on the dispersion of the observed
features. Tuning the photoexcitation to an appropriate core-level and tak-
ing advantage of matrix elements and selection rules, one could perform an
experiment that is sensitive also to the dispersion of the electronic states
and, more importantly, will have a better chemical and orbital sensitivity.
Chemical selectivity of X-rays has been also proposed to induce photodoping
in materials through cascade decay processes of the electron hole pairs, or
by directly promoting itinerant carriers in valence band orbitals [39]. This
said, in any pump-probe experiment, a certain amount of unwanted excita-
tions will be present. For example, ultrafast excitation of perovskites often
results in strong coherent phonons being excited together with the electronic
excitations (see the La vibration mode observed in Ref. [28] for example).
However, the ability of an EM to combine diffraction, EELS, [40] and imag-
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ing would give further ability to disentangle the different excitations during

the probing.

Quantitative analysis of an X-ray pump-TEM probe ex-

periment
The fs-TEM probe

Currently, fs-resolved TEMs operate in the regime of 1-10 electrons per pulse
at repetition rates between 200 kHz and 2 MHz [41, 42]. Overall, the number
of particles per second ranges from 10° to 107, of which only 10 % are detected
by the most common cameras. Since the temporal resolution is obtained by
simple modification of commercial TEM columns, these machines preserve
the versatility characteristics of TEMs and can operate in a variety of modes
including imaging, diffraction and analytical microscopy. XFEL sources can
on the other hand provide repetition rates between few Hz [43] and tens of
kHz [44]. Therefore, to retain the same signal per second in the TEM probe,
the electron pulses should contain between 10° and 10* particles each. To
have such an amount of charge in a sub-ps pulse and yet retain the energy
spread within few eV and the spatial coherence required for imaging and

diffraction, a careful design of the TEM source and column is needed.

The spatial or transverse coherence length is given by L, = A/A6, with A
being the De Broglie wavelength and A# the uncorrelated angular spread. In
order not to waste any electrons, the beam diameter D should be matched
to the sample size. Then the proper figure of merit for spatial coherence
(transverse beam quality) is the relative coherence length L, /D, a con-
served quantity which is inversely proportional to the normalized emittance
ent L1 /D = Ao /(4ey), with Ao = h/mc = 2.43 pm the Compton wavelength.
For amplitude contrast imaging at 100 keV with near-atomic resolution a rel-
ative coherence length around 1072 is ideal, i.e. &, ~ 0.5nm -rad. Similar

numbers are required for the most demanding diffraction measurements, i.e.
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diffraction of micron-sized protein crystals or nano-diffraction of solid state
samples. However, by properly correcting aberrations, imaging with sub-
nm resolution is possible also with a completely incoherent source [45]. A
normalized emittance of 0.5 nm-rad can in principle be achieved by pho-
toemission with a micron diameter laser spot on the photocathode, as was
recently demonstrated by Kirchner et al. using pulses containing only one
electron [46]. To extract 10® electrons in a single pulse from a micron sized
spot a field strength of a few tens of MV /m is required, which can be done
quite straightforwardly, using an RF photogun. Alternatively, one could use
the recently developed ultracold source, based on photoionization of a laser-
cooled and trapped atomic gas [47, 48], which has already been demonstrated
to deliver the required combination of charge and emittance in a picosecond
pulse. Since the ultracold source allows a much larger source size for the
same normalized emittance, smaller extraction fields are required and space
charge problems are much less of an issue. Due to Coulomb forces the bunch
will expand to many picosecond lengths during its passage though the TEM.
Compressing the bunch back to sub-ps lengths will inevitably lead to an in-
crease of the energy spread, as the product of uncorrelated energy spread AU
and bunch length At — the longitudinal normalized emittance e = AUAt/mc
— is a conserved quantity in absence of nonlinear forces. The required longi-
tudinal beam quality is AUAt = 1ps - eV, corresponding by changing units
to gy ~ 0.5nm - rad, and, interestingly, very similar to the transverse beam
quality requirement: the relative coherence should be approximately equal in
all directions. Producing bunches with the required initial longitudinal emit-
tance is not a problem using either regular photocathodes or the ultracold
source. The challenge is to apply a compression technique which conserves
transverse and longitudinal emittance while the originally dilute, many-ps

bunch is converted into a dense, space-charge-dominated, sub-ps bunch.

In the past few years several bunch compression methods have been devised
49, 50, 23, 51]. Grzelakowski and Tromp recently proposed a particularly
elegant method [52], which employs the mirror symmetry of a spherical elec-

trostatic capacitor. As it is a passive, static device, no additional synchro-
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nization is required, which is an important advantage. However, this method
still needs to be proven experimentally. Here we consider the possibility of
importing in time-resolved TEMs the same technique which has allowed a
significant improvement in temporal resolution in ultrafast electron diffrac-
tion systems, that is longitudinal (temporal) focusing using a radiofrequency
cavity [19, 53, 54]. It has been shown that the resonant electromagnetic
fields in a radiofrequency cavity can be used to impart a velocity-chirp to
the electron beam, thus reversing the longitudinal space charge expansion
which otherwise limits the pulse length for larger number of particles. After
passage through the cavity, the particles in the back of the pulse have higher
velocity and can overtake the front of the pulse so that at the sample the

beam reaches a longitudinal focus [49, 50, 23].

In the TEM, designing and tuning the radiofrequency cavity to achieve max-
imum compression is less straightforward than in simpler UED machines due

to multiple transverse crossovers along the column.

To estimate the achievable beam parameters upon RF compression in a TEM,
we simulated using the General Particle Tracer code the condenser stage of a
TEM with a modified gun to allow photocathode illumination and dynamic
time-resolved mode. The TEM column and the position of the lenses for the
simulation were extracted from [55]. The results of the simulation without
any radiofrequency cavity are in good agreement with the measurements of
pulse length and energy spread carried out using the PINEM effect [41]. In
Fig. 3, the experimental pulses duration (blue symbols) and energy spread
(black symbols) of an uncompressed beam are shown as a function of the
charge in the bunches together with the results of GPT simulations (blue
and black lines).

Using this model, we can then investigate the effect of inserting a radiofre-
quency cavity for beam compression in the column. A radio-frequency TMg;q
mode cavity resonant at 3 GHz was inserted at z=60 cm from the virtual
cathode source point to compress the bunch. Preliminary estimates indicate

that it is possible to obtain 10® particles in < 200 fs at the sample with com-
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parable transverse beam quality with current designs. Since the mechanism
for compression is to accelerate the particles in the back of the beam and de-
celerate the ones in the front, a larger beam energy spread is induced by the
cavity. This does not present a major problem for diffraction and imaging,
although the latter can be affected by chromatic abberations, but it certainly
hinders the possibility of high resolution spectroscopy. With a combination
of multiple (not just one) longitudinal lenses then one could design a ”con-
denser” stage for the time-energy phase space and control both the beam
bunch length and energy spread at the sample. We leave this possibility as
a topic for further more detailed study. In the inset of Fig. 3, the pulses

duration and energy spread are displayed for an RF compressed beam.

It is important to notice at this point that the imaging performances of such

an instrument will be different from those of a conventional TEM. How-
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ever, when combining space and time resolution, no technique exists which
is capable of reaching fs and nm resolution in time and direct space simul-
taneously. There is a great deal of phenomena that could be investigated
successfully with a spatial resolution of tens to hundreds of nm and fs tem-
poral resolution. To name a few, direct imaging of magnetic domains and
their motion could be performed. Also, the dynamics of the vortex lattice
in superconductors, or the temporal evolution of charge domains and phase
separation are topics for which the ability to combine time and direct-space
imaging will be a breakthrough. In a TEM, bright field and dark field im-
ages already give a contrast to morphological features of a specimen, while
in out-of-focus Lorentz microscopy enhanced contrast to magnetic domains

and charge patterns can be obtained [57].

The XFEL pump

The impulsive stimulated Raman scattering effect has been exploited for the
study of coherent structural and electronic excitations via the observation of
changes in the optical constants [58, 28]. For visible-light pumps, absorbed
fluences in the range of 100 pJ/cm? per pulse have been used for photoex-
citation. In typical pump-probe experiments, such an excitation is found to
produce a background of linearly excited particle-hole pairs on top of the
desired Raman excitations. In the example from Ref [28], it was possible to
obtain about 1073 to 1072 ISRS excited states per site, yielding a signal in
the order of 1073 in variation of the dielectric function. In recent fs-resolved
electron scattering experiments signals of similar strength have been detected

successfully.

To estimate the yield of the Raman excited particles per site for excitation
with X-rays one needs to estimate how many photons are absorbed by the
material at a given energy. For the example we used, LSCO, it is well known
that the Cu L-edge (930 eV) provides a very good yield for resonant Raman
experiments [38]. At this energy, the absorption of a 200 nm sample, ideal
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thickness for being transparent to 300 keV electrons, accounts for about the
70 % of the impinging beam [59]. For an XFEL pump, each pulse can be
expected to contain around 102 photons. If one considers these photons to
be absorbed in a volume of = x 50 x 50 x 0.1 um3, the number of photons
absorbed per site can be as much as 107!, The fluorescence yield at the Cu
L-edge is in the order of 1072, of which up to 20 % can be due to inelastic
events [38, 60], leaving a net number of ISRS excitation per site in the order of
1073, in the range of the optical ISRS experiments. Such an excitation yield
per pulse is expected to provoke changes in the spectroscopic and diffraction
properties of the material in the order of the fraction of a percent, while we
cannot make an estimate of the effects of such changes observable in imaging.
The visibility of such a change depends in turn on the signal to noise ratio
and integration time of the experimental set-up. In the optical experiments
for example, these phenomena were resolved by summing as many as 1.6
million pulses at a repetition rate of 1 KHz for a total acquisition time of 20
minutes, having a shot to shot noise in the experimental probe at the percent

level.

Based on these estimates, we argue that for a large and general class of
pump-probe experiments aimed at investigating the properties of coherent
modes, the combination XFEL-pump and electron-probe offers a competitive

alternative to more standard optical pump-probe schemes.

The synchronization

Practically, X-ray pump/fs-TEM experiments would require the synchroniza-
tion of a laser source to the X-ray source. The fs laser will serve as a drive
for the TEM photocathode, allowing to generate electron bunches with dif-
ferent duration and charge via the photoemission process. Synchronization
between a laser and an X-FEL source has been recently discussed, propos-
ing different approaches that can lead to a stabilization of the relative delay

between the sources in the order of the pulse duration itself [61, 62]. An
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alternative way to solve the problem is offered by time-stamping each image,
enabling data sorting in postprocessing the images. This has been success-
fully demonstrated at XFEL achieving sub-10 fs temporal resoultion [63].
For ultrafast electron pulses time-stamping was pioneered for MeV electron
diffraction setup using electro-optic sampling methods[64]. New techniques
have recently been demonstrated to work also for non-relativistic electrons
[65]. In addition, a RF-fs laser synchronization technique has been developed
which allows the measurement of the phase of the amplified RF field in the
cavity with respect to the fs laser pulse for each individual shot with 30 fs
resolution [66]. Since the main cause of arrival time jitter is due to RF phase
jitter of the compression cavity, the latter technique should allow accurate

time-sorting of the individual images.

In the case discussed here, an extra complication arises from the need to use
an RF electron gun in the TEM. Such a device requires the synchronization
between an RF cavity and the laser source, which can be done also with
high accuracy using the technique described in [66]. In total, the jitter of
such a time-resolved experiment will be mainly affected by two components:
the laser-XFEL jittering, and the laser-TEM jittering. Each of these two
components has different sources: - the XFEL-laser jitter originates from the
laser rep-rates instabilities, mainly due to temperature drifts in the cavity,
and the intrinsic noise of the XFEL source. - The laser-TEM jitter is mainly
caused by the synchronization between the RF cavity, temperature drifts
plus the noise of the RF source, and the laser itself, temprature drift of the
optical cavity. These sources of non-idealtiy can be considered to a first
approximation as independent, and therefore, summed quadratically. Based
on current technology available, the overall jittering of such a set-up will be

expected to be about 50 % higher then the laser pulse duration.
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Conclusions

In this chapter, we discussed the feasibility of combining ultrashort X-ray

sources, currently under development, with an ultrafast TEM. The goal of

these experiments is to provide a uniquely broad-band view of materials

and nanostructures and their transformations happening in the fs time-scale.

Such an approach would benefit from both most recent achievements in ul-

trafast science, i.e. time-resolved TEM and XFEL technology, and promises

to deliver combined structural, spectroscopic and morphological information

on an extraordinarily wide class of systems, ranging from bio-molecules to

strongly correlated solids.
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Conclusions

This doctoral work was dedicated to the installation of a laboratory of ul-
trafast microscopy at the Ecole Polytechnique Fédérale de Lausanne. After
the installation of the transmission electron microscope by the manufacturer’s
company, in collaboration with IDES we proceeded to do the necessary hard-
ware modifications, interfacing the column and the gun of the microscope
with the ultrafast laser setup. After the necessary optimization and fine tun-
ing we demonstrated the capability of reaching an energy resolution of about
1 eV and a time-resolution of about 300 fs. The possibility of controlling in-
dependently the voltage applied to the Wehnelt cylinder and the excitation
of the CO lens proved to be an effective way for increasing the brightness of

the instrument.

Several operational modes are available for static and stroboscopic mea-
surements, and their complementarity allows to effectively study strongly
correlated materials. We analyzed a PrSrg,Ca; sMn,O7 sample, a layered
manganite, and we reported direct observations of the interplay between the
lattice and the electronic structure of the crystal. The coherence of the pulsed
electron beam resulted to be sufficient for the studies in the metallic phase
of the compound, while the characterization of the charge ordering dynamics
using ultrafast diffraction will require some further optimization in the gun

region of the microscope.

Ultrafast energy-filtered PINEM demonstrated to be a flexible technique for

studying several categories of nanostructures. Focusing on a sample of silver
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nanowires, we demonstrated the possibility of controlling the spatial config-
uration of the photo-induced near-field obtaining results in agreement with
numerical simulations. Furthermore, exploiting the characteristics of a post-
column energy filter we demonstrated the possibility of acquiring simulta-
neous information about particle-like and wave-like behavior of a surface

plasmon-polariton.

Finally we discussed the feasibility of using ultrashort X-ray pulses as the
source of photo-excitation for solid state samples. Imagining a facility that
provides to the user such a broad range of wavelength would notably expand

the field of application of this technique.
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