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Abstract

The present cumulative thesis covers the development and applications of a novel type of
ultrafast transmission electron microscope (UTEM) employing high-coherence electron
pulses from a nanoscale photocathode.

Specifically, a commercial Schottky field-emission TEM is modified to allow for ultra-
short electron pulse generation by photoemission from a nanoscopic field emission tip. At
the sample position, electron focal spot sizes down to 9 A, an electron pulse duration of
200fs (full-width at half-maximum) and a spectral bandwidth of 0.6eV are demonstrated.
The instrumental capabilities for ultrafast electron diffraction, imaging and spectroscopy
are illustrated.

A first detailed experiment harnesses the coherent quantum state manipulation of free-
electron wavefunctions. The kinetic energy distribution of high-energy electrons traversing
an intense optical near-field evolves into a comb of spectral sidebands spaced by the photon
energy. Multilevel Rabi oscillations are observed in the optical-field dependent sideband
populations, experimentally demonstrating the preparation of a coherent longitudinal mo-
mentum superposition state. Numerical simulations verify the formation of an attosecond
electron pulse train after dispersive propagation.

In a second study, the optically-induced ultrafast structural dynamics close to the
edge of a single crystalline graphite membrane are investigated with a 28-nm/700-fs
spatio-temporal resolution. Ultrafast convergent beam electron diffraction (U-CBED) is
established as a quantitative technique to access the local lattice deformations on the fem-
tosecond timescale. The complex acoustic distortions are disentangled by reconstruction
of the relevant deformation gradient tensor components. Lateral scanning of the electron
probe tracks the excitation, propagation and dissipation of the optically induced expansion

and shear deformations.

Zusammenfassung

Die vorliegende kumulative Dissertation befasst sich mit der Entwicklung und Anwendung

eines neuartigen ultraschnellen Transmissionselektronenmikroskops (UTEM), welches

hochkohirente Elektronenpulse aus einer nanoskaligen Photokathode nutzt.
Insbesondere wird ein kommerzielles Schottky-Feldemissions-TEM modifiziert, um die

Erzeugung ultrakurzer Elektronenpulse durch Photoemission von einer nanoskopischen



Feldemissionsspitze zu ermdglichen. An der Probenposition werden Elektronenfokus-
groflen bis hinunter zu 9A, eine Elektronenpulsdauer von 200fs (Halbwertsbreite) und
eine spektrale Bandbreite von 0.6eV demonstriert. Weiterhin werden die instrumentellen
Fihigkeiten fiir ultraschnelle Elektronenbeugung, Bildgebung und Spektroskopie veran-
schaulicht.

Ein erstes detailliertes Experiment realisiert die kohérente Quantenzustandsmanipulation
der Wellenfunktionen freier Elektronen. Die kinetische Energieverteilung hochenergeti-
scher Elektronen, welche ein intensives optisches Nahfeld durchqueren, entwickelt sich
zu einem Kamm aus spektralen Seitenbidndern, mit der Photonenenergie als Abstand.
Multi-Niveau Rabi-Oszillationen werden in der optischen Feldstiarkeabhingigkeit der
Seitenbandpopulationen beobachtet, was experimentell die Pridparation eines kohéren-
ten Longitudinalimpuls-Superpositionszustands demonstriert. Numerische Simulationen
bestdtigen die Erzeugung eines Attosekunden-Elektronenpulszuges nach dispersiver Pro-
pagation.

In einer zweiten Studie wurde die optisch induzierte ultraschnelle Strukturdynamik nahe
der Kante einer einkristallinen Graphitmembran mit einer 28-nm/700-fs raum-zeitlichen
Auflosung untersucht. Ultraschnelle konvergente Elektronenbeugung (U-CBED) wird als
quantitative Methode etabliert um auf die lokale Gitterdeformation auf Femtosekunden-
Zeitskalen zuzugreifen. Die komplexen akustischen Verzerrungen werden durch Rekon-
struktion der relevanten Komponenten des Deformationsgradienten aufgeldst. Die laterale
Abtastung durch den Elektronenfokus ermoglicht die Verfolgung von Anregung, Ausbrei-
tung und Dissipation der optisch angeregten Expansions- und Scherdeformationen.

Vi
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Chapter 1

Introduction

At the heart of natural science lies the curiosity to comprehend the composition and
function of natural objects and phenomena as they evolve with time. The centuries of
striving for new insights gave rise to the development of scientific instruments resolving
the structure and dynamics of matter on length and time scales exceeding those of human
perception by orders of magnitude.

Our prevalent method for studying nature is by visible light. Until the beginning of the
19th century, optical microscopes have provided for imaging with pm-spatial, diffraction
limited resolution [1], and photography with fast shutter speeds could obtain sub-ms
snapshots of dynamic scenes [2]. Diffraction techniques, revealing structural periodicity,
enabled the exploration of atomic lattices using short wavelength X-rays [3], and later
electron beams in vacuum [4].

The transmission electron microscope (TEM) [5] provided real-space imaging capability
of structural inhomogeneities, quickly surpassing optical microscopes and advancing to
an atomic-scale resolution [6]. Most advances of the TEM methodology were propelled
by instrumental breakthroughs, like aberration correction [7-10], new detectors [11],
tomography [12], cryo-EM [13], energy filtered [14] and monochromated TEM [15].
Especially, the availability of high-brightness electron beams facilitated the development
of advanced electron holography [16] and coherent beam shaping techniques [17].

In the realm of optics, shifting from fast image acquisition to stroboscopic illumination,
the achievable temporal resolution is only limited by the shortest flashes of light available.
Driven by the rapid development of coherent light-sources [18, 19], the study of dynamic
processes could be drastically extended from the nanosecond regime [20] to pico- [21],

femto- [22] and nowadays attosecond [23] timescales.



Chapter 1 Introduction

Of central interest in physics and materials science are the ultrafast dynamics in con-
densed matter, especially those of nanostructured systems, as relevant for basically all
high-technological devices. That includes a variety of processes, e.g. the ultrafast energy
dissipation and transfer at and across interfaces, the observation of ultrafast phase transfor-
mations, ultrafast magnetization dynamics and the transient response of solids excited by

intense optical fields.

Physical processes occurring in extended volumes obey a natural hierarchy of time and
length scales. The intrinsic velocities of particle diffusion, flow of charge, propagating
collective excitations, and ultimately light dictate faster dynamics to occur on shorter
length scales. The clear mismatch of techniques, mainly addressing the spatial or temporal

dimensions of dynamic processes, demands for new instrumental developments.

Using femtosecond probe pulses, ultrafast electron [24, 25] and X-ray [26] diffraction
techniques yield insight into fundamental processes in spatially homogeneous samples,
with excellent resolution in Fourier space. Near-field scanning [27, 28] and local emission
microscopes [29] could study ultrafast dynamics in real-space, with typical geometric

experimental constraints applying.

After early work done at the Technical University of Berlin [30], the field of time-
resolved TEM was advanced by the implementations of nanosecond single-shot dynamic
TEM (DTEM) at Lawrence Livermore National Laboratory [31], and with nanosecond to
sub-picosecond time-resolution by stroboscopic illumination in the group of A. H. Zewail
at Caltech [32].

This thesis contributes to the rapidly evolving field of ultrafast transmission electron
microscopy (UTEM) by introducing high-coherence ultrashort electron pulses. A novel
type of photoelectron source, based on laser-triggered electron emission from nanoscale
metal tips, is integrated into a commercial TEM and various applications are illustrated.
The unique electron pulse properties are harnessed for the exploration of two original
research directions in UTEM. Firstly, the quantum coherent optical phase modulation
of free-electron beams is experimentally demonstrated, opening up new avenues in the
coherent control and shaping of electron wavefunctions. Secondly, ultrafast convergent
beam electron diffraction accesses the ultrafast structural dynamics in nanoscale sample
volumes, enabling the study of nanophononic systems on their intrinsic picosecond time

and nanometer length scale.



Outline

This cumulative thesis is composed of three original publications (Chapters 4-6), each
describing their respective scientific relevance, the experimental setup and results, com-
pleted by a comprehensive discussion. In the following, Chapter 2 and 3 present main
theoretical and experimental prerequisites connecting this thesis to previous work. Chap-
ter 2 introduces the TEM methodology with emphasis on coherent electron interactions
and showcases selected achievements of ultrafast electron diffraction and microscopy.
Chapter 3 covers the theoretical description of ultrashort electron pulses in phase space,
followed by methods for ultrashort electron pulse generation.

In Chapter 4, the implementation, characterization and applications of the Gottingen
UTEM instrument are presented. The original publication “Ultrafast transmission electron
microscopy using a laser-driven field emitter: Femtosecond resolution with a high coher-
ence electron beam” [33] introduces the laser-driven Schottky field emitter in an Ultrafast
TEM, achieving record combined properties for single-electron pulses.

Chapter 5 studies the quantized inelastic coherent scattering of free-electrons by intense
optical near-fields. The manuscript “Quantum coherent optical phase modulation in an ul-
trafast transmission electron microscope” [34] describes the first experimental observation
of Rabi oscillations in the spectral photon sidebands, being a fingerprint for the quantum
coherence of this interaction. Furthermore, numerical calculations for the temporal evolu-
tion of such phase-modulated electron pulses show the generation of attosecond electron
pulse trains.

Chapter 6 describes a prototypical experiment for the study of ultrafast structural dynam-
ics in inhomogeneous systems, with simultaneous nanometer-femtosecond spatio-temporal
resolution. The paper “Nanoscale diffractive probing of strain dynamics in ultrafast trans-
mission electron microscopy” [35] applies the powerful technique of convergent beam
electron diffraction (CBED) for the quantitative local probing and reconstruction of the
laser-induced complex strain dynamics in a mesoscopically symmetry broken graphite thin
film.

In Chapter 7, the main results of this thesis are concluded. A comparative discussion of
various ultrafast electron gun concepts is given, and opportunities in the field of ultrafast
TEM using high-coherence electron pulses are illustrated with focus on the optical control

and structuring of free-electron beams and the study of ultrafast nanoscale dynamics.






Chapter 2

Ultrafast electron microscopy and diffraction

Electron microscopy and diffraction are indispensable tools for resolving the structure of
condensed matter and gases on short length scales. Transmission electron microscopes
(TEMs) are especially refined instruments enabling versatile applications in quantitative

imaging, diffraction and spectroscopy [36].

Introducing ultrashort far-field probes, ultrafast transmission electron microscopy
(UTEM) provides a unique access to ultrafast dynamics in inhomogeneous systems.
Starting in the 1980s, Bostanjoglo and co-workers at the Technical University of Berlin
pioneered the field of “High-speed transmission electron microscopy”, recording image
exposure series with ~200-nm spatial resolution using 10% electrons in ~10-ns pulses
[30]. This approach using single-shot imaging to study non-reversible dynamics, later
termed dynamic TEM (DTEM) was further developed at the Lawrence Livermore National
Laboratory, ultimately achieving a 10-nm spatial resolution [31]. By stroboscopically
illuminating reversible processes in the “single-electron”-limit, Zewail et al. could advance

the UTEM methodology to the nanosecond to sub-picosecond timescales [25, 37].

Nevertheless, many quantitative TEM techniques were not accessible or severely re-
stricted by the lack of pulsed high-brightness electron beams. Typically, the beam quality is
limited by electron-electron repulsion and the large emitting area of common femtosecond

electron sources.

To envisage the capabilities of UTEM, it is instrumental to briefly recapitulate the
powerful tool set of conventional TEM and consider the achievements of state-of-the-art

ultrafast electron diffraction and microscopy—which is the central purpose of this chapter.
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a transmission b c
electron microscope TEM illumination STEM/CB illumination
electron
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cross-over
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Figure 2.1: Transmission electron microscopy. (a) Schematic setup with main components of
a conventional TEM. (b,c) Detailed view of the illumination system in (b) parallel and (c)
convergent illumination mode. The probing beam is formed by a combination of three condenser
lenses (CL1, CL3, CM), the condenser aperture (CLA) and the objective pre-field (OM, top).

2.1 Transmission electron microscopy

The following section briefly introduces the TEM methodology, which is covered in
detail by a broad range of literature available [36, 38—43]. Special emphasis is put
on coherent interactions of electrons with electromagnetic fields and matter, which are
essential prerequisites for Chs. 4—6. Selected applications illustrate the opportunities of
using high-coherence electron pulses in UTEM for imaging, diffraction and coherent

electron beam shaping.

The instrument

Since the early days of Knoll and Ruska [5], transmission electron microscopes consist
of the same principal components (cf. Fig. 2.1), with their specific counterparts found in
optical microscopes. Over the years, modern TEMs added further capabilities, e.g. for
holography, electron energy loss spectroscopy (EELS), scanning transmission electron

microscopy (STEM), and aberration correction.



2.1 Transmission electron microscopy

Electron source and accelerator In an electron gun, the continuous beam generated by
an electron emitter is accelerated in a high static potential, typically to Uy = 30 —300keV
forming a “real” or “virtual” beam crossover that acts as effective electron source. For

more details, see Sec. 3.3.

Probe forming/illumination system The divergent beam from the electron gun is
picked up by the condenser system, forming a well-defined, collimated or convergent
electron beam. The relative lens excitations (“spot”: CL1, CL3) and cutting at the variable
condenser aperture (CLA) allow for tuning the beam’s degree-of-coherence, adapted to the
requirements of an experiment. In combination with additional lenses (CM, OL top part)
the beam convergence angle (“alpha”) at the sample is set. Electron optical aberrations,
caused by imperfections of the emitter and lenses, can be compensated by an additional
STEM probe corrector. In an advanced approach, beam preparation might also include

transverse or longitudinal shaping of the electron wavefunctions (see below).

Sample Typically a thin film specimen, which is partially transparent for the electron
beam (thickness: ~ 10 —200nm). After interaction with the sample, electrons, emitted

photons or currents are analyzed in transmission or backscatter geometry (cf. Fig. 2.2).

Imaging system The transmitted electrons are collected by the objective lens (most
often in a symmetric lens assembly housing the sample), which is usually the main source
of spherical and chromatic aberrations due to the high involved scattering angles (up to
> 100mrad). The following system of transfer lenses magnifies either the image or back
focal plane of the objective lens, enabling flexible access to the real space or reciprocal
space scattering distributions. Finally, the image is projected onto an electron detector.
Additional elements for aberration correction (image corrector), energy dispersion/filtering

(in- or post-column) or phase analysis (e.g. an electrostatic bi-prism) might be included.

Electron detector The magnified and filtered electron distribution is recorded by fol-
lowing electron sensitive detectors. These include highly sensitive current detectors, like
scintillator coupled photomultipliers, and lateral resolving detectors like film/plate cameras,
scintillators with an attached CCD or CMOS chip and most recently, back-thinned CMOS

chips for direct electron detection. In conventional TEM, the achievable timing precision
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Figure 2.2: Electron-sample interactions in TEM. (a) An electron can interact with a sample in a
variety of processes, creating reversible and non-reversible secondary excitation. (b) A stationary
electromagnetic field configuration imprints a transverse phase-modulation onto the free-electron
wavefunction (cf. Ref. [36] for more details).

is limited by the acquisition speed of the detector, e.g. for 2D detectors to the ps-range
[44] and for 1D data down to the sub-ns regime [45].

Ultrafast TEM instruments, so far being modified traditional TEMs, make use of the
same conceptional design, adding the capability for pulsed electron beams and synchro-
nized sample excitation [25, 30-32, 46, 47]. Chapter 4 describes the instrumental design,
electron beam characterization and exemplary application of the Gottingen UTEM instru-

ment, firstly implementing high-coherence electron pulses from nanoscale photocathodes.

Coherent beam interactions in TEM

High-energy electrons interact with matter in a variety of processes, distinguishable by
their action on the electron wavefunction (cf. Fig. 2.2): coherent or incoherent, elastic
or inelastic and scattered in forward or backward direction. These interactions may lead
to secondary processes like electron or light emission, or non-reversible changes of the
sample (e.g. radiation damage).

The coherent contributions of scattering and image contrast are described in the wave
picture. A wavefunction propagating along a path s locally accumulates a phase given by

the Aharonov-Bohm equation [48]

¢e:%(vle/V(r)ds—/A(r)~ds), 2.1
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30 urad n—

Figure 2.3: Transverse phase manipulation of free-electron beams. (a) Zernike phase plate for
enhanced phase contrast imaging [51]. (b,c) Vortex beam generation by pitchfork amplitude
((b), [17]) and phase ((c), [52]) masks, creating spatially separated orbital angular momentum
states. (a) Reprinted from [51], Copyright 2001, with permission from Elsevier. (b) Adapted
by permission from Springer Customer Service Centre GmbH: Springer Nature, Nature [17], ©
Macmillan Publishers Limited (2010). (¢) From [52]. Reprinted with permission from AAAS.

with reduced Planck constant 7, electron charge e, velocity v,, electrostatic potentials V
and magnetic vector potential A. Passing static electromagnetic fields, either in vacuum
or in a sample (e.g. mean inner atomic potentials or magnetization fields) constitutes a

transverse phase modulation of the electron wavefunction.

Transverse phase-structuring of electron beams

The transverse phase manipulation of light beams is a well established technique in optical
science [49, 50]. The same principle is applied in electron microscopy, e.g. for Zernike
phase plates (cf. Fig. 2.3a), which enhance the contrast of weak phase objects by adding a
phase shift to the scattered part of the electron wavefunction [51]. In an advanced approach,
tailored phase masks are used coherently prepare electron beams with arbitrary phase and
amplitude structure.

A prominent example is the preparation of electron beams in a Laguerre-Gaussian (LG)
mode, which features a spiral phase distribution and a phase singularity at its center (cf.
Ref. [53] for optical equivalent). Such beams carry a quantized orbital angular momentum
(OAM) L, = mh with m € N and were first realized for m = 1 by a stack of thin graphite
layers [54]. The generation of higher order OAM states is achieved by pitchfork amplitude
[17] or phase gratings [52, 55], adding a linear momentum transfer for state separation (cf.

Fig. 2.3b,c). Such tailored transverse electron beam states are sought after for their unique
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properties, expanding the TEM methodology, e.g. adding sensitivity for crystal chirality
[56], symmetry of plasmon resonances [57] and out-of-plane magnetic fields [58].

Other implementations of elaborate phase masks are proposed for correction of spherical
aberrations [59], structured illumination of samples [60] and the generation of electron
Bessel beams [61], which show features of non-diffractive propagation and applications in
spin filtering and polarization [62, 63].

The strong recent interest in phase masks illustrates the anticipated impact of tailoring the
transverse electron wavefunction. Chapter 5 introduces the fundamentals of manipulating
the longitudinal part of the electron wavefunction by time-varying intense optical fields,

opening up a new degree of freedom in controlling free-electron beams.

Coherent scattering of a crystal

The theory of kinematic scattering assumes a single elastic scattering event, valid for thin
crystals of thickness 7 (r < &, with £ is the scattering mean free path). In the weak-phase-
object (WPO) approximation, Eq. 2.1 assumes the form [43]

be(x.y,2) = 1+imAV(x,y)t, (2.2)

with electron wavelength 1, and lattice potential V(x, y) averaged over the crystal thickness
t along the z-direction (parallel to the electron trajectory). In a small monoatomic crystal
with atomic positions R,,,, = ma; + na + oaz (real-space basis [aj aja3]), the total

potential of the lattice is given by
V) =Vam®)@ L) =Var)® > > > 6 (r=Ryuno), 2.3)
m n o

with atomic potentials V4 (r) in a periodic lattice L (r).

In the far field, the scattered wave is proportional to the Fourier transform of the potential
F V()] =F [Va(r)]-F[L(r)] [64]. Not regarding the charge distribution of an individual
atom V4 (), the lattice potential can be approximated by a three dimensional comb of Dirac-
delta functions in real-space (for a large number of atoms m,n,0 — o0). Consequently,
F [L(r)] yields intensity maxima in an equal manner on a three dimensional comb of
Dirac-delta functions in reciprocal space (reciprocal basis [b; b, bs]). The scattering vector
AKk is given by

Ak =k—-ko=hb;i+kby+1b3, (2.4)

10
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which for integer numbers (4, k,1) is equivalent to the Laue-equation. In TEM literature, the
basis of the reciprocal space is usually normalized to a; b; = 6;; (omitting the 27 prefactor)
with Kronecker delta function 6;;. A set of lattice planes (hkl) with spacing d(,x;) will
lead to intense diffraction spots distanced by the absolute value of the scattering vector
|AK| = 1/d k1), which corresponds to Bragg’s law with scattering angle siné ~ |AK| /ko =
A/2d k7). Chapter 6 applies kinematic scattering theory to the analysis of local lattice
deformations and will discuss further details like the influence of a finite crystal size
and dynamic scattering features (Sec. 6.3), the local strain of a crystal (Sec. 6.6) and the

dependence of scattering efficiency on the transient lattice temperature (Sec. 6.8.4).

Strain analysis in TEM

Over the last decades, the progress in transmission electron microscopy enabled quanti-
tative far-field imaging of lattice potentials using parallel illumination or scanning-probe
imaging [41], with down to single atom sensitivity [10, 65]. Nevertheless, quantitative
two-dimensional characterization of subtle fields that are slowly varying with the atomic
lattice remains an involving procedure. This includes the mapping of electromagnetic
fields, e.g. at internal interfaces like charge depletion layers [66], as well as the quantitative
reconstruction of local inhomogeneous strain fields, which is discussed in the following
(cf. Fig. 2.4).

The local elastic deformation of a crystal lattice is described by the deformation gradient
tensor F, which in case of small deformations can be decomposed into the symmetric strain

& and the anti-symmetric rotation tensor w [43]
Fr)=e(r)+w(r)+Is (2.5)

with unit matrix I3. For more details on the action of F(r) on a crystal lattice, see Ref.
[43] and Ch. 6. The following section compares different techniques for nanoscale strain

analysis, with typical performance parameters given in Tab. 2.1.

Dark-field contrast of a strained crystal Collimated illumination of a crystalline sam-
ples, if rotated to closely match an efficient Bragg-scattering condition, will result in intense
diffraction of the samples. A slight rotation of the lattice plane normal vector, sampling the
diffraction rocking curve at a varying angle, yields a pronounced thin film bending contrast

in the image (cf. Fig. 2.7) [36]. Notably, the quantitative interpretation of these bending

11
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Figure 2.4: Nanoscale strain analysis in TEM. (a) Convergent beam electron diffraction (CBED)
of a highly strained silicon substrate (capped by Sig g§Gey .o, top panel), showing strain dependent
Bragg-line splittings (bottom panel) [67]. (b) Experimentally measured (left) and numerically
simulated (right) local lattice deformations of a strained-silicon transistor array obtained by
dark-field electron holography [68]. (a) Reprinted from [67], Copyright 2006, with permission
from Elsevier. (b) Adapted by permission from Springer Customer Service Centre GmbH:
Springer Nature, Nature [68], © Macmillan Publishers Limited (2010).

contours is rather challenging, since they exhibit a directional sensitivity connected to
the rocking curve of one specific Bragg-scattering condition and are overlapped to other

phase-contrast features like thickness fringes [43].

Quantitative strain imaging A quantitative reconstruction of strain distributions is ob-
tained by mapping the sample on the atomic level, either by high resolution TEM (HRTEM)
[69] or scanning TEM (STEM) [70]. Alternatively, dark-field electron holography (DFEH)
[68] directly measures the atomic displacement field by the interference of diffracted
waves from strained and unstrained parts of a sample (cf. Fig. 2.4). Subsequently, the
local strain fields can be decomposed from the obtained images by geometrical phase
analysis (GPA) [69, 71]. Both methods provide for high resolution imaging of strain fields
in two-dimensions but have specific experimental requirements, e.g. thin samples, tilting
to a zone-axis (HRTEM) or fully coherent sample illumination (DFEH).

12
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CBED NBED HRTEM- DFEH
STEM
Sensitivity 2x1074 1x107° 1x1073 2.5x107%
Accuracy 2x 107 1-50%x 1073 1x1073
Precision 09-10x10* 1-3x10 2-20x107*
Spatial resolution (nm) 1-10 25-10 2—-4 4-6
Field of view (nm X nm) map capable 150 x 150 500 x 1500
Optimum specimen ~ 200 ~50-100 ~50-100 ~ 100
thickness (nm)

Table 2.1: Comparison of quantitative strain analysis techniques. Reproduced from Ref. [43]

Diffractive strain mapping Nanoscale strain is directly correlated to a deformation of
the local crystal unit cell. Therefore, local diffraction techniques combined with scanning
of the electron probe are ideal tools for quantitative strain mapping [43]. A straightforward
implementation is scanning nano beam electron diffraction (NBED) [72], which uses a
nm-sized collimated beam to record diffraction patterns.

In a more sophisticated approach, scanning convergent beam electron diffraction (CBED)
makes use of a sharply focused electron probe. Due to the large angular content of the
illuminating electron beam, multiple Bragg scattering conditions are studied simultane-
ously, which are visible as deficit and excess lines in the diffraction patterns (cf. Fig. 6.1).
Adopting the experimentally observed line positions with calculations using a strained
crystal allows for retrieving the local strain distribution [73]. Nano-beam diffraction poses
strict requirements to the electron beam brightness and connects angular sensitivity with
the achievable spatial resolution (cf. Eq. 3.12). In contrast, the strain sensitivity in CBED
is decoupled from the illuminating beam’s coherence, which only determines the minimum
probing area for a given convergence angle [43].

Chapter 6 extends the versatile CBED methodology to the ultrafast timescale for the
quantitative study of coherent strain dynamics with 28-nm spatial and 700-fs temporal

resolution.

13
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2.2 Elements of ultrafast electron diffraction and microscopy

This thesis presents a novel instrumental approach in the field of UTEM by firstly in-
corporating high-coherence electron pulses from tip-shaped nanoscale photocathodes.
The following section depicts the powerful experimental capabilities using state-of-the-
art large-area photoelectron emitters, but also highlights the opportunities of employing

low-emittance electron pulses.

Structural dynamics studied by ultrafast electron diffraction (UED)

Electron diffraction, as first published in 1927 by Thomson and Reid [4], as well as Davis-
son and Germer [74], and awarded the 1937 Nobel Prize in Physics, quickly became a
well-established technique for the structural analysis of condensed matter [64]. Differ-
ent experimental implementations involve surface-sensitive back-scattering of electrons
in low-energy electron diffraction (LEED), reflection-high-energy electron diffraction
(RHEED) or electron backscatter diffraction (EBSD), while thicker samples are analyzed
by high-energy electrons in transmission electron diffraction (TED). With the availabil-
ity of ultrashort electron pulses, these techniques were very successfully transferred to
the ultrafast timescale, combining a femtosecond temporal with a sub-pm resolution in

k-space.

Transmission electron diffraction Figure 2.5 displays typical (a,b) parallel-
illumination and (c) convergent beam diffraction data of graphite crystals in trans-
mission. Individual Bragg diffraction conditions are observed with their position and
intensity recorded as a function of pump-probe time delay. On short time-scales the
reduction of scattered intensity is associated with a rise of the lattice temperature and
atomic mean-square displacements (Fig. 2.5a,b). This phonon-mode specific Debye-Waller
behavior gives information about the complex dissipation cascade of electronic excitation
to thermal phonons. Following on the picosecond to nanosecond timescale (Fig. 2.5¢), the
synchronous excitation of phonons induces coherent lattice deformations related to the
thin-film sample geometry, apparent by periodic shifts of Bragg spots. Both effects will be
discussed in more details in Ch. 6, addressing the capabilities of convergent beam electron

diffraction (CBED) using nanoscale probing areas.
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Figure 2.5: Ultrafast electron diffraction (UED) in transmission. (a) Powder diffraction pattern and
radially averaged intensity profile of thin film graphite (1 to 3-nm thickness). (b) Ultrafast drop
in diffracted intensity of the (110) diffraction peak (from top: 18, 35, 53 and 70 uJ/cm? excitation
fluence) displays two characteristic time constants involved in the thermalization of the initial
nonequilibrated phonon system [75]. (¢) Convergent beam diffraction with um-scale electron spot
size of single crystalline graphite (220-nm thickness) reveals the excitation of multiple membrane
deformation modes observed in the oscillating position of specific Bragg reflections [76]. (a,b)
Copyright The Authors [75] used in accordance with the Creative Commons Attribution (CC
BY) license. (c) Copyright 2014 National Academy of Sciences.
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Figure 2.6: Ultrafast electron diffraction in reflection. (a) Time-resolved RHEED and surface
structure illustration of the In on Si(111) surface reconstruction under ultrafast phase transition.
(b) Time evolution of the diffracted intensity related to atomic lattice Bragg-reflections ((00)-
lattice spots), charge density wave (8x2 and 4x1 spots) and thermal diffuse background. For
more details, see Ref. [78]. Adapted by permission from Springer Customer Service Centre
GmbH: Springer Nature, Nature [78], © 2017 Macmillan Publishers Limited, part of Springer
Nature (2017).

Electron diffraction in reflection The superior surface sensitivity of low-energy [77] or
grazing incidence electron diffraction [78] allows for the study of structural dynamics of a
few crystal layers at the surface. Figure 2.6 shows an example of ultratast RHEED probing
a non-thermally excited structural phase-transition of the In—(8x2) on Si(111) surface
reconstruction [78]. Despite probing the surface under grazing incidence with a relatively
large electron spot, a temporal resolution of down to 330fs is achieved by appropriate
tilting of the pump laser pulse front and reducing the probe pulse charge to below 200
electrons per pulse. The combination of surface sensitivity and high resolution in reciprocal
space enables a unique access to structural transitions, like the ultrafast melting of charge
density waves (CDW) at surfaces and the decoupling from bulk material dynamics (cf.
Fig. 2.6b).

Real-space probing of structural dynamics

Conventional electron microscopes routinely deliver imaging and local probing capability
of condensed matter down to the atomic level. The recent availability of femtosecond

pulsed laser systems for the generation of ultrashort electron pulses and intrinsically
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Figure 2.7: Imaging strain-stress dynamics in UTEM. (a) Slip-stick dynamics of a single crystal
Cu(TCNQ) nanoparticle following laser induced thermal expansion. Reference and difference
images of crystallite edge (stroboscopic illumination, top) with extracted time dependent edge
displacement (bottom) [81]. (b) Ultrafast time-dependent bright-field imaging of MoS; single
crystal. Image contours at fixed spatial position as function of time delay show the launching,
propagation and interference of acoustic wave-trains [85]. (a) Reprinted with permission from
[81]. Copyright 2010 American Chemical Society. (b) Reprinted with permission from [85].
Copyright 2017 American Chemical Society.

synchronized sample excitation enabled novel applications in ultrafast electron imaging.

Studying nanophononic and nhanomechanic systems A field of applications ideally
suited for ultrafast TEM is the study of the reversible mechanical sample response following
optical excitation, which is closely related to the frequency domain studies in the field of
nanophononics [79]. Typical sound velocities in condensed matter around 1 —20nm/ps
result in spatio-temporal dynamics well within the reach of ultratast TEM.

The first type of experiments relies on real-space imaging, e.g. of nanocrystals or
cantilevers showing oscillatory movement [80] or slip-stick like behavior related to friction
(cf. Fig. 2.7a) [81]. Furthermore, the dark- or bright-field contrast derived from scattering
at the deformed crystal lattice yields a qualitative image of ultrafast local lattice dynamics
[82, 83], recently applied for studying phonon dynamics in thin membranes or wedge
shaped single crystals (cf. Fig. 2.7b) [84-87].

In a second approach, a focused electron beam diffractively probes the local structural
deformation of a crystalline thin film. In an initial experiment, Yurtsever et al. retrieved
the quantitative coherent strain dynamics at a single probing position of a wedged silicon

sample by analyzing the time dependent shift of Kikuchi-lines (cf. Fig. 2.8) [88, 89].
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Figure 2.8: Ultrafast local diffractive probing in UTEM. (a) Convergent-beam Kikuchi diffraction
pattern of a wedged silicon single crystal (inset). (b) Time-delay dependent resonant oscillation
of the KB 1 Kikuchi band position, sampling a laterally propagating elastic shear wave. For
details see Ref. [88]. Reproduced with permission from [88]. Copyright 2011 National Academy
of Sciences.

Extending this concept, Ch. 6 presents the implementation of ultrafast convergent beam
electron diffraction (U-CBED), making use of the full quantitative strain retrieval capability
of CBED combined with a nanometer-precision lateral scanning of the focused electron
beam. The combined 700-fs temporal and 28-nm spatial resolution resolves the coherent

laser-excited lattice dynamics at the edge of a thin graphite membrane.

Inelastic electron light scattering (IELS) and photon induced near-field electron
microscopy (PINEM)

Historically, inelastic scattering processes in TEM are associated with a spontaneous
energy transfer from the electron beam to a sample, as analyzed in electron energy loss
spectroscopy (EELS) [92] or by light emission in cathodoluminescence (CL) [93]. Sponta-
neous energy gain scattering requires interaction with densely populated excited states, e.g.
hot phonon distributions [94], and typically necessitates an excellent spectral resolution to
resolve low-energy excitations [95]. An equivalent scheme, termed electron energy-gain
spectroscopy (EEGS), was proposed for studying plasmon resonances of optically excited
nanostructures [93, 96, 97].

This stimulated gain scattering process was first observed in UTEM by Barwick et
al. [90], probing the near-field of optically excited nanostructures with synchronized

ultrashort electron pulses (cf. Fig. 2.9). Here, high-energy electrons (electron kinetic
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Figure 2.9: Inelastic electron light scattering (IELS) in optical near-fields. (a) Electron energy
spectra (centered at 200-keV electron kinetic energy) of carbon nanotubes irradiated with an
intense fs-laser pulse at two different delay times. The initial zero-loss peak (black curve)
evolves into a comb of spectral sidebands displaying (b) multiple quanta +N#Aw of photon
absorption/emission (red curve) [90]. (c) The (relativistic) dispersion relations of electrons and
photons are not matched in free space (bottom), preventing single particle scattering. Energy-
momentum conservation in electron-photon scattering is enabled by the broadened momentum
distribution of optical near-fields [91]. (a,b) Reprinted by permission from Springer Customer
Service Centre GmbH: Springer Nature, Nature, [90], © Macmillan Publishers Limited (2009).
(c) Copyright The Authors [91] used in accordance with the Creative Commons Attribution (CC
BY) license.

energy of 200keV) passing an intense optical near-field are subject to a multi-photon
emission/absorption process, which results in the formation of spectral sidebands in their
kinetic electron-energy distribution (cf. Fig. 2.9a,b and Fig. 5.1). Notably, in free space, this
electron-photon interaction is forbidden due to a mismatch of their respective dispersion
relations' (cf. Fig. 2.9¢). For a more detailed theoretical description, see Ch. 5 and Refs.
[91, 98].

The spatially confined near-field of an optically excited nanostructure provides a
broadened momentum distribution, enabling inelastic electron light scattering (IELS)
(cf. Fig. 2.9¢). The image contrast obtained by energy-filtering of the gain-scattered

fraction of electrons was used to image non-resonant [90] and resonant [99] optical near-

Iphoton dispersion relation Epn = c|p| with photon momentum p. Compare to that of free-electrons
according to Eq. 3.17.
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Figure 2.10: Photon-induced near-field electron microscopy (PINEM). (a) Zero-loss peak (ZLP)
and population of selected sidebands (log-scale) as function of relative pump-probe time delay.
Electron-photon cross-correlation yields a measure for probing electron pulse durations [90].
(b,c) PINEM: Energy filtered TEM images (using gain scattered electrons). (b) Near-field of an
individual carbon nanotube imaged for parallel and perpendicular polarization of the exciting
light field [90]. (c) Laser induced surface plasmon polariton (SPP) standing wave pattern at
isolated Ag nanowires. Note the excitation of an asymmetric SPP mode (m = 17) by using 45°
azimuthal incidence polarization [99]. (a,b) Reprinted by permission from Springer Customer
Service Centre GmbH: Springer Nature, Nature, [90], © Macmillan Publishers Limited (2009).
(c) Copyright The Authors [99] used in accordance with the Creative Commons Attribution (CC
BY) license.

fields in a method termed photon-induced near-field electron microscopy (PINEM) (cf.
Fig. 2.10b,c). Additionally, due to the short transition times of high-energy electrons
passing the optical near-field, electron-photon cross-correlation in IELS allows for char-
acterization of the longitudinal electron phase space distribution (cf. Fig. 2.10a) [90,
100].

The inherent coherence of this process was theoretically predicted [91, 98], but the
associated spectral features were not observed in early experiments due to spatial and
temporal averaging. Chapter 5 presents the first experimental demonstration of the quantum
coherent nature of IELS, by applying low-emittance ultrashort electron pulses and quasi
continuous wave (cw) optical excitation. The precise tailoring of the electron wave
function in longitudinal direction opens up new avenues for the coherent optical control of

free-electron beams (cf. Sec. 7.2).
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Chapter 3

Properties and generation of ultrashort electron pulses

The usefulness of radiation or particle beams for practical experiments crucially depends
on the availability of suitable sources and their emission properties. Following emission,
processes like free-space propagation, optical elements or interaction with matter may
further alter beam properties in a reversible or irreversible way. In optics, the advent of
coherent light sources and the capability to manufacture highly elaborate optical systems
enabled a multitude of easy-to-access applications. Especially the bosonic nature, lack
of charge and dispersion-free vacuum propagation of photons allow for the generation of
ultrashort laser pulses of excellent usability with pulse durations down to the attosecond
time scale. In contrast, creating high quality electron beams poses multiple challenges.
The strong particle-particle interactions due to their fermionic character and finite charge
may induce reversible and irreversible pulse degradation. Furthermore, the dispersive
propagation in free-space requires strategies to maintain short pulse durations.

All of that necessitates a comprehensive description of pulsed electron beams, their

generation and evolution upon propagation, which is addressed in the following.

3.1 Phase space description of electron beams

Conventionally, a geometric particle beam refers to the concept of a stream of isolated
particles having a common direction of propagation and being laterally confined [101].
Within the description of an electron beam, a natural orthogonal coordinate decoupling par-
allel (z-axis, longitudinal) and perpendicular (x-, y-axes, transverse) to the main direction
of propagation can be applied, accounting for an order of magnitude larger longitudinal

electron momentum (fulfilling paraxial approximation) [101]. By this separation, the
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longitudinal beam properties are directly connected the electron beam’s energy distribution

and evolving temporal profile (at a fixed z-position).

Electron pulses in classical phase space

In classical mechanics, the state of a single particle in three-dimensional space is given by a
set of canonical position ¢; and momentum p; coordinates (i = x,y,z), with its propagation
described by a trajectory in six-dimensional phase space. Extending this concept, the
temporal evolution of an ensemble of electrons may be described by a time-dependent local
particle density n(g;,p;,t). For such a phase space distribution, Liouville’s theorem states
that the volume occupied by a given number of non-interacting particles remains constant
[101, 102]. This is valid in good approximation if single particle-particle interactions can
be neglected and electromagnetic forces induced by the electrons are well described by
an average scalar potential [101]. Integrating the particle density n(g;,p;) in phase space

yields the total number of electrons

N, = /// n(q;,pi)dg;dp;. (3.1)

In general, a propagating electron (or ensemble of many thereof) may be described as a
classical density function p in six dimensional phase space with canonical coordinates g;

and p; (i = x,y,z). The total charge

Q=N,-e= ///P(Clt,Pt)d%dpi, (3.2)

of such an electron bunch is N, times the elementary charge e and obtained by integrating
the charge distribution p(g;,p;) over phase space. To characterize the occupied phase space
volume of such an electron bunch, a useful quantity is the normalized rms (root-mean-
square) beam emittance, which is independent of the kind of particle, projecting the 6D

phase space distribution onto the three orthogonal subspaces (g;p;) with (i = x,y,z) [101]

1
nams = —\(a?) (p2) ~ {a})’ (33)
with 4/ <q12> = oy, and ( p,-2> = 0, giving the standard deviations of position and momen-

. . . 2 .
tum contained in the beam, while the cross-term <qi pf) accounts for linear phase space

distortions (e.g. elliptical non-parallel to p; or ¢;). At a beam waist, e.g. in a spatial or
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Figure 3.1: Properties of single-electron pulses. The concept of a pulsed electron beam enables a
decoupling of the transverse and longitudinal phase space. A quantitative description is given by
the ensemble properties of multiple low-charge electron pulses generated at a high repetition
rate.

temporal focus of a beam, the cross-term vanishes, reducing Eq. 3.3 to

1
8n’rms’i = m_eco-ql O-pl . (3.4)
This normalization allows for defining the brightness of an electron bunch in terms of its
total charge divided by the occupied phase space volume Bgp = Q/Vs, or explicitly, by

integrating the differential brightness

d®p

dB6D — 3 ,
(mec) dxdydzdp,dp,dp,

(3.5)

over the entire phase space ((x,y,z) = (qx,qy,qz) for clarity). In case of Gaussian shaped

distributions of g; and p;, the peak brightness in the center of the bunch is given by [103]

BYY = 81 . ¢ : (3.6)

7 Enrms,x€nrms,yEnrms,z
In good approximation, the 6D phase space decouples into a transverse (x,y,p,,py) and
longitudinal (z,p,) subspace, assuming near-monochromatic (low initial longitudinal mo-
mentum spread), non-interacting (free of space charge and scattering) and high energy
electron beams of low divergence (p, =~ po) [101]. All of that is fulfilled for single-electron
pulses accelerated linearly by a high static potential, as later applied in this thesis (cf. Ch. 4)
and allows for a separate treatment of the longitudinal and transverse beam properties, as
illustrated in Fig. 3.1.
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Chapter 3 Properties and generation of ultrashort electron pulses

Quantum phase space: The Wigner distribution

To account for their simultaneous wave and particle characters, real particles must be
described as complex quantum mechanical wave packets i (p;,t) 5 ¥ (gi,t) (connected by
the Fourier transform 7). Here, the particles classical canonical coordinates are substituted
by the expectation values of the position ¢; — (g;) and momentum operator p; — (p;).
Additionally, such a matter wave description provides for the particle’s corresponding
de Broglie wavelength A, = h/|pg| with Planck constant # and electron momentum in
direction of propagation pg. In analogy to the classical phase space density, the Wigner

distribution of a pure quantum state is defined by [104]

1 I % ’ N —=2ipiq’ ’
Wi(gi,pi) = %/ W (qi+q)) v (qi—q) e Pl dg] (3.7)
+00

for the conjugate variables g; and p;, as will be applied for studying the temporal evolution
of the longitudinal electron wave function in Ch. 5. Note that the generalized Wigner
distribution in case of mixed quantum states is an established tool for describing the
transverse ensemble properties of electron beams in electron optical systems, including
lenses, aberrations and holography, and is applied for the description of coherent and

incoherent sample interactions [105-107].

Heisenberg’s uncertainty principle applies, stating a lower bound for the consecutive
measurement of position and linear momentum o, - 0, > /2, here represented by the
standard deviations of the respective operators. In consequence, the single electron wave
function always occupies a finite volume in phase space, which results in a lower limit of

the normalized rms emittance

1
Enrmsi = ——04,0p; 2
MmeC qi ™~ Pi oC

=£0=026-10""?m (3.8)

in all Cartesian projections (identity applies for a Gaussian shaped wave packet). Inter-
estingly, one interpretation of Heisenberg’s principle is the quantization of the classical
phase space, which yields the volume dVj = (mecso)3 that a single electron microstate
occupies. Hereby, the microcanonical degeneracy of an ensemble of electron pulses in

classical phase can be defined by [108]

3
dvp- N, £
QP =0 - 0 . (3.9)

Ve En,rms,x€nrms,yEn,rms,z
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3.1 Phase space description of electron beams

Notably, Pauli’s exclusion principle allows no more than two electron spin states occupying
a phase space element dVjp, therefore limiting the degeneracy to QP < 2. Combining both

principles yields a theoretical maximum for the brightness of an electron beam,

2e 2mec 3 C
6D _ _ e _ 19
Bnp = _dVo =2e- ( - ) =4.45-10 —. (3.10)

For most applications, an electron beam is sufficiently well described by the classical
density function p if the lower limit of the emittance &y is included, e.g. yielding the

well-known diffraction limit in the transverse beam direction.

Transverse beam properties

In a microscope or accelerator, the most easily accessible transverse beam properties are
the beam diameter and opening angle of the focused particle beam. Therefore, in analogy to
geometrical optics for paraxial approximation (p,, < p;), the transverse electron momenta

Px,Py can be replaced by the slopes x’,y” of the electron beam [101]
X =2 y ==, (3.11)

The geometrical normalized rms emittance is given by

s = BY\(2) (72) = () snamey = By (2 () - v (B.12)

for longitudinal electron momentum p, ~ pg = By m,c, relativistic Lorentz factor y and
B =v./c with v, and ¢ being the electron and light velocities in vacuum, respectively.
In the waist of a Gaussian beam (which corresponds to an axis-aligned elliptical (x,py)
distribution), the divergence terms become zero, simplifying Eq. 3.12 by substitution with

the standard deviations of the beam diameter o, and angular spread o

Enrmsx = PY - OxOy Enrms,y = BY  Oy0Tyr. (3.13)

Notably, Liouville’s theorem also applies in good approximation to the transverse trace
space, allowing for measuring the emittance of an electron source at a later beam waist in
an optical system—if the beam was not cut by an aperture. Applying Eq. 3.13 only yields

an upper bound for the emittance, since phase space distortions (like lens aberrations) will
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Chapter 3 Properties and generation of ultrashort electron pulses

lead to a non-vanishing divergence term.

While the 6D brightness defined by Eq. 3.6 gives the peak charge density of a Gaussian
shaped bunch, an often more practical quantity for characterizing the usability of an
electron beam is the 4D brightness [103]

1 I

Bup = (3.14)

472 &nrmsx - Enymsy
which is a projection into the transverse 4D subspace. Notably, two beams of different
longitudinal momentum spread (corresponding to broader energy distribution) but same
current and transverse geometrical properties have the same 4D brightness.

A further important property of an electron beam is the transverse degree of coherence,
corresponding to the capability of self-interference. For classical electron sources, an
electron wavefunction only interferes with itself due to an initial random phase upon
generation. Therefore, to observe perfect ensemble interference, all electrons must occupy
only one (spin independent) state in transverse phase space, which enables the definition

of the transverse degree of coherence by [109]

€0

K, = <1 (3.15)

€n,rms,x

The lateral coherence length &, is given by the diameter of a single electron wavefunction
Y (twice the standard deviation of the position operator, 20y ) [110]. Consequently,
Heisenberg’s uncertainty principle relates the transverse momentum spread o, of a beam

with its coherence length and substitution with Eq. 3.4 yields [111]

h Oy

Eex = h/O'px, Eex = (3.16)

meC Enrms,x

Alternatively, the transverse coherence length of a wave can be derived in a more
stringent way by considering the Van Cittert—Zernike theorem and calculating the coherence
transfer functions [109, 112].

Longitudinal beam properties

In longitudinal phase space, an electron beam is most conveniently described in terms

of its temporal structure and kinetic energy distribution. The spatial (laboratory-fixed)
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3.2 Time evolution of phase space distributions

coordinate z in beam direction is replaced with the propagation time ¢ = z/v, by considering
the relativistic electron velocity v.. The kinetic energy Ey of the electrons after acceleration
in a static potential Uy is connected to the longitudinal momentum component py = p, by

the relativistic dispersion relation

Eo=Up-e= ,/p%cz +m2ct —mec?, (3.17)

with slope dE /dpg = v, yielding pg = %1 /Eg +2Eym,c? solved for the momentum. Substi-
tuting dpg = édE and dz = v.dr in Eq. 3.4 gives an alternative definition for the longitudinal

normalized rms beam emittance
1 7]

O10F 2 & = ,
mec 2mec

(3.18)

Enrms,z =

using the rms bunch duration o; and energy spread og. In analogy to Eq. 3.16, the temporal

coherence length of an electron beam is given by

h o

§c,t :hve/O-E’ ‘fc,t = (319)

meC Enrms,x .
This brief introduction to the theoretical description of electron pulses in phase space will
be essential for Ch. 4, characterizing the Gottingen UTEM instrument, and for Ch. 5 using

the Wigner function to study the temporal phase space evolution of single-electron pulses.

3.2 Time evolution of phase space distributions

Like all particles of finite rest mass, electrons are subject to dispersive propagation in
vacuum with the particle velocity depending on its kinetic energy. In a co-moving spatial
coordinate frame, time evolution causes a shearing of the electron phase space distribution
(cf. Fig. 3.2), i.e. electrons at higher momenta are propagating faster. In the transverse
beam direction, such a description is routinely used for free-space drift and optical elements
with laterally inhomogeneous fields like magnetic and electrostatic lenses [39, 105, 113].

In the longitudinal beam direction, propagation (at non-relativistic velocities) causes an
initially Gaussian shaped phase space distribution to evolve a linear chirp, corresponding
to a linear increase of the energy with spatial coordinate z along the beam axis (at a fixed

time). Therefore, fast electrons arrive before slower ones. This effect is discussed in
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Figure 3.2: Temporal evolution of phase space distributions. Upon propagation, the initial phase
space distribution p(g;,p;) is sheared along the momentum axis p;, evolving a linear chirp. A
transverse or longitudinal inversion of p; (relative to (p;)) constitutes a spatial or temporal lens
and results in a later re-focusing in phase space.

section 4.3.3 and leads to an increasing pulse duration with time. The same concepts apply
for the temporal evolution of the quantum phase space, which is discussed in Sec. 5.4.5.

Nevertheless, if the longitudinal phase space volume is conserved, such temporal dis-
tributions can be re-compressed by time-varying optical elements, as applied in resonant
cavities operating in the radio frequency regime (cf. Fig. 3.3). For example, inverting the
longitudinal momentum component p, (relative to its center pg) will cause the pulse to
re-focus in time, which is an equivalent to a transverse static lens (cf. Fig. 3.2). Additional
applications include electron guns with high radio-frequency (RF) acceleration fields
[114-118], or optimized phase space distributions for time-resolved electron spectroscopy
[119, 120].

Ultrashort electron pulses from continuous electron beams

A continuous electron beam can be structured in time, either by cutting the longitudinal
phase space distribution, or by bunching in oscillatory fields.

In the first approach, the electron beam is deflected by a transverse RF cavity [121, 122],
in a plate capacitor like geometry [123, 124] or by fast optical switching [125] of an electric
field. Streaking the beam across a subsequent fixed aperture cuts it into short pulses, which
can have transverse beam properties comparable to the originating continuous electron
beam [122, 126]. While conserving the peak beam brightness, the charge of a single
pulse is intrinsically limited, e.g. an initial probe current of 1nA and a chopping to 100fs

results in 0.00625 electrons per pulse. Scaling up currents and pulse charge of such a
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Figure 3.3: Concept of longitudinal RF-compression. Photo-emitted electron bunches are acceler-
ated and guided to an RF compression cavity. The color gradient indicates the electron velocity
distribution (red: slow, violet: fast), which is spreading initially due to dispersive propagation.
Passing the RF pill lens, the relative electron velocity is inverted along the axis of propagation,
creating a phase space distribution that self-compresses at a temporal focal point further down the
beamline. Reproduced from [114]. DOI: 10.1088/0034-4885/74/9/096101. © 1OP Publishing.
Reproduced with permission. All rights reserved.

device is challenging, since an initially low emittance is required to prevent beam quality
degradation [126].

Secondly, electrons of a continuous electron beam can be bunched ballistically by an
oscillatory longitudinal field, e.g. in a longitudinal RF cavity (cf. Fig. 3.3) which is
routinely used in particle accelerator science [127]. At a certain propagation distance, the
continous electron beam will evolve into a train of short bunches, with duration given by
the amplitude and frequency of the RF-field.

The extension of this concept to the bunching of electron density in single particle
wavefunctions in the optical regime and its most crucial experimental prerequisite—the

quantum coherent phase modulation of free electrons—is introduced in Ch. 5.

3.3 Generation of free-electron beams

The following section covers the generation of continuous and pulsed free-electron beams
and briefly introduces the relevant emission mechanisms and electron gun geometries.
Free-electron beams were first observed as “cathode rays” generated from a highly
negatively biased electrode in a vacuum tube, as later uniquely identified by Thomson in
1897 [128]. For emitting an electron from a solid, it has to overcome the potential barrier

arising from its interaction with the positively charged atomic nuclei. The work function
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Figure 3.4: Processes of electron emission from solids. The potential barrier involved in an electron
being emitted into vacuum can be overcome by (a) thermal excitation, (b) photon absorption or
(c) electron tunneling.

®w gives the minimum work required (at 7 = 0K) for removing an electron from the
solid to an infinite distance in (electric field-free) vacuum. It strongly depends on material,
crystal structure and face, as well as the surface configuration of adsorbates. Different
types of electron emitters are distinguished by their means of overcoming the potential
barrier (thermal excitation, tunneling or photon absorption, cf. Fig. 3.4) and additional
effects decreasing the work function (surface configuration, applied electric fields). To
compensate for the loss of electrons and prevent charging, conductive materials like metals
are most commonly used as electron emitters. For specialized purposes semiconductor
emitters are applied, e.g. strained GaAs for generating spin-polarized electron beams
[129].

Thermionic electron sources

Thermal excitation of a solid enables highly energetic electrons to overcome the materials
work function @w. The occupation f(E) of energy states E in thermal equilibrium is given
by the Fermi-Dirac distribution [130]

1

. = o

J(E) =

relative to the chemical potential u of a material with Boltzmann’s constant kg and
temperature 7. At high temperatures, and for approximating the emitting area as a uniform

metal surface, the Richardson—Dushman equation gives the current density of electrons at
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Figure 3.5: Emitter geometries of continuous electron sources. (a) Thermionic emitters employ
large emission areas, low acceleration voltages and form a real beam cross-over close to the
emitter. (b) Schottky-type emission geometries feature nanoscale electron source sizes, high
acceleration fields and minimize space charge impact by forming a virtual beam cross-over (at
the emitter). See Ref. [43] for more details.

the high energy tail being emitted into vacuum [130]

Jjr=AcT?exp (—Z—V;), (3.21)
with Ag = AgAo, Richardson constant Ay = 4wmkge/h® ~ 120A/(K*cm?) and material-
dependent prefactor Ag < 1. Traditionally, tungsten cathodes (@&V ~ 4.5eV [131]) are
employed for thermionic emission, featuring a high thermal stability and a melting tem-
perature of 3650K. The Arrhenius-like characteristics of Eq. 3.21 cause an exponential
rise of current density for a linear increase in temperature, while also strongly broadening
the electron energy distribution and initial transverse momentum spread (cf. Eq. 3.4).
Mitigating these issues, state-of-the-art thermionic emitter TEMs employ large-area single
crystalline LaBg tips which allow for higher brightness electron beams due to their lower
work function (®{2"° ~ 2.7eV [132]).

Thermionic emitters are typically implemented in a triode gun geometry, with the
filament, a Wehnelt cap and an anode as electrodes (cf. Fig. 3.5) [43]. Applying a negative
bias to the Wehnelt cap reduces the emission area, the beam current and electron source
size. The electrode assembly constitutes an electrostatic lens, forming a real beam cross-
over after the Wehnelt cap. While thermionic electron sources typically yield high current
beams, they also possess an undesirable large effective source size and a high transverse
momentum spread. Furthermore, electron-electron repulsion at the first beam crossover

results in beam degradation (Boersch effect), limiting the overall beam brightness [43].
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Figure 3.6: Potential landscape of an electron emitter. Total potential (black) includes contributions
from the high electric field (red) and the image charge potential (blue) (cf. Ref. [133]).

Field emission sources

In an alternative approach, field emission electron sources make use of a high static electric
field F to modify the potential of an electron leaving the solid (cf. Fig. 3.6) [133]

2

e
16menz

D(z7) ~ Dy — —eFz. (3.22)

The lowered potential barrier results in the Schottky effect [134], a field-dependent
reduction of the effective work function @ﬁ,ff = dw — AW, with AW = \/e3F/TSO [43]. A
substantial barrier reduction requires high electric fields in the range of ~ 1 V/nm. At the
apex of sharp tip emitters, the electric field F' = Uex.tip/ (kf . rﬁp) is geometrically enhanced,
with relative potential Uex.qip Of an extraction electrode (at infinite distance), apex radius
rip and geometry depended correction factor k¢ (k¢ = 5 for typical opening angles in

sphere-on-cone geometry) [135].
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3.3 Generation of free-electron beams

Cold field emission gun The tunneling current density through a triangular potential
barrier can be approximated by the Fowler-Nordheim equation [136, 137]

32 4, [2m,®3
e’F ey
- S S 3.23
8ahdw P T 3ehF (3.23)

JF

assuming zero temperature 7 = 0K, a uniform surface and classical electron-electron
interaction via an image potential (corrections apply for more realistic potential barriers
[137]). This process is referred to as cold field emission since no additional thermal
excitation of the electrons is required. Typically, very sharp (r = 10 — 100nm) single
crystalline tungsten needles ((310)-crystal facet, ngmo) =4.35eV[43]) are employed at
extraction fields of about F' = 1—-10V/nm. The tunneling current is highly sensitive to
gas adsorbates and damage caused by sputtering with positively charged, back-accelerated
ions. Therefore, despite operation at very low pressures (p = 107 — 10~ mbar), cold field

emitters require regular cleaning by “flashing” the tip at high temperatures [43].

Schottky field emission gun In contrast, the so-called Schottky field emitter makes
use of high electric fields and elevated emitter temperatures, combining tunneling and
over-the-barrier emission of thermally excited electrons. The field-enhanced thermionic
emission, obtained by inserting @%{,‘c in Eq. 3.21, is called Schottky emission [43].

For an increasing static electric field, once tunneling contributions become significant,
thermally assisted field emission sets in (also called the extended Schottky regime), further
modifying Eq. 3.21 to [43]

(3.24)

@W—AW) nq

ies = AgT2exp |- : :
JES G exp( kgT sin(mrq)

with g being the fraction of the tunneling to the total current [138].

The most commonly employed Schottky-type emitters feature a zirconium oxide (ZrO)
coated (100)-oriented single crystalline tungsten tip with apex radius between 0.1 — 1 um
[138]. A continuous supply of the zirconium oxide is provided by a macroscopic ZrO;
droplet attached to the tip shank and thermally activated diffusion at a temperature of
1700 - 1800K. At the (100) front-facet, the high polarizability of the ZrO overlayer causes
a reduction of the work function from 4.55eV down to about 2.9eV[139], which is addi-
tionally lowered by the Schottky effect. The high temperatures and the self-regenerating
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surface overlayer allow for a stable long-term operation of the Schottky emitter, without
the need for regular emitter flashing [138].

In a Schottky emitter, the field emission tip protrudes from a negatively biased suppressor
electrode (Usyp < Uyp) (cf. Fig. 3.5). In such a geometry, the shape of the electric field
configuration is characterized by a dimensionless parameter [140]

_ Utip - Usup dext—sup

I ;
Uext - Usup dtip—sup

(3.25)

With dexe.sup and dyip-sup being the extractor-suppressor and tip-suppressor distance, respec-
tively. A value of I' — 0 approximates a geometry without suppressor electrode, while
an increasing I results in a focusing behavior for the electrode assembly, increasing the
overall electron transmission through an aperture in the extraction electrode. Additionally,
an increasing I" will suppress electron emission from (100)-side facets of the tip shank up
to a cutoff point (I' ~ 1), at which even the emission from the apex is prohibited [140] (cf.
Sec. 4.3 for more details).

Photoemission electron sources

The above discussed conventional electron sources make use of a variable degree of thermal
over-the-barrier emission and field-assisted tunneling from the tip of a macroscopic emitter.
Fast changes in the local temperature of a back-heated filament are limited to the ms-range
and above. Gating the emission with a fast modulation of the electric field can shorten
those switching times to the ns-range, which still falls short of the requirements of ultrafast
science. Combining photoemission by ultrashort laser pulses with existing gun technology
enables the generation of high quality, femtosecond-pulsed electron beams, which will be

discussed in the following.

Light-assisted electron emission processes

The classical photoelectric effect, first observed in an experiment by Hertz in 1887 [141]
and theoretically elucidated by Einstein in 1905 [142], describes the light-induced electron
emission from metal surfaces at low optical fluency (cf. Fig. 3.4b). An electron is emitted
from a solid if absorbing the energy of a single photon Ep, = w is sufficient to overcome
the work function @ of the material. This results in a sharp cutoff of the photon energy

(Eph = DPw) required for emission, an increase of electron kinetic energy £ with w and an
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3.3 Generation of free-electron beams

linear dependence of the electron current J on the intensity [142]:
E=hw- @W, JIPPE o . (326)

This emission regime is called linear, or single-photon photoemission and directly
translates a temporal intensity modulation of the light field to the emitted electron current,
allowing for the generation of ultrashort electron pulses. At high optical fields, an electron
can absorb multiple photons simultaneously, opening up new emission channels for E,, <
P (cf. Fig. 3.7a). The final kinetic energy of the electrons depends on N and Epy,, while
the electron yield scales with the N-th power of the intensity [143]:

E = Nhw — Dy, Jy o< ayIV, (3.27)

with prefactor ay scaling the probability of N-photon absorption. The total energy of an
electron after emission is E + Nhw — Ef — @fxf,f, which is the initial electron energy after
absorption E + Nhw, reduced by the energy of the vacuum state Ef + @%f,f (Er: Fermi
energy) [133]. Therefore, the width of the final electron kinetic energy distribution AE is
given by the maximum excess energy Niiw — Dy (electrons emitted from the Fermi energy
EFr) and electrons barely passing over the barrier [144]. While the momentum component
p parallel to the surface is conserved during the emission process, the normal component
p. is reduced, reflecting the kinetic energy reduction of passing the potential barrier into
vacuum. As a consequence, the momentum after emission is not isotropically distributed,

but will according to Dowell et al. [133] display a transverse spread of

Nhw — D%
O-Px,y = W. (328)

In real materials, the total energy spread AEyj, and the transverse momentum distribution
0, are further broadened (cf. Fig. 3.7b) by the temperature dependent population of
the Fermi—Dirac distribution (e.g., AEthermal = 2kT =~ 50meV at T = 300K) [144]. Using
ultrashort laser pulses, a further broadening of AEyj, results from the initial non-thermal
(and later thermalized) hot electron distribution [145] and the spectral width of the laser
[146] (e.g. AEphoton = 60meV for 30-fs ultrashort laser pulses (FWHM) at A4 = 800 nm,
Ephoton = hw = 1.55€V).
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Figure 3.7: Photoemission processes from solids. (a) Multi-photon photoemission at high op-
tical fluences. (b) Contributions to the electron kinetic energy distribution for single photon
photoemission, including the excess energy after emission AE, the temperature dependent broad-
ening of the Fermi-Dirac distribution AEerma and the spectral width of the laser AEphoon. (€)
Strong-field photoemission for small Keldysh parameters y < 1.

At higher fields or longer wavelength, the multiphoton emission process is replaced by
strong-field emission, essentially described by the sub-optical cycle tunneling emission
through a periodically modified potential barrier and consecutive quivering motion in the
alternating field (cf. Fig. 3.7¢c) [147, 148]. The strong-field regime is assumed for small
Keldysh parameter y = wV2®w/ eFpeak < 1, with peak optical electric field Fpeak. In the
Gottingen UTEM (detailed description in Ch. 4), the electron emitter is illuminated with a
peak intensity of 25GWcm™2 (0.43Vnm™', not regarding optical field enhancement) at
400nm wavelength, resulting in y > 1, therefore excluding strong-field contributions in

the emission process [148].

Emitter geometries for ultrafast electron guns

An electron gun comprises the electron emitter, accelerating elements, beam limiting
apertures and possibly additional lenses, forming the final electron beam. The main design

considerations for continuous electron guns are [43]:

source brightness
effective source size (as reduced by apertures)

source energy spread and

L=

emission stability.
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For sources of ultrashort electron pulses, additional gun properties are of major concern:

the electron pulse duration
number of electrons per pulse

the repetition rate and

® N oW

impact of Coulomb repulsion for high density electron pulses.

Over the last decades, field-emission electron sources proved to deliver the most advanta-
geous trade-off for continuous electron emitters (regarding properties 1.-4.). Nevertheless,
pushing for high pulse charge and short pulse durations, the development of ultrafast
electron guns mainly focused on the longitudinal phase space (properties 5.-8.), result-
ing in many optimized variants of planar photocathode gun designs. Here, electrons are
photoemitted by ultrashort laser pulses from a macroscopic flat photocathode, accelerated
towards an opposing anode at a high positive potential and spatially filtered by subsequent
apertures (cf. 4.2). Combining Eq. 3.4 and 3.28 gives a lower bound of the intrinsic

transverse source emittance of such a flat photocathode [133]

hiw — cbgf,f
Enrms,x = Ox A o (329)
3mec

with standard deviation o of the lateral laser focal spot size. For example, typical
parameters of o, = 10um and electron excess energy AE = hiw — QD&fff = 500meV, result in
an intrinsic emittance of &yrmex =5+ 10~ m - rad. In multi-electron pulses, the achievable
peak beam brightness is limited by Coulomb repulsion [149]. Strategies for reducing the
transverse beam emittance of flat photocathodes are briefly discussed in section 4.3.1.

In conventional electron microscopy, the evolution of high-brightness electron sources
resulted in emitter geometries of decreasing electron source size, localizing the electron
emission to the apex of nanoscopic tip emitters. The same was recently realized for
localized ultrafast photoemission from sharp metal tips [150-152] (cf. Fig. 4.2, 4.3). At
these tips (typical apex radius 10 — 100nm), optical fields are enhanced by a factor g,
resulting in a locally amplified intensity Zenhanced = 8°1. The value of 8 largely depends
on the material and tip geometry, with contributions from local plasmonic surface reso-
nances [153, 154] and the optical equivalent of the (geometrical) lightning-rod effect (for
tungsten: =3 —6 [155]). Localization of electron emission is achieved by an increased

local current density, governed by the nonlinearity of N-photon emission (cf. Eq. 3.27).
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The figure-of-merit for localization is the current ratio of electrons being emitted from

apex and shaft region [156]

2
J 2rr,
Japex o - apexa ﬂzN’ (3.30)
shaft Trrlaser "2r

with tip opening angles a, tip diameter rapex and laser focal spot size rjase;. For the
geometrical conditions used in this work (see Ch. 4) of rypex = 130nm, rjaser = 25 um,
a ~ 10° and assuming a field enhancement of 8 ~ 3 (cf. Ref. [155]), results in a degree of
localization Jypex / Jshafe of 0.0175 (N = 1), 0.16 (N =2), 1.42 (N =3) and 12.8 (N = 4),
increasing with nonlinearity n. Therefore, either very sharp metal tips or a high nonlinearity
(e.g. N =4) are necessary to achieve high-contrast localization, with the downsides of
reduced emitter stability [157] and broader kinetic photoelectron energy distribution [147].

In an alternative approach, localized single-photon photoemission from nanoscopic
Schottky field emitter tips was recently demonstrated [158, 159]. Here, as described
above, the work function of the W(100) crystal-face is reduced, only allowing for linear
photoemission from the front facet of the tip. The localization of electron emission
Napex / Nshate scales with the ratio of single to two-photon emission efficiency.

In the following, Ch. 4 presents an implementation of a UTEM gun, based on a laser-
driven Schottky field emitter, that allows for the generation of electron pulses with unique
beam properties, combining a low-emittance of down to &prmsx ~ 2 - 1072 m-rad with

pulse duration of 200fs and a narrow spectral bandwidth of 0.6eV.
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Ultrafast transmission electron microscopy using a
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a high coherence electron beam
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We present the development of the first ultrafast transmission electron microscope
(UTEM) driven by localized photoemission from a field emitter cathode. We describe
the implementation of the instrument, the photoemitter concept and the quantitative
electron beam parameters achieved. Establishing a new source for ultrafast TEM,
the Gottingen UTEM employs nano-localized linear photoemission from a Schot-
tky emitter, which enables operation with freely tunable temporal structure, from
continuous wave to femtosecond pulsed mode. Using this emission mechanism, we
achieve record pulse properties in ultrafast electron microscopy of 9A focused beam
diameter, 200fs pulse duration and 0.6eV energy width. We illustrate the possibil-
ity to conduct ultrafast imaging, diffraction, holography and spectroscopy with this
instrument and also discuss opportunities to harness quantum coherent interactions

between intense laser fields and free-electron beams.
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Chapter 4 Ultrafast transmission electron microscopy using a laser-driven field ...

4.1 Introduction

The continuing advancement of electron microscopy within physics and chemistry, ma-
terials science, and structural biology [66, 160, 161] provides us with ever-increasing
precision in viewing structure and composition on the nanoscale. A detailed microscopic
understanding of the structural, electronic and magnetic properties of natural and synthetic
materials demands — besides atomic-scale spatial characterization — the investigation of
the response of these systems to external perturbation. The growing importance of in-situ
approaches in transmission electron microscopy [162], scanning electron microscopy [163],
X-ray diffraction [164], scanning tunneling and atomic force microscopy [165], and other
areas testify to this development.

Time-resolved experiments, following the dynamical response of a system to a pulsed
excitation, represent an especially powerful form of in-situ probing, which yields direct
time-domain access to the character and strengths of the couplings between structural,
electronic and spin degrees of freedom. Ultrafast electron [25, 115, 116, 166—168] and X-
ray [26, 169—171] diffraction are well-established techniques to track structural relaxation
with femtosecond temporal resolution, widely applied to homogeneous and thin film
systems. The observation of spatiotemporal relaxation processes in heterogeneous systems
[172-177], however, such as excitation and energy transfer across functional interfaces, is
particularly challenging, requiring simultaneous nanoscale spatial and ultrafast temporal
resolutions. To this end, various experimental approaches are pursued very actively at
present, including time-resolved variants of scanning tunneling microscopy (STM) [27, 178,
179] and scanning near-field optical microscopy (SNOM) [28, 180, 181]. Furthermore,
imaging techniques using ultrashort electron pulses such as compact point-projection
electron imaging [29, 182—184] and ultrafast scanning electron microscopy [124, 159,
185-187] are being developed.

Beyond these approaches, ultrafast transmission electron microscopy (UTEM) promises
to become one of the most powerful experimental tools for the investigation of ultrafast
dynamics on the nanoscale, joining femtosecond temporal resolution with the vast op-
portunities in imaging, diffraction and spectroscopy provided by state-of-the-art electron
optics. Early pioneering works at the Technical University Berlin [30], Caltech [32]
and Lawrence Livermore National Labs [47] demonstrated the feasibility of pump-probe
studies in electron microscopy, either in a stroboscopic fashion [82] or using single-shot

imaging [31]. Motivated by various notable individual results highlighting its broad po-
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tential, time-resolved electron microscopy is currently explored in a growing number of
laboratories worldwide [34, 188—193].

Being considered one of the most exciting frontiers in electron microscopy, the area
of ultrafast transmission electron microscopy is presently at a pivotal moment of its de-
velopment. Facing great challenges in obtaining intense high-quality electron pulses,
time-resolved electron microscopy is in particular need of benchmarking the currently
achievable spatio-temporal resolution limits and electron beam figures-of-merit. Quantita-
tive characterizations will be required to facilitate systematic progress and to connect this
emerging field to the well-established, powerful experimental and theoretical framework
of electron microscopy [39, 194]. In order to harness the full imaging and spectroscopy
capabilities of today’s electron microscopes, it is highly desirable to integrate higher-
brightness pulsed electron guns into the electron optics environment of a transmission
electron microscope, in particular based on laser-triggered field emitter concepts. Not
unlike the scientific leaps that are associated with technological breakthroughs in bright
continuous electron sources in the past [36, 41], significant advances in pulsed electron

source quality promise a path to uncharted territory in ultrafast nanoscale dynamics.

In this contribution, we describe the first implementation of an ultrafast transmission
electron microscope based on laser-triggered electron emission from a nanoscale photo-
cathode (Ch. 4.2). We provide a quantitative characterization of the spatial and temporal
electron beam properties for a variety of electron-optic illumination conditions (Ch. 4.3),
demonstrating electron pulse durations down to 200fs, energy widths of 0.6eV and a
focusability of the photoelectron beam to sub-nm dimensions. We illustrate a range of
possible applications for this instrument, which include bright- and dark-field imaging,
convergent beam electron diffraction (CBED) from nanoscale areas, phase-contrast imag-
ing and Lorentz microscopy, holography and spatially-resolved electron spectroscopy
(Ch. 4.4). Beyond adding femtosecond temporal resolution to this set of conventional
electron microscopy techniques, the advanced electron beam properties of the field-emitter
UTEM render it ideally suited to be applied in contrast mechanisms and phenomena that
are exclusive to ultrafast electron microscopy, such as photon-induced near-field electron
microscopy (PINEM) or the quantum coherent manipulation of free-electron beams (Ch.
4.5).
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4.2 Instrumentation

Ultrafast transmission electron microscopy is a stroboscopic imaging technique, in which
dynamics in an investigated sample are triggered by short (typically optical) excitation
pulses. At well-defined delay times after excitation, the evolving state of the sample is
probed by an ultrashort electron pulse (Fig. 4.1a). Accumulating, for a given delay time,
the signal derived from many electron pulses yields a stroboscopic snapshot of the transient
state of the system [47, 166]. Importantly, the temporal resolution of such a pump-probe
approach is given by the electron pulse duration and is not limited by the speed of the
electron detector. In the past, employing photoemission driven by ultrashort laser pulses
has enabled the generation of electron bunches with femtosecond duration, which are now
finding increasing use in time-resolved electron imaging, diffraction and spectroscopy
techniques [32, 34, 116, 166-168, 174, 195-197].

The Gottingen UTEM instrument is based on a JEOL JEM-2100F transmission electron
microscope, which was modified to allow for both optical sample excitation and pulsed
electron emission. In contrast to previous implementations of time-resolved TEM, we
employ a laser-driven Schottky emitter, which confines the photoemission to the nanoscale
front facet of a ZrO/W emitter tip [158, 159]. The emitter is side-illuminated with 400 nm
laser radiation, focused to a spot diameter of about 20 um full-width-at-half-maximum
(FWHM). Optical access to the emitter tip is given through a side window on the TEM
gun and by a further optical steering assembly inside the ultrahigh vacuum chamber
of the electron source. For time-resolved experiments, frequency-doubled femtosecond
optical pulses from a regenerative Ti:Sapphire amplifier (Coherent RegA) are used at pulse
energies of about 10nJ and at a tunable repetition rate of up to 800kHz. For alignment of
the photoelectron beam into the TEM electron optics, and for characterization of electron
beam properties in the space-charge-free regime, a continuous diode laser is employed
at an average optical power of typically 20mW. Utilizing the usual field geometry of
a continuous Schottky source, the laser-triggered emitter is placed into an electrostatic
suppressor-extractor electrode assembly, characterized by a dimensionless parameter I’
[140], which allows for tuning the extraction field at the emitter apex and the divergence
of the photoelectron beam. (For further details on tailoring photoelectron beams in a
Schottky emitter assembly, see Ref. [140]). Electrons far from the optical axis are cut by
a hard aperture, which is placed in the electrostatic gun lens. By changing the voltages

applied to these three electrodes, the electron gun can be operated in different modes, e.g.,
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Figure 4.1: Schematic setup and electron pulse properties of the Gottingen UTEM instrument. A
laser-driven Schottky field emission electron gun (a) is combined with the column of a JEOL
JEM-2100F (b). Side illumination of a nanoscopic ZrO/W(100) tip emitter (c) enables the
generation of ultrashort electron bunches, which can be focused down to 0.89nm (d), with an
energy width of 0.6eV (e) and a duration of 200fs (f) (apertured beam, at 200kV acceleration
voltage).

optimized for a high electron yield or a high beam coherence (cf. Ch. 4.3.2). Finally, after
acceleration up to 200keV, the probing electron beam is formed by the condenser system
of the TEM column.

For optical sample excitation, we devised two optical beam paths by inserting mirror
assemblies into the TEM column. First, access through a port conventionally used for
adding an energy-dispersive X-ray spectrometer allows for optical excitation at an angle of
incidence of 55° relative to the electron beam. Second, excitation close-to-parallel to the
electron beam is provided by an illumination through the objective lens pole piece. For
both cases, typical optical focal spot sizes on the sample at a central wavelength of 800 nm
are about 50um FWHM. The delay time of optical excitation, optical fluence, polarization
state and focal spot position can be changed in an automatized fashion, allowing for

versatile means to investigate the dependence of sample dynamics on the optical excitation.
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4.3 Implementation of a laser-triggered field emitter in the UTEM

4.3.1 Localized photoemission from needle-shaped photocathodes

Over the past decade, various approaches have been undertaken to enhance the beam
quality of ultrafast electron sources for time-resolved experiments, including a tailoring
of the photoemission laser wavelength [198], photocathode work functions and materials
[133, 199, 200], as well as photoemission spot sizes [201, 202], and by enhanced extraction
fields in radio-frequency cavities [116] and at sharp needle emitters [174]. Also alternative

approaches using cold atomic gases are pursued [203-205].

The nanoscale localization of the emission area in needle-shaped laser-driven photocath-
odes promises particularly coherent electron beams and has thus been intensely studied
recently [147, 150-152, 157, 206-213]. Compared to beams derived from state-of-the-art
planar photocathodes [115, 133, 146, 166, 198, 201, 214], electron pulses emitted from tip
emitters occupy a significantly reduced area of transverse phase space (cf. Fig. 4.2). In
particular, providing the same advantages as static field emitters for conventional electron
microscopy [39, 41], ultrafast nanoscale electron sources are crucial for time-resolved
imaging applications, which require either a sharply focused or a well-collimated, highly
coherent electron beam (cf. Fig. 4.6, Chap. 4.4). Consequently, they have enabled ultrafast
low-energy electron diffraction [174], ultrafast scanning electron microscopy [159, 187]
and fs-point projection imaging [29, 182-184, 215, 216], and, as we demonstrated recently,

ultrafast transmission electron microscopy with highly coherent electron beams [34].

In tip-based ultrafast photoemission, localization is typically achieved by employing
optical field enhancements at the apex in combination with a high nonlinearity of the
photoemission process [147, 148, 150-152, 183, 184, 206]. However, processes such as
higher-order multi-photon and strong-field photoemission exhibit significantly broadened
photoelectron energy distributions [147, 148], which limits their use for ultrafast electron
imaging and spectroscopy applications. In a regime of lower nonlinearity, sufficient
beam qualities can be achieved by photoemission partially localized at the emitter apex
in combination with a small electron energy bandwidth, as recently demonstrated using
two-photon photoemission (cf. Fig. 4.3h) from tungsten needle emitters [34, 140, 174]. In
principle, a linear photoemission regime may be considered ideal, due to the low thermal
load on the emitter as well as a simple tunability of the electron pulse length via the laser

pulse duration, provided nanoscale localization is ensured.
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Figure 4.2: Transverse beam properties of photoelectron beams emitted from laser-triggered
electron sources. (a) The micrometer-scale emission area (typical diameter of 10 —20um,
governed by the laser spot diameter) of a flat photocathode results in photoelectron bunches
occupying a considerable transverse phase space volume. (b) Localized electron emission from
the apex of a nanoscopic tip (typical apex diameter of 10 — 100nm) allows for a minimization
of the phase space volume occupied by the photoelectrons, resulting in significantly enhanced
beam coherence. Insets: Sketch of the transverse phase space distributions for the respective
source geometries (Ax: spatial coordinate perpendicular to beam propagation axis, Aa: angular
coordinate relative to the optical axis).

In this work, we introduce a linear photoemission process for UTEM, in which pho-
toemission is localized by chemically tuning the work function of the emitter front facet.
Specifically, we make use of single-photon photoemission from zirconium oxide covered
(100)-oriented single crystalline tungsten tips (ZrO/W(100), cf. Fig. 4.3a—d) [158, 159]

and quantitatively characterize their performance in UTEM.

Schottky field-emitters based on ZrO/W(100) without laser excitation are routinely used
and well-characterized as continuous electron sources with high brightness [138]. Operated
at an elevated temperature of about 1800K and with electric extraction fields in the range
of 0.5 -1V /nm, the (100) front facet of the emitter is covered by a ZrO overlayer, which
reduces the work function down to about 2.9eV. A further lowering of the work function
is achieved by the applied extraction field (Schottky effect), resulting in intense thermal

electron emission from such sources [217, 218] (cf. Fig. 4.3f).

In photoemission mode, we operate the emitter at a reduced temperature (below 1400K),
so that static electron emission is fully suppressed, and photoelectrons are only generated
with the laser focus placed at the tip apex. At an illuminating wavelength of 400 nm, the
extracted photocurrent scales linearly with the incident laser power (Fig. 4.31), signifying a
single-photon photoemission process (Fig. 4.3g), and the strong localization of photoemis-

sion at the (100) front facet is demonstrated by imaging the photoelectron source using the
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Figure 4.3: Operation principle of a laser driven Schottky field emitter and its geometry. (a and
b) Single-crystalline, (100)-oriented tungsten tip emitter attached to a heating filament. The
ZrO; reservoir deposited on the emitter shank is visible in (b). (c and d). Top-view SEM
micrograph (c) and corresponding schematic (d) of the faceted apex shape after high-temperature
tip conditioning. (e) Photoemission pattern demonstrating the localized photoemission from the
(100) front facet (central intense spot) with minor contributions from (100)-equivalent crystal
surfaces at the emitter shaft (weak intensity side-lobes). (f~h) Schematic energy diagrams at a
Schottky-lowered potential barrier for continuous thermal electron emission (f), and linear (g)
and two-photon (h) photoemission. (i) The photoemission current scales linearly with incident
laser power density, as expected for a single-photon photoemission process.

TEM optics (Fig. 4.3e).

The photoemitter can be operated continuously and stable for an extended period of
time (> 48h) at high photoelectron currents. Over time, a slow decrease in photoemission
efficiency is observed; however, the primary emission current can be fully recovered
by flashing the tip to temperatures above 1700K. Further utilizing these emitters in
electron microscopy requires a detailed analysis of their performance in an electrostatic
lens assembly [140, 206] and of the resulting beam properties in the TEM column, which

we will address in the following.

4.3.2 Characterization of spatial beam properties using photoelectrons

The quality of an electron beam, or radiation source in general, for imaging, local probing

or diffraction is commonly assessed by its normalized, time-averaged brightness B,,, which,
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at the center of a Gaussian-shaped beam, is given by [103]:

1

By=——5—
4r 28%,rms

where I denotes the total beam current. The quantity &, 1s the so-called normalized r.m.s.
(root-mean-squared) emittance [101], which describes the density-weighted transverse
phase space area occupied by the particle beam, and accounts for its transverse coherence
properties. The normalized beam brightness is a conserved quantity for aberration-free
optics, unaffected by apertures and imaging lenses (for definitions of the emittance purely
relying on areas in phase space instead of phase space density distributions, also aberrations
preserve the corresponding brightness [105]). Space-charge interactions within the (pulsed)
electron beam generally result in a decrease of beam brightness [101, 219]. In order to
quantitatively characterize the brightness of the UTEM photoelectron beam for different
source and condenser settings, we measure the caustic of the focused beam in the sample
plane. The electron beam current is recorded with a calibrated CCD camera, and the
emittance is derived from the width of the electron focal spot and the beam convergence

angle.

Specifically, for a focused beam, the normalized r.m.s. emittance along one transverse

direction (x) is given by [101]:

Enrmsx = ,37 *OxOqx,

with 8 =v/c (v: electron velocity, c: light velocity) and the Lorentz factor y. Here, the
width of the focused electron beam along the x-axis and its corresponding distribution in
propagation angles are characterized by the standard deviations o, and o, respectively.
The obtained focal spots are largely symmetric along the two transverse directions (x and
y). Small asymmetries are accounted for by defining the overall emittance &, s as the

geometrical mean value of the emittance along the x- and y-direction.

At different condenser settings, the spatial beam size in the sample plane is shown in
Fig. 4.4a, varying the excitation strength of the second magnetic lens in the condenser
system (CL3, cf. Fig. 4.4b) and thus placing the electron focus at different positions
relative to the sample plane [220, 221]. An effective beam caustic, i.e. the beam envelope
as a function of the position along the electron optical axis (Fig. 4.4¢), is then extracted

by taking into account the beam convergence angle measured in diffraction mode. The
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Figure 4.4: Characterization of the transverse electron beam properties. (a) Beam caustics for
a range of condenser settings “TEM a-b-c’, with transverse beam coherence ‘a’ (spot size),
convergence angle ‘b’ (alpha) and condenser aperture ‘c’ (CLA) in TEM illumination mode.
(b) Ilustration of the TEM column illumination system. The beam coherence is adjusted by
the first condenser lens (CL1), the convergence angle is set by the condenser mini lens (CM)
and the beam is limited by the condenser aperture (CLA). The second condenser lens (CL3) is
adapted accordingly to form a focus at the sample plane. (c) Beam diameter in the focal plane
of the imaging system (extracted from the standard deviation considering a Gaussian-shaped
beam profile) as a function of the second condenser lens excitation CL3. (d and e) Angular
distribution and beam profile at the minimum focal spot. ((b—d): convergent beam illumination
mode (CBED)).

exemplary caustic shown in Fig. 4.4c exhibits a minimum focal spot size dpi, of only
0.89nm at a convergence semi-angle « of 6.7 mrad (cf. Fig. 4.4d,e). For this setting, we
obtain an r.m.s. emittance of the photoelectron beam of only 1.71 nm-mrad — a value
which is only one order of magnitude larger than the minimum emittance governed by the
uncertainty principle, easily derived as & ;s = 11/(2- ¢ - mp) — and a temporally averaged,
normalized brightness of 2.85-107 A/(m?sr).

Considering the transverse coherence length [111] given by

/] o

é:c,x =

b
MeC  Enrms,x

such a beam readily allows for 1-um-scale coherence lengths (cf. Fig. 4.7g) when spread
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to a diameter of about ten micrometers (FWHM). The degree-of-coherence K = &, /(207)
[109] is 11.2%, which, equivalently, can be described by a beam quality factor of
M?=1/K =8.9.

In UTEM, the beam current, emittance, and degree-of-coherence can be precisely tai-
lored, depending on the relative potentials applied to the suppressor and extractor electrode
in the electron source, and the settings of the condenser system (selected conditions shown
in Table 4.1). In particular, for an extractor-suppressor field geometry (I' = 1.11, see Ref.
[140]) allowing for a high transmission through the beam-limiting aperture in the source,
a beam current of about 460fA is obtained with a focal spot size of 28 nm, whereas in a
high-coherence mode (I' = 0.55), local probing with sub-nm spot sizes is achieved.

To compare our laser-driven emitter with a usual continuous electron source, we derive
a normalized peak brightness B, by scaling the time averaged brightness with an effective
duty cycle Dess = V2- f - 0 containing the laser repetition rate f and a typical FWHM
electron pulse duration 7 = \/STQ) -0y at the sample, i.e. By, = B,/ Dsr. For operation
in regimes not affected by space charge, we arrive at a normalized peak brightness of
1.75-10" A/m?sr, which is comparable to reported time-averaged values for a conventional
Schottky field emitter [217, 218].

For multi-electron pulses, longitudinal and transverse space-charge broadening can be
observed, although the effect on the transverse beam properties is rather moderate. In
particular, even for electron pulses spectrally broadened to about 5¢eV, we only observe a
slight degradation of the transverse beam properties (cf. Section 4.3.3 and Fig. 4.5d and
h). Generally, we note that space-charge effects at nanoscopic tip emitters are expected
to be reduced compared to flat photocathodes, due to the high intrinsic extraction fields

(~ 1V/nm) and divergent beam trajectories.

4.3.3 Characterization of temporal electron bunch properties

Electron pulse durations are experimentally determined by laser-electron cross-correlation
[90, 100, 222-227]. In particular, as discussed in more detail in Ch. 4.5, electrons which
traverse an intense optical near-field experience inelastic scattering, resulting in photon
sidebands in the electron energy spectrum [34, 90].

Figures 4.5(a and e) show electron energy spectra as a function of the delay between
optical near-field excitation and electron arrival time at the sample, for two experimental

conditions differing in the number of electrons per pulse (gun operated in high-coherence
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TEM Setting  dyuin o 1 Enrms K B, By
spot « CLA nm mrad fA nm-mrad % 10°A/m?sr  10'2A/m?sr
TEM Mode, 120kV 1 3 1 2777 254 459 153%* 0.13* 0.50* 0.62*
gun setting A (high transmission) 1 3 2 163 133 107 47.2% 0.40%* 1.22% 1.52%
1 3 3 10.7 53 182 12.4 1.56 3.01 3.76
5 3 3 623 55 274 7.40 2.61 1.27 1.59
1 3 4 937 21 147 4.24 4.55 2.08 2.60
TEM Mode, 200kV 1 1 1 440 106 101 13.5 1.43 13.95 17.47
gun setting B (high coherence) 3 3 2 233 96 18.1 6.47 2.98 10.93 13.69
5 1 3 265 25 097 1.90 10.1 6.76 8.47
CBED Mode, 200kV 1 9 3 08 67 030 1.73 11.2 2.85 3.18

gun setting B

Table 4.1: Electron beam properties for a range of TEM illumination conditions, with the electron gun operated at a high transmission of
the electron emitter (gun setting A) and high coherence mode (gun setting B). The beam properties at the sample are characterized for
a specific condenser setting (spot, alpha, CLA) by the minimum focal spot size (FWHM), semi-convergence- angle, overall electron
flux (continuous laser illumination, 20mW), degree of coherence and averaged normalized brightness. A normalized peak brightness is
obtained by scaling to typical pulsed beam conditions for space-charge free operation (300fs, 2mW, 250kHz). All beam properties are
measured at the sample position and, therefore, contain both contributions from the intrinsic source properties as well as aberrations from
the imaging optics, including the spherical aberration of the objective lens at high convergence angles (indicated by *).
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mode). In the first case, with minimized space-charge broadening (Fig. 4.5a), photon
sidebands on the energy-gain and -loss side are visible only within a narrow delay window
around the temporal overlap between electron and laser pulses. It should be noted that due
to the convolution of the electron pulse profile with the nonlinear electron-light interaction
across the 50-fs optical pulses, the temporal interval with considerable photon sideband
intensity represents a reliable upper bound to the electron pulse duration [34, 100, 225].
Hence, the total number of gain-scattered electrons for different delay times (Fig. 4.5¢)
yields a measurement of the electron pulse duration of 200fs, the shortest value reported to
date in time-resolved transmission electron microscopy.

For electron pulses containing a larger number of electrons at emission, space-charge
effects become operative, accelerating electrons at the leading edge of the bunch, and
decelerating electrons at the trailing end [228]. As a result, the electron bunch width is
temporally broadened, illustrated by the appearance of photon sidebands over a delay
interval of about 1ps (Fig. 4.5e and g) and by the increase in the energetic width of the
zero-loss peak from 0.85eV to about 3.5eV. The associated pronounced chirp of the
electron pulse is visible as an inclination of the individual sidebands in the electron energy
maps (Fig. 4.5e) [100, 229]. Averaging over each sideband in the delay-energy maps
gives a direct representation of the longitudinal phase space structure of the electron bunch
(Fig. 4.5b and f). Specifically, for the space-charge broadened pulse considered here, we
extract a chirp of 275fs/eV and a momentary energetic width of 0.65eV (measured for a
single delay value), close to the overall spectral width of the nonbroadened pulse. Such a
strong correlation between the longitudinal electron position (i.e. arrival time at the sample
position) and electron energy indicates that space-charge forces predominantly lead to
shearing in the longitudinal phase space, approximately preserving the bunch’s phase space
volume. Therefore, in future UTEM implementations, phase-locked radio-frequency [230]
or THz [116, 231] fields may be incorporated into the TEM column to temporally and
spectrally re-compress multi-electron bunches, as already successfully applied in ultrafast
electron diffraction beam lines [116, 214, 229, 232].

While space-charge induced deterioration of transverse beam properties presents a major
challenge for the high bunch charges in single-shot imaging [47, 115, 233, 234], space
charge only weakly affects the few-electron pulses studied here. Specifically, the minimal
focal spot size displays only a minor increase, when comparing thermal and spectrally
strongly broadened photoemission, here from 2.2nm to 3.5nm with an energy width
increase from 0.7eV to 5.3eV (cf. Fig. 4.5d and h). We note that the electron bunches
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Figure 4.5: Temporal pulse characterization. Electron pulse durations measured by electron—photon
cross-correlation in the absence (a—c) and presence (e—g) of space-charge broadening (about
100-times higher pulse charge in (e-g)). (a and e) Electron energy-loss spectra as a function of
time delay (logarithmic color scale). (b and f) Extracted energy- and time-resolved structure of
electron pulses, revealing a linear chirp in the case of space-charge broadened electron bunches
and a longer pulse duration (c and g). Comparing the focal spot sizes with (d) narrow energy
distribution (here: thermal emission) and (h) electron pulses with strong spectral broadening
(5.3eV), there is only a slight degradation of the transverse beam properties (increase of minimum
spot size from 2.2nm to 3.5nm). For the measurements shown, the gun was operated in high
coherence mode at 200kV (a—c) and 120kV (d-h) acceleration voltage, respectively, with spectral
broadening induced by the near-field of a nanoscopic gold tip (cf. Fig. 4.8b and Ref. [34]).

generated by single-photon photoemission, in continuous or non space-charge broadened
fs-operation, display comparable transverse beam properties to those thermally extracted

from the emitter with identical electrostatic gun settings.

4.4 Selected applications

Low-emittance photoelectron beams, as demonstrated here, are ideally suited for ultrafast
transmission electron microscopy with nanometer-scale spatial resolution (Fig. 4.6). De-
pending on the parameters of the condenser electron optics, the small transverse phase
space area occupied by photoelectron bunches facilitates few-nanometer-scale electron
foci, and collimated beams with um-scale transverse coherence lengths, respectively (cf.
Table 4.1).

For all experiments, pre-alignment of the electron column in a continuous mode is
possible by raising the temperature of the tip and entering the thermal emission regime of

the Schottky emitter. Even after modification of the electron gun, high emission currents
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/B

Figure 4.6: Applications of low-emittance electron pulses in ultrafast electron imaging. (a) Electron
pulses focused to nanoscale spot sizes allow for local ultrafast probing, including ultrafast con-
vergent beam electron diffraction (sketched here) and ultrafast electron energy loss spectroscopy.
(b) For collimated low-emittance electron pulses, pm-scale transverse coherence lengths are
achievable, enabling phase-sensitive electron imaging techniques, such as ultrafast Lorentz
microscopy (sketched here) as well as time-resolved variants of holographic techniques. Insets:
Occupied area in the transverse phase space for a focussed and a collimated beam, respectively
(S: focal spot size; L¢: transverse coherence length).

of several YA can be generated, thus enabling an in-situ characterization with high quality
electron micrographs of the sample before and after time-resolved experiments, (e.g. high-
resolution TEM, cf. Fig. 4.7a). Switching between thermal and photoemission mode

requires less than 1h.

Fig. 4.7 shows a set of examples demonstrating the present imaging, diffraction and
spectroscopy capabilities of the Goéttingen UTEM instrument in photoemission mode.
With typical acquisition times of about 5 —60s, electron micrographs are obtained which
exhibit sufficient signal-to-noise ratio to map, for example, nanoparticles, bending contours
(Fig. 4.7b) as well as nanoscale magnetic textures in Lorentz mode (Fig. 4.7c). High-
quality electron diffraction patterns can be recorded both with parallel (Fig. 4.7d and e)
and convergent incident beams (Fig. 4.7f). We note that, despite working in the single- to
few-electron per pulse regime, low intensity diffraction features arising from charge density
waves can be clearly discerned. In addition, a high transverse coherence length of 1.2 um
can be determined by scattering from a mesoscopic grating structure (463 nm spacing)
(Fig. 4.7g). This will enable ultrafast electron holography (Fig. 4.7h) for the measurement

of time-dependent electric and magnetic fields. Finally, the narrow spectral width of the
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Figure 4.7: Exemplary experimental results achievable with the current status of the UTEM
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instrument. (a) High-resolution TEM (HRTEM) micrograph of Au/Pd particles on an amorphous
carbon film. Visible lattice planes with 2-A spacing demonstrate the resolution capabilities
of the modified instrument (here: using thermal electron emission). Inset: Fourier transform
of a four times larger sample region. (b—i) Measurements acquired with photoelectron beams
(typical acquisition times 5 —605s) and at an electron energy of 120keV. (b) Bright-field image
of an ultra-microtomed 50nm thin sample of 1T-TaS2 showing bending contrast of the thin-film
membrane. Close-up: drop-casted gold nanorod on the sample surface. (c) Lorentz imaging
provides magnetic contrast in UTEM as demonstrated for permalloy islands on a silicon nitride
support (see also Ref. [235]). The out-of-focus image reveals the existence of a magnetic
vortex in each of the four islands (visible as black and white features, respectively, depending
on vortex orientation). The magnetic structure of a single vortex is schematically depicted in
the upper panel. (d) Diffraction pattern of the charge-ordered phase of an ion-polished PCMO
(Prg.7Cag 3sMnO3) plan view sample. Weak superstructure spots are visible halfway between the
lattice reflections.



4.5 Optical interactions with free-electron beams in the field-emitter UTEM

Figure 4.7 (Cont.): (e) Diffraction pattern of the nearly commensurate charge density wave (NC-
CDW) phase of 1T —TaS,. The first-order NC-CDW diffraction spots are hexagonally arranged
around structural reflections. (f) Convergent beam electron diffraction (CBED) pattern of an
exfoliated 100 nm thick single-crystalline graphite flake. (g) High dispersion diffraction pattern
of a 463nm spaced grating replica, demonstrating 1.2-pum transverse coherence lengths. (h)
Electron hologram obtained using a Mdllenstedt biprism at a filament voltage 9V, emphasizing
the photoelectron coherence properties achievable in the UTEM. (i) Electron energy loss spectra
of 1T —TaS; and PCMO. Inset: zero-loss peak (ZLP) with a FWHM of 0.6eV.

electron beam of about 0.6eV allows for recording well-resolved electron energy loss
spectra, which will facilitate the study of charge carrier dynamics and electronic structure

in complex materials (Fig. 4.71).

4.5 Optical interactions with free-electron beams in the field-emitter
UTEM

Besides adding ultrafast temporal resolution to widely established electron microscopy
techniques, the high coherence electron beams in UTEM also generate research directions
completely outside the realm of conventional electron microscopy. A prominent class
of new phenomena involve the interaction of the pulsed free-electron beam with intense
optical fields [34, 90, 91, 93, 97, 223]. The exchange of energy and momentum between
electromagnetic fields and free electrons provides multiple avenues of study, which include
(1) the temporal characterization of ultrashort electron pulses (see Ch. 4.3.3) [223, 225], (ii)
the nanoscale mapping of optical near-fields [90, 99], (iii) the active manipulation of free-
electron beams [34, 236], and (iv) the study of fundamental quantum optics phenomena
[34, 90, 237].

In inelastic electron-light scattering (Fig. 4.8a), a beam of free electrons passes through
the optical near-field of an illuminated nanostructure. The electrons exchange energy with
the optical field in integer multiples of the incident photon energy, and consequently, the
interaction transforms an initially narrow kinetic energy distribution into a symmetric
spectral comb composed of a number of populated sidebands (see spectra in Fig. 4.8a).
Physically, this process is closely related to electron energy loss (EEL) or cathodolumines-
cence (CL) at optical nanostructures [238—242]. All of these processes are facilitated by
the near-field localization of optical excitations, which relax the requirement of conserving

the total momentum in the electron and light fields alone by transferring excess momentum
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to a nanostructure. In EEL and CL, a swift electron passing a structure induces an optical
polarization, with which it interacts [93]. Energy loss and cathodoluminescence then
correspond to a spontaneous transition in the free-electron state, resulting in material ab-
sorption, the emission of far-field radiation or near-field excitations such as plasmons [93,
243]. In essence, the inelastic interaction described here may be viewed as the stimulated
absorption and emission variants of these spontaneous processes.

This prompt interaction can be used in a variety of applications, and it was initially
motivated by the desire to map optical near-fields in an approach termed photon-induced
near-field electron microscopy (PINEM) [90, 91, 98]. In our UTEM, we implemented
a scanning version of this technique (S-PINEM), in which a focused electron beam is
scanned in the vicinity of an optically excited nanostructure, and an electron spectrum is
recorded for every scan position (compare Ref. [34]), providing a quantitative measure of
the optical near-field amplitude. Fig. 4.8b displays the fraction of inelastically scattered
electrons at a metallic nanotip illuminated with polarizations perpendicular (right) and
parallel (left) to the tip axis. Different optical near-field modes and a field-enhanced
region at the apex of the conical structure (parallel illumination) are clearly visible in these
images.

For increasing field strength, the spectra produced from this interaction exhibit a
characteristic broadening and spectral oscillations in the individual sideband amplitudes
(Fig. 4.8c). In Ref. [34], we experimentally demonstrated that these features are caused
by multilevel Rabi oscillations in the free-electron states separated by the photon energy.
In a spatial representation of the electron states, the interaction results in a sinusoidal
phase modulation of the incident wave function [34, 91, 98]. As a result, dispersive
propagation of the wavefunction after the interaction will cause a reshaping of the electron
density subsequent to the interaction (Fig. 4.8d). Specifically, as shown in Ref. [34], the
momentum modulation will cause a temporal focusing of the electron density into a train
of attosecond pulses downstream in the electron microscope, at propagation distances in
the one-to-few millimeter range (depending on the light frequency, the electron energy
and the optical excitation strength). With a further nanostructure located in the region
of the temporal focus (bottom in Fig. 4.8d), the arising attosecond pulse structure may
be probed with a second, properly timed interaction. Representing a feasible means to
generate attosecond electron pulses within the UTEM, this scheme will in the future allow
for entirely new forms of optically phase-resolved electron microscopy and the study of

electronic or structural dynamics with sub-femtosecond precision.
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Figure 4.8: Applications of quantum coherent electron light interactions in optical near-fields within
an ultrafast TEM. (a) The electron beam traversing an intense optical near-field develops into a
comb of spectral sidebands, with (c) populations given by the optical field strength (assuming
spatially and temporally homogeneous illumination). (b) Rasterscanning the electron beam
allows for a quantitative mapping of the near-field distribution (S-PINEM) at a nanostructure
(here: nanoscopic gold tip side-illuminated along the direction indicated by k, with different
optical polarizations and at 800nm wavelength). (d) Dispersive broadening of the optically
phase modulated single electron wavefunction leads to the formation of an attosecond train,
with a temporal spacing given by the optical period. (e¢) Consecutive interactions with multiple
near-fields enable Ramsey-type electron light interferometry, where the first interaction can be
either cancelled out or enhanced depending on the relative excitation phase ((a—c) Adapted from
Ref. [34], (e) adapted from Ref. [236]).

We recently applied the concept of multiple quantum coherent interactions with the
same free-electron state in an experiment sketched in Fig. 4.8e (for details, see Ref. [236]).
Here, two optical nanostructures are separated by several micrometers, i.e., at a distance
for which no substantial electron density reshaping occurs. The electron beam sequentially
interacts with two phase-locked optical near-fields, the relative phase of which can be
precisely controlled. The color-coded image in Fig. 4.8e displays the resulting electron
energy spectra for a variation of the relative phase. The final width of the energy spectrum,
and thus the total impact of the interaction with the free-electron beam, is a strong function
of this relative phase. This observation highlights the quantum coherent nature of these
sequential interactions, in that the second action either cancels out or enhances the action

of the first [236]. Such phase-controlled multiple interactions may form the basis of
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different variants of electron interferometry or time-domain holography, and — combined
with optically excited materials inserted into the interferometer gap — may yield detailed
information on nanoscale dephasing mechanisms on ultrashort timescales.

More generally, the demonstration of coherent and phase-sensitive optical near-field
scattering opens up an exciting research path in the active quantum manipulation of
electron wave functions. In particular, any electron wave packet of sufficient longitudinal
and transverse coherence will directly carry the entire spatial and temporal amplitude
and phase information of that optical near-field in a holographic fashion. Governing the
further evolution of the electron probability density in space and time, such optically-
produced holograms create far-reaching opportunities for coherent control schemes using
free electrons, including the generation of specific transverse profiles and orbital angular
momentum states [17, 52, 54], or the arbitrary formation of temporal electron pulse

structures.

4.6 Conclusion and outlook

In conclusion, we described the present status of our development of ultrafast transmission
electron microscopy, using laser-triggered field emitters for the first time. We provided
quantitative beam characterizations and presented exemplary imaging, diffraction and
spectroscopy data recorded with this instrument.

Generally, nanoscopic cathodes offer superior performance over flat photocathode
designs if nanoscale probing or high-sensitivity phase contrast are desired. Historically,
many novel techniques in transmission electron microscopy, like sub-nm STEM probing
and holography, were only enabled by the introduction of high-brightness field emitting
electron sources. In the same way, the integration of tip-shaped photocathodes with an
energy spread of less than 1eV and the peak brightness of a conventional Schottky emitter
opens up new frontiers in electron microscopy and the study of nanoscale dynamics.

Nonetheless, further improvements in average source brightness are highly sought after
for the further proliferation of the technique, and for widening its scope of applications.
Alongside further development work on the actual source, an optimized electron gun
geometry could increase the overall electron transmission from tip to sample, thus de-
creasing space-charge effects for a given final pulse charge, while minimizing aberrations
and propagation-induced temporal pulse spread. Additional strategies will extend the

practically accessible set of scientific problems with UTEM, such as devising intelligent
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drift correction schemes to allow for longer integration times. Moreover, the integration
of aberration probe correction would enhance the acceptance of the TEM column and
thus increase the total achievable pulse charge for a certain target specification in spatial
electron beam parameters.

The very robust free-space laser excitation of the sample, as well as the long-term stabil-
ity of our short-pulsed electron source, facilitate stable measurements on the nanoscale
for periods exceeding 48h. This will enable the study of structural, electronic and spin
dynamics with unprecedented spatial and temporal resolution. At present, ultrafast elec-
tron diffraction and spectroscopy from few-nanometer regions is well within the range
of capabilities of the approach, as is phase contrast imaging and Lorentz microscopy.
The generation and application of attosecond electron pulse trains will ultimately allow
electron microscopy to enter the realm of attosecond science [244], adding nanoscopic
spatial resolution to this exciting research field. With all these prospects, we believe that
field-emitter-based UTEM technology will foster a greatly enhanced understanding of

spatiotemporal dynamics, energy transport and relaxation processes on the atomic scale.
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Chapter 5

Quantum coherent optical phase modulation in an
ultrafast transmission electron microscope
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Coherent manipulation of quantum systems with light is expected to be a cor-
nerstone of future information and communication technology, including quantum
computation and cryptography [245]. The transfer of an optical phase onto a quan-
tum wavefunction is a defining aspect of coherent interactions and forms the basis of
quantum state preparation, synchronization and metrology. Light-phase-modulated
electron states near atoms and molecules are essential for the techniques of attosec-
ond science, including the generation of extreme-ultraviolet pulses and orbital to-
mography [244, 246]. In contrast, the quantum-coherent phase-modulation of en-
ergetic free-electron beams has not been demonstrated, although it promises direct
access to ultrafast imaging and spectroscopy with tailored electron pulses on the at-
tosecond scale. Here we demonstrate the coherent quantum state manipulation of
free-electron populations in an electron microscope beam. We employ the interac-
tion of ultrashort electron pulses with optical nearfields [90, 91, 98, 223, 247, 248] to
induce Rabi oscillations in the populations of electron momentum states, observed
as a function of the optical driving field. Excellent agreement with the scaling of an
equal-Rabi multilevel quantum ladder is obtained [249], representing the observa-
tion of a light-driven ‘quantum walk’ [98] coherently reshaping electron density in
momentum space [250]. We note that, after the interaction, the optically generated
superposition of momentum states evolves into a train of attosecond electron pulses.
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Our results reveal the potential of quantum control for the precision structuring of
electron densities, with possible applications ranging from ultrafast electron spec-

troscopy and microscopy to accelerator science and free-electron lasers.

5.1 Introduction

The interaction of propagating light with confined electrons in atoms, molecules and
solids is omnipresent, but the opposite case—the coupling of free electrons to localized
optical fields—is not a naturally occurring phenomenon. Nonetheless, in both cases, the
principle of confinement allows for optical transitions in otherwise mismatched electron and
photon dispersion relations [93]. Controlling free-electron propagation with low-frequency
electromagnetic fields in resonator geometries is an integral aspect of accelerator science
[251]. At optical frequencies, however, particular challenges arise from the requirements
of very controlled electron beams and tailored nanostructure near-fields. Increasing efforts
are currently devoted to optically drive electron trajectories on the nanoscale—for example,
for applications in attosecond science and lightwave electronics [147, 231, 252-255].
Some of the elementary phenomena involved in coupling free electrons to light were
described more than half a century ago: in the Kapitza—Dirac effect [256, 257], electrons
are elastically scattered off a standing light wave, whereas the Smith—Purcell effect and its
variants [247, 248, 258, 259] treat the inelastic interaction of free electrons with confined
modes close to a grating. Recently, ultrafast electron microscopy schemes showed that the
kinetic energy distribution of short electron pulses develops a series of photon sidebands
after passage through an intense optical near-field [90, 91, 98]. This approach, termed
photon-induced near-field electron microscopy (PINEM) [90], has been employed in the
temporal characterization of ultrashort electron pulses (see Methods) and as a contrast
mechanism in electron microscopy [260, 261]. Beyond such advanced applications, the
underlying interaction should allow for the preparation of coherent electronic superposition
states and a phase-controlled harnessing of quantum coherence for the temporal shaping of

electron bunches.

5.2 Main part

Here we report the coherent phase-modulation of free-electron states in a nano-optical

field. We experimentally induce multilevel Rabi oscillations in the form of a quantum
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walk in momentum space, obtaining excellent agreement with theoretical predictions
by Garcia de Abajo et al. [98] and Park et al. [91] of this interaction. Moreover, we
demonstrate theoretically that dispersive propagation transforms the optically modulated
electron wavepacket into a train of attosecond peaks. In the experimental scenario displayed
in Fig. 5.1, femtosecond electron pulses are generated by nonlinear photoemission from
a nanoscale cathode [150, 151, 174]. After collimation and acceleration to an energy
of 120eV, the magnetic lens system of a transmission electron microscope focuses the
electron pulses to a spot diameter of 15nm in close vicinity to an optically excited conical
gold tip. The localization of the nanostructure’s near-field mediates the optical interaction
with the free electrons. This leads to the creation of multiple spectral sidebands, each
corresponding to the absorption/emission of an integer number of photons (spectrum in
Fig. 5.1e) [90, 91, 98]. Detailed information about the interaction process is encoded in
the number of populated sidebands and their individual amplitudes. For example, the
maximum electron energy gain in the optical near field is a quantitative measure of the
local transition amplitude, which can be imaged by raster scanning the electron focus
(Fig. 5.1b).

Microscopically, the electron—light interaction studied here constitutes an optical phase-
modulation of the electron wavefunction [91]. Expressed as a quantum mechanical multi-
level system, electron energy levels spaced by the photon energy 7w are coupled in the
optical near-field (level diagram, Fig. 5.1d). Previous experiments studying this interaction
found a partial reduction of the initial electronic state population and a spectral broadening
with distributions gradually decaying towards large photon orders [90, 91, 223, 260, 261].
Such observations evidence transitions dominated by sequential multilevel excitation (pro-
cesses of type I in Fig. 5.1d). However, it is assumed that the coupling process is coherent
in nature [91, 98], which implies that quantum features arising from multipath interference
(type II) should also be observable.

In order to identify such phenomena, we require an interaction of uniform strength
with the entire electron ensemble in the pulse [98]. This scenario is achieved by using
a spatially narrow probing beam and, in contrast to earlier works, an optical near-field
excitation which has a uniform amplitude during the transit of the electron pulse envelope
(see Methods).

Under these conditions, we find experimentally that the population of photon sidebands
exhibits a pronounced oscillatory behaviour corresponding to multilevel Rabi oscillations,

as demonstrated in Fig. 5.2 for electron spectra at a fixed position near the tip shaft.
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Figure 5.1: Schematic and principles of coherent inelastic electron scattering by optical near-fields.
a, Experimental scheme. Ultrashort electron pulses generated by nanotip photoemission are
accelerated and focused to a beam that interacts with the optical near-field of a nanostructure,
phase-modulating the electron pulse and exchanging energy in integer multiples of the photon
energy. b, Raster-scanned image of the energy cutoff in the inelastic electron scattering spectra,
representing the local transition amplitude (see text). ¢, Incident kinetic energy spectrum (full-
width at half-maximum, 0.7¢eV) centred at Ey = 120keV. d, Energy level diagram of ladder
states with spacing fiw coupled to the initial state at Ey. Arrows indicate sequential multistate
population transfer (type I) and interfering quantum paths (type II) leading to multilevel Rabi
oscillations. e, Example of kinetic energy spectrum after the near-field interaction, exhibiting
a spectral comb with multiple sidebands separated by the photon energy and modulated in
occupation.

64



5.2 Main part

A colour-coded map (Fig. 5.2a) displays the evolution of the interaction-induced kinetic
energy distribution with growing incident field strength. With increasing driving field,
we observe a linear spreading in the range of populated sidebands, together with strong
oscillations in the central part of the spectra. Specifically, the experimental spectra exhibit
a nearly complete extinction of the initial state occupation and its pronounced recurrence
at incident fields of 0.023Vnm™! (red line) and 0.040 Vnm™' (green line), respectively
(Fig. 5.2¢). Quantitative analysis of the field-dependent spectral evolution (Fig. 5.2b)
shows the oscillations of the initial state population (‘zero loss peak’) and those of different
electronic sidebands. These modulations directly evidence multilevel Rabi oscillations and
thereby a quantum coherent manipulation of the respective level amplitudes, which, as a
function of field strength, traces out the evolution of an elementary quantum walk [250].
Recently, near-field-induced free-electron transitions, as observed here, were theoreti-
cally treated by solving the time-dependent Schrédinger equation [91, 98] (compare our
results to figure 2 in ref. [98], which depicts population oscillations simulated as a function
of intensity). Yielding equivalent theoretical results, we present a compact description
using raising and lowering operators acting on the electronic state |Eg) of the system at an
initial energy Ey. As demonstrated in the Methods section, the action of the near-field can
be described by a scattering matrix S = exp [g*a - gaT] with a dimensionless near-field
coupling constant g proportional to the field strength and the transition matrix element.
One may notice that S takes the form of a displacement operator generating coherent
states in the harmonic oscillator model. In a variation of this scenario, we use a' and a
as commuting raising and lowering operators, connecting free-electron states separated
by the photon energy, that is, a’ |Ey) = |Eo + iw) and a |Ey) = |Ey — hiw). The scattering
matrix represents the Hamiltonian evolution of the system as a unitary operation on the
initial electron wavefunction |Ey), which leaves the electron in a superposition of ladder
states |Eg + Nhiw), with N a natural number.
In the limit of small optical driving fields, the scattering matrix is dominated by se-
1 )N

quential multiphoton terms, for example, 15 (gaT

(Fig. 5.1d). The occurrence of interfering quantum paths at increased optical field strength

, corresponding to type I transitions

(type II paths) becomes apparent by considering higher order terms in the Taylor expansion
of S, such as a' and a'a'a, which both facilitate the transition between the states |Ep) and
|Ep + hw), but each with a different phase factor in the final state.

Interestingly, because of the practically constant coupling matrix elements between

adjacent levels (the ‘equal Rabi’ case [249]), the occupation probability of the Nth photon
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sideband can be described by a very simple analytical expression in the form of the Nth-
order Bessel function of the first kind [91, 98], that is, |(Eo £+ Niw| S |Eo)|*> = |Jn (2 |g|)|2.
In a spatial representation, these transitions arise from a sinusoidal phase modulation of
the wavefunction traversing the optical near-field. Accordingly, such sideband populations
are also commonly encountered in other physical systems using phase modulation, for
example, in acousto-optics [262].

Comparing the experimental field-dependent electron populations with the analytical
result (Fig. 5.2b), an excellent agreement is found both in the location and amplitudes of the
respective occupation minima/maxima. The entire data set is described with a single Rabi
phase 2 |g| = Finc X98 v-! linearly increasing with the incident optical field strength Fj,,
yielding a quantitative measure of the transition matrix element. As detailed in the Methods
section, incomplete modulation of the Rabi oscillations at higher fields is caused by the
finite spatial and temporal electron pulse widths within the optical near-field. Besides
the predicted population oscillations, the characteristic low-field multiphoton limit of the
electron-light interaction is also experimentally regained (slopes of 2N in the field in a
double logarithmic plot, see inset of Fig. 5.2b). Larger incident fields prominently transfer
the electron distribution to the outer spectral lobes, creating a well-defined cutoff around
|E — Ey| = 2|g|hw, equal to the maximum classical energy transfer. Thus, as in other
instances of electrons driven by intense optical near-fields [147, 231, 255], the interaction
energy is governed directly by the field amplitude instead of the ponderomotive energy.

This periodic phase (and correspondingly momentum) modulation of the electron wave-
function has important consequences for its subsequent evolution in free propagation.
Generally, momentum modulation of classical states in particle accelerators is used for
bunch compression [251], and an optical variant of this principle was recently proposed
using ponderomotive forces acting on classical point particles [263]. However, the present
conditions with electronic coherence times exceeding the optical period necessitate a
quantum mechanical description of bunch reshaping. Figure 5.3a displays a few cycles of
the simulated electron density in a periodically phase-modulated wavepacket as a function
of the propagation distance and the arrival time at this distance relative to the centre
of the pulse. Specifically, the phased superposition of momentum states reshapes into
a high-contrast train of attosecond pulses at a well-defined distance downstream from
the interaction region. For typical coupling constants achieved in the experiments, we
obtain a temporal focusing into a train of pulses only about 80as long, at a distance of

1.8 mm behind the sample. Further dispersion spreads the distribution corresponding to its
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Figure 5.2: Quantum coherent manip-

ulation of electron energy distribu-
tions. a, Experimental electron en-
ergy distributions as a function of the
incident optical field strength (left)
and theoretical prediction in terms
of Nth-order Bessel functions (right).
b, Occupation probabilities (open cir-
cles) of the Nth-order spectral side-
bands shown in a, adding contribu-
tions from = |N| . Solid lines, Nth-
order Bessel functions. Inset, double-
logarithmic plot of the sideband pop-
ulations near onset. Solid lines with
slope 2N are shown for comparison.
¢, Electron energy spectra at inci-
dent optical fields of 0, 0.023, 0.040,
0.053 and 0.068 V/nm (bottom to
top). Spectra shown in a and ¢ are
normalized to their respective max-
ima.
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momentum content, with the possibility of revivals. Note that a spatial optical equivalent
of this generation of attosecond spikes is given by Fresnel diffraction at a sinusoidal phase
grating into a near-field fringe pattern [264], and also that an early theoretical scheme for
subfemtosecond optical pulse generation relied on frequency modulation and subsequent
reshaping [265].

The physical origin of this electron pulse compression can be illustrated using a phase
space representation of the quantum state in the form of a Wigner function. This function
is a quantum mechanical analogue of a phase space density, which, however, can also
take negative values for non-classical states [104]. Figure 5.3b displays the Wigner
function of one period of a propagated state at the temporal focus and for a typical
momentum distribution (projection in Fig. 5.3c). In this plane, free propagation of the
initially sinusoidal momentum modulation has sheared the phase space distribution to a
situation where a highly localized projection onto the position axis, that is, arrival time,
is formed (Fig. 5.3d). In fact, the generation of this attosecond electron pulse train is
very robust with respect to variations of the specific temporal and energetic structure of
the initial electron pulse (see Methods). The practically usable focal distances (a few
millimetres) render this scheme directly applicable in electron microscopy or spectroscopy
studies with attosecond precision, a domain at present only accessible by attosecond light
pulses [244]. Specifically, the temporal electron comb will enable the phase-resolved
investigation of coherent sample excitations, thus tracing structural or electronic changes

carrying optical phase information.

5.3 Conclusion

In conclusion, we have demonstrated the quantum coherent manipulation of free-electron
wavefunctions by their interaction with nanoconfined light fields, observing near-perfect
correspondence to the behaviour of a multilevel model Hamiltonian. Thinking beyond a
single-variable state control, near-field interactions are expected to cause entanglement of
longitudinal and transverse momentum components, and moreover, Coulomb interactions
in a beam crossover will result in correlations between multiple electrons. Both features
may be crucial for employing free electrons in quantum information technology [245].
Perhaps surprisingly, the generation of an attosecond electron train is a direct and natural
consequence of this optical phase-modulation. We anticipate various applications of this

concept in imaging and spectroscopy—for example, in the phase-resolved detection of
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Figure 5.3: Formation of an attosecond electron pulse train. a, Development of a periodically
modulated electron pulse structure (normalized electron density is colour coded) as a function
of the propagation distance after the near-field interaction (numerical simulation for |g| = 5.7).
Free propagation causes a temporal focusing into a train of attosecond spikes (red) with a period
of T =2.55fs (optical period). b, Phase space (Wigner) representation of one period of the light-
modulated electron quantum state at the temporal focus position (propagation distance of 1.8 mm
in a). Note that time and space variables for the swift electron pulse can be used equivalently
via x = vt (v is mean electron velocity). ¢, Momentum projection of Wigner function exhibiting
spectral modulations as observed in the experiments, displayed in units of transferred momentum
quanta (average momentum subtracted). d, Central part of spatial projection, expressed in terms
of electron arrival time in laboratory frame. A peak with a duration of only 82as (FWHM) is
produced.

69



Chapter 5 Quantum coherent optical phase modulation in an ultrafast transmission ...

coherent, resonantly driven polarizations in solid state materials—thus opening up the

study of attosecond phenomena in electron microscopy.

5.4 Methods

5.4.1 Ultrafast TEM and experimental setup

We have recently constructed an ultrafast TEM (UTEM) to enable a variety of laser-
pump/electron-probe imaging schemes with high spatial resolution. The microscope
is based on a commercial Schottky field emission TEM (JEOL JEM-2100F), which
we modified to allow for both optical sample excitation and laser-driven electron pulse
generation in the gun, as shown in Extended Data Fig. 5.4. In contrast to previous
implementations of time-resolved TEM, our instrument features a nanotip photocathode as
the source of ultrashort electron pulses. Compared to planar emitters, such needle cathodes
provide reduced electron beam emittance, which is particularly useful for nanoscale probing
and spectroscopy. In the present experiments, we employ electron pulses with a repetition
rate of 250kHz, which are induced via two-photon photoemission by irradiating the apex
of a tungsten field emission cathode (apex radius of curvature of about 120nm) with
ultrashort laser pulses (400 nm central wavelength, 50fs pulse duration, 4.1 nJ pulse energy,
25GW cm™ incident peak intensity). The emitter tip is operated at room temperature and
with an electrostatic extraction field of 0.1 Vnm™.

At an electron energy of 120keV, the beam is focused to a spot diameter of about 15nm,
with a typical electron pulse duration of 700-900fs (full-width at half maximum, FWHM)
at the position of the sample (characterized by electron—laser cross-correlation, see below).
This pulse duration is at present governed by velocity dispersion of electrons with different
initial kinetic energies after photoemission, which, however, is not a limitation for the
measurements described here. While pulses may contain many electrons, all experiments
reported here were acquired with less than one electron per pulse at the sample position
(single-electron mode), thus avoiding potential space charge influences.

The laser pulse exciting the optical near-field (central wavelength of 800nm, pulse
energy of up to 60nlJ) is stretched by dispersion in glass to a pulse duration of 3.4 ps and
focused to a spot size of ~ 50um, yielding peak intensities of 1.33GW cm™ at the largest
applied fluence. The excitation with a laser pulse of a duration much longer than that of the

electron pulse allows for the observation of coherent population oscillations (see section
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Figure 5.4: Experimental setup. Pulses from an amplified femtosecond (fs) laser system, at bottom
left, are split into two optical beams. One of them is frequency-doubled in a S-barium borate
(BBO) crystal and, after separation from the fundamental beam, focused (lens with numerical
aperture 0.015, 50cm focal length) onto the tungsten needle emitter (W tip) for the generation
of electron probe pulses. The second beam (pump beam) is temporally stretched, attenuated
and focused (lens with numerical aperture 0.014, 20cm focal length) onto the sample within the
TEM (angle of incidence, 55°). Relative timing between the electron probe and laser pump pulse
is controlled by an optical delay stage. Optically-induced changes of the population of electron
momentum states are recorded with an electron energy spectrometer. See Methods for details.

|

‘Numerical calculations’ below).

After interaction with the optical near-field, the electron pulse is imaged (magnification
of 25,000) into an electron energy-loss spectrometer (EELS) to analyse its kinetic energy
distribution (spectrometer entrance aperture of 3 mm, energy dispersion of 0.05eV per

detector channel).

Modulated electron spectra are observed at any electron probe position within the optical
near-field. However, the quality of the spectral modulation and full extinction of individual
orders crucially depends on the transverse homogeneity of the near-field on the scale of the
electron beam diameter (see section ‘Numerical calculations’ below). For a nanoscopic
tip, the optical near-fields are only slowly varying along its shaft. Therefore, we chose a

position of the electron focus several micrometres away from the tip apex (see Extended
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Figure 5.5: Spatial characterization of near-field scattering. a, Raster scan of the optically-induced
electron energy gain and loss probability, characterized by the spectral cutoff (top panel) and
the sideband populations of the zero loss peak (middle) and the second photon order (bottom).
The field-dependent electron energy spectra shown in Fig. 5.2 of the main text were recorded
at an x position indicated by the black line at the tip surface. A slow sample drift results in a
scanning artefact in the y direction (jagged edge of the tip). For the results reported in the main
text, a drift correction in the y direction was applied (see Methods section ‘Data analysis and
drift correction’). b, TEM image of gold tip. Red rectangle, scanning area displayed in a. c,
Electron energy-loss spectra recorded along x = 0 with varying distance from the tip surface.

Data Fig. 5.5).

5.4.2 Temporal characterization of electron pulses

In UTEM, the duration of the electron pulses is governed mainly by Coulomb repulsion
and dispersive broadening within the electron gun and subsequent electron optics. The
resulting electron pulse structure in the sample plane can be quantitatively characterized
employing inelastic near-field electron scattering [99, 100, 225], as discussed in the main
text. However, to this end, and in contrast to the experimental conditions described in the
previous section, laser pulses of a duration (here 50fs) much shorter than the electron pulse
duration should be used in an electron/near-field cross-correlation [225].

Extended Data Fig. 5.6a displays electron energy spectra as a function of the temporal
delay between the optical excitation and the electron pulse arrival, subtracting the electron
spectrum in the absence of near-field excitation. Therefore, the central blue feature
corresponds to the reduction of the zero-loss peak due to scattering of electrons into

multiple photon sidebands (red stripes). The width of these features (Extended Data Fig.
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Figure 5.6: Pulse characterization by electron—photon cross-correlation. a, Differential electron
energy-loss spectra as function of time delay (zero loss peak of width 1.3eV subtracted; the
colour scale shows the relative change of spectral density). b, Relative total scattering amplitude
as function of time delay (inset, relative shift of photon sidebands with respect to zero loss
peak). ¢, Energy- and time-resolved structure of the electron pulse (the colour scale shows the
normalized electron density).

5.6b) and their tilt in the energy—time diagram (inset) provide measures of the electron
pulse duration and chirp, respectively. Here, we obtain a cross-correlation with a FWHM
of 800fs (standard deviation of 340fs) and a chirp of ~ 760fseV~! for an initial energy
spread of 1.3eV. In the experiments presented in the main text, electron pulses with a
narrower energy spread of 0.7¢eV were achieved. For the much shorter near-field excitation
employed here, the scattering signal is linear in the momentary density of electrons within
the pulse. Therefore, we can extract an energy—time representation of the electron pulse
by superimposing all tilted sidebands (Extended Data Fig. 5.6¢c). Finally, we emphasize
that temporally stretching the near-field excitation to more than 3 ps in the experiments
ensures that it lasts much longer than the electron pulse duration and, therefore, provides

for a nearly homogeneous scattering amplitude throughout the electron pulse.

5.4.3 Data analysis and drift correction

In order to obtain high quality electron spectra at a fixed sample location for varying driving
field strengths, it has to be ensured that the laser-induced sample displacement, for example,
by thermal expansion, is compensated for. This was achieved by first characterizing the
fluence-dependent sample shift in imaging mode (observed up to 150 nm) and by automated
electron beam repositioning between experimental runs. In addition, slow residual drifts

(up to 20nm, see Extended Data Fig. 5.5a) were corrected for by continuous line scans
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Figure 5.7: Evaluation of sideband populations. Example of electron energy spectrum (black dots)
showing a number of photon sidebands and a weak low-loss plasmon contribution. Lines show
fitted function used to extract sideband populations (blue) and the plasmon band (orange).

perpendicular to the gold surface and using the strength of the bulk plasmon band to
identify the beam—surface distance. In the recorded spectra, energy losses due to bulk
plasmon excitation generate a weak and spectrally broad band at energies above 15eV
(ref. [92]), which is only present when the electron beam is placed in close proximity to
the tip so that the outer tail of the electron focal spot grazes the tip surface. The plasmon
contribution is well-separated from the main spectral features and can be easily subtracted
from the spectra. Specifically, we identify the sideband populations by adopting a global
fit function containing pseudo-Voigt profiles Vp (E) for the zero-loss peak and all photon
sidebands (using symmetric amplitudes in +|N|). The plasmon peak at a loss energy Ep

was described by an asymmetric Gaussian Gy (E):

P(E)=Gu(E—Ep)+ > awV(E +Nhw) (5.1)

N=—c0
Extended Data Fig. 5.7 shows a typical electron spectrum together with the fitted function.
Note that an energetic shift of the sideband comb relative to the zero-loss peak due to
electron chirp is absent in the case of a long excitation pulse relative to the electron pulse
duration and does not have to be included in the fit. An evaluation of the strength of the
plasmon band as a function of beam—surface distance allows for a positioning accuracy of

+5nm.
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5.4.4 Materials

The nanostructure employed in this work was prepared from a thin gold wire (diameter
250um) which was subjected to thermal annealing in vacuum (800°C, 12h) to increase
crystallinity and reduce surface roughness[266]. A sharp tip (100nm apex radius) was
formed by electrochemical etching in aqueous hydrochloric acid (37%) [267]. Afterwards,
the conical part of the tip (Iength ~ 50 um) was cut by focused ion beam milling, transferred

to a silicon frame and attached by ionbeam deposited platinum.

5.4.5 Quantum description using ladder operators

The interaction of electrons traversing an optical near-field has been theoretically treated
several times in the past, usually by either direct integration of the time-dependent
Schrodinger equation [91] or using a Green’s function formalism [98, 268]. The re-
lation of this stimulated process to the spontaneous mechanisms observed by electron
energy-loss spectroscopy and cathodoluminescence is discussed in ref. [268]. Furthermore,
it was also shown that a non-relativistic approach is sufficient as long as the relativistically
correct electron dispersion (velocity as a function of energy) is used in the final result [222].
Here, we present an alternative derivation of inelastic near-field scattering probabilities

using ladder operators, which allows for a succinct description.

The raising and lowering operators Electrons in a time-harmonic electromagnetic
field can experience energy loss or gain in multiples of the photon energy 7w, where w
is the frequency of the field. This allows us to treat the problem as a multilevel quantum
system. Within the Schrodinger picture, the free-electron Hamiltonian Hy does not depend
on time, while the wavefunction | (7)) of the electron is time-dependent. Thus, the total

Hamiltonian for the interaction with the electromagnetic field in the velocity gauge is
e
H=Hy+—pA (5.2)
m

where A is the space- and time-dependent vector potential, and p, e and m are the electron
momentum, charge and mass, respectively. For a time-harmonic vector potential, a natural
basis set is composed of plane wave states |N) offset from the initial energy Ey by an
integer multiple N of the photon energy, where each state |N) is an eigenstate of the
unperturbed Hamiltonian Hy: Hy|N) = (Ey + Nhw) |N). Thus, |0) is the initial state, and

75



Chapter 5 Quantum coherent optical phase modulation in an ultrafast transmission ...

|N) corresponds to the state with |N| absorbed/emitted quanta. The time-harmonic interac-
tion Hamiltonian causes transitions between these basis states. In particular, the matrix
elements between adjacent states of the form (N + 1| =pA|N) will lead to considerable
transition probabilities. In contrast, the coupling between states separated by more than
one photon energy causes transition amplitudes rapidly oscillating in time (at multiple
frequencies of w), which prevents direct multiphoton transitions. (Note that multiphoton

transitions will become possible by multiple actions of the field.)

In order to compute the coupling between neighbouring states, let us consider for simplic-
ity a one-dimensional model with the time-harmonic vector potential
A = F(z)sin(wt) /w, where F(z) is the spatial distribution of the electric field am-
plitude. To obtain the matrix elements (N + 1| =pA|N), we use |N) in a plane wave form
L2 exp (ikyz) in a finite spatial interval of length L, where %iky is the electron momentum.

In this representation, the matrix elements can be readily computed, for instance

L2

sm(wz),gzﬁ F(2)exp(=idkz)dz  (5.3)
-L)2

2hvyg

<N+ 1 ‘pr‘N> _
m

where vy is the electron velocity in the state |[N), and Ak ~ w/vy is the electron momentum
change (divided by 7). The dimensionless coupling constant g expressed in terms of a
Fourier amplitude in equation (5.3) was introduced in a similar form as used in ref. [91].
Physically, g describes the momentum component in the near-field distribution which
allows for total energy and momentum conservation in the transition, that is, it represents
the momentum change of an electron undergoing an energy transition of 7w. Regarding
the integration limits in equation (5.3), at present, it is only important that the interval
length L is larger than the extension of the near-field, as L will cancel out in the final
result. It should be noted that for an initial energy much higher than the maximum number
of absorbed or emitted photons, Ey > |N|Aw, the coupling matrix elements in equation
(5.3) become practically independent of N, as does the velocity v = vy. The presence
of a single and universal coupling constant renders the present quantum system a nearly
perfect example of an equal Rabi multilevel system [249]. The transitions in this system
can be concisely described by introducing the raising and lowering operators a' and a,
respectively, as

IN+1)=da'|N), |N-1)=alN) (5.4)
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Note that, in contrast to the commonly employed ladder operators of a harmonic oscillator
(which has a coupling constant scaling with VN), it follows from equation (5.4) that @ and
a’ commute: aa” = a’a. The essential parts of the interaction Hamiltonian then take a

bi-diagonal form, which can be represented in the raising and lowering operators
£ A= o ( *a +gaT) sin(wr) + O (a",aT”;n > 2) (5.5)
m

The higher order contributions can be neglected in the following, as they lead to negligi-
ble transition probabilities (see below), and terms on the main diagonal are absent because

the spatial integral over the near-field distribution F(z) (the case of Ak = 0) vanishes.

The S-matrix To obtain transition probabilities for electrons after passage through the
near-field, it is convenient to switch to the interaction picture. Here, the lowering and
raising operators become time-dependent: a(¢), a'(¢). In our case, they can be easily

expressed in terms of ¢ and a' by the transformation
a(t) =exp(—iwt)a, a'(1)=exp(iwt)a’ (5.6)
and the interaction Hamiltonian turns into
2hv . . ) +
Hin (1) = — sin (wt) [exp (—iwt)g"a+exp(iwt) ga ] (5.7)

where a and a' denote the time-independent lowering and raising operators (see equa-
tion (5.4)). The temporal evolution of the quantum system can be treated in terms of a
scattering matrix S, defined as a unitary transformation connecting asymptotic particle
states |/ (00)) = S |y (—o0)) before and after the interaction (for the time-dependence of the
electron wavefunction during near-field transit, see ref. [98]). This unitary operator S is

given by the time-ordered exponent
1 [S¢]
S=Texp ~ /Him (t)dr (5.8)

In the present case, the time-ordering T can be omitted because a (¢) and a' (f) commute.
With the choice of a finite support L of the basis states, the range of integration should in

principle be limited to [/

/2w which will cancel out the ratio v/L appearing in equation
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(5.7) for the time-independent contributions. The terms oscillating at higher frequencies
(J exp(2iwt)dr in equation (5.7) and higher order contributions from equation (5.5)) vanish
in the limit of large L. This case of large L (L > v/w) corresponds to the experimental
situation, in which the momentum states are well-resolved with respect to their energy
difference 7w, and therefore, the passage to infinity can be carried out without loss of

generality:

1y “a-ga'
- / i (1)1 = £954 (5.9)

Thus, the S-matrix in the interaction picture can be finally written as

S = etd'—ga (5.10)

and interestingly, the scattering matrix takes on the form of a displacement operator [104].

The transition probabilities Using the S-matrix, we can compute the probabilities of
the transitions |0) — |N), given by Py = [(N|S|0)|*>. For this purpose, we first split
the matrix exponent in equation 5.10 into a product of two exponents, exp (gaT -g*a) =
exp (gaT) exp(—g*a). This separation is of course possible because a and a’ commute.

Expanding the exponential operators in a Taylor series, we find

exp(a’) 0) igm_() Zg_ 5.0

and analogously

(N|exp(-g*a :Z (nla”zz(_g (N +n (5.12)

n=0 n=0

Using equation 5.10 and the orthogonality relation (N +n|m) = dn+,,,, We obtain

Coret s )
<N|S|0>—ZW:gN§m (5.13)
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Comparing this result with the following series expansion for the Bessel function of the
first kind

o0 2 n
IR NN e/
In(2) = (z/2) Z; TP Y (5.14)
we finally obtain
Py =Jy(2]g])? (5.15)

Therefore, the probability of energy gain or loss is given in the form of Bessel functions of
different order [91].

Propagation after interaction and Wigner function The propagation of the electron
wavefunction after interaction with the optical near-field can be described in terms of a
unitary evolution operator exp (—iHot /%), where Hy is again the free-electron Hamiltonian.
Let yp (¢) be the wavefunction in momentum representation and p the electron momentum

in the laboratory frame. The unitary evolution is then given by

wp (1) = e Ertlhy, (0) (5.16)

where E, = c\/(mc)2 + p? is the relativistic energy and m is the electron rest mass. In
practice, the electron momenta p after the interaction are all very close to the initial
(relativistic) electron momentum ymyv, where v and 7y are the initial electron velocity and
the Lorentz contraction factor, respectively. For that reason, it is convenient to use ‘shifted’
momenta defined as p’ = p—ymv.

During the free propagation, the momentum distribution | p (1))* remains unchanged
because the unitary action only changes phases of the probability amplitudes yp (0). In
contrast to the momentum distribution, the spatial density distribution will vary in time
during the propagation. In a ‘shifted’ laboratory frame, the spatial representation of the

wavefunction is given by the Fourier transformation

1 ,
Y(z—vtt)= oy /elpz/hl//p (r)dp (5.17)
V4
where y/p () is normalized to unity and z — vt is the shifted spatial coordinate. Figure 5.3a
in the main text presents a computation of the probability density versus the arrival time

of the wavepacket in a given plane as a function of the propagation distance between the
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interaction region and this plane.

The Wigner function of the quantum state (Fig. 5.3b in the main text) is given by

17 |
W(z=vi,p,t)=— / Upig (g (D4 dg (5.18)

It gives a phase space representation of the quantum state [104] and illustrates

the propagation-induced pulse compression.

5.4.6 Numerical calculations

In order to elucidate the importance of a spatially narrow probing beam and a temporally
stretched near-field excitation for the observation of multilevel Rabi oscillations, we per-
formed numerical calculations to quantitatively characterize the influence of an incoherent
averaging over (temporally and spatially) varying transition probabilities Py (r 1 ,t), where
t is the electron arrival time and r its position vector in the sample plane (perpendicular
to the beam direction). In a different context, that is, in the description of laser-electron
cross-correlations, similar computations were carried out in refs [98] and [91].

In a simplified geometry, the nanotip is modelled as a straight cylinder of a radius
corresponding to that of the tip at the probing position (» = 1 um), for which the scattered
electric field can be analytically calculated within Mie theory [269]. The field enhancement
at the surface of the tip shaft is about 1.4. In the approximated geometry, we obtain a
Fourier amplitude of the scattered field of % ~ 80.3 V~'nm (normalized to the incident
field Fjyc), in the same order of magnitude as in the experiments, and exponentially
depending on the distance to the surface with a radial decay length of approximately 90nm.

In Extended Data Fig. 5.8a, we study the effect of spatial and temporal averaging on the
visibility of the Rabi oscillations by averaging over a disk-shaped beam and a Gaussian
temporal distribution of different widths. The upper and lower graphs show the influence
of a finite probing area and a reduction of the duration of sample excitation, respectively.
Both for larger electron beam widths as well as shorter laser pulses driving the optical near-
field, the Rabi oscillations exhibit weaker modulation and become substantially damped.
Therefore, for the experimental electron pulse width of about 800fs and a field decay of
90nm, a probe radius around 10nm and a near-field duration of 3.4 ps as in the experiments

(black lines) allow for the observation of strongly modulated Rabi oscillations. For these
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Figure 5.8: Influence of spatial and temporal averaging. a, Effect of electron beam size (top) and
laser pulse duration (bottom) on the visibility of the Rabi oscillations in the order |[N| = 1. For
increasing electron beam size and decreasing laser pulse duration, the modulations are strongly
damped. The black curves correspond to the experimental situation. b, Occupation probabilities
of multiple spectral sidebands. Solid lines, Nth-order Bessel functions. Dashed lines, numerical
calculations accounting for temporal and spatial averaging in the experiments.

experimental parameters, the sideband populations closely follow the analytical Bessel
function dependence with minor deviations at higher fields (compare Extended Data Fig.
5.8b).

As shown in the main text, the sinusoidal phase modulation of the electron wavefunction
by the interaction with the optical near-field leads to the formation of an attosecond pulse
train after a certain distance of free propagation behind the interaction region. In the
experiments, the electron pulse consists of a partially coherent ensemble of electrons,
and we investigate here the robustness of the attosecond pulse train generation to an
incoherent averaging over different coupling constants g and wavefunction evolutions
with fluctuating initial energies. We find that an initial kinetic energy spread below the
photon energy is fully sufficient for the formation of a clear attosecond pulse structure.
Specifically, Extended Data Fig. 5.9 presents evolution maps of the electron pulse structure
as a function of propagation distance, incoherently averaging simulations of pure states
with an initial kinetic energy width of 0.1eV each. In Extended Data Fig. 5.9a, b, the
electron density is incoherently averaged over a range of kinetic energies AE = 0.7eV and
2.1eV, respectively. At a range of 0.7¢€V, the resulting electron density peak is practically
indistinguishable from the ideal case of a pure state with 0.1eV width (solid black line

in Extended Data Fig. 5.9¢). With increasing spread of the incoherent average, the peak
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Figure 5.9: Robustness of attosecond pulse train generation. The influence of the electron beam’s
initial energy spread and lateral size on the temporal peak width of the generated pulse train are
shown in the upper and lower rows, respectively. a—d, Evolution of the electron density as a
function of propagation distance after the interaction with the optical near- field, incoherently
averaged over the initial kinetic energy distribution (a, b) or the finite probing-area of the electron
beam (c, d). A corresponding line profile at the propagation distance where the electron density
peaks are at their maximum and form an attosecond pulse train is shown in e and f. For the
experimental parameters used in this work (energy spread AE = 0.7¢V FWHM and electron
beam radius » = 10nm), the peak width remains nearly unchanged as compared to the ideal (not
averaged) case.

begins to smear out, although its duration in the temporal focus is not notably enlarged

even for a kinetic energy spread of 2.1€V, three times larger than in the experiment.

An incoherent average over different coupling constants g experienced by the electrons
within the electron beam area (lower row) has a different effect: for a small probing
radius of 10nm and a decay length of the coupling constant as used above, the peak width
is not affected, but the depth of the temporal focus is broadened (Extended Data Fig.
5.9¢). Increasing the probing radius to 50nm (Extended Data Fig. 5.9d), that is, to a
size substantially larger than in the experiment, the amplitude of the side lobes grows
to ultimately affect the attosecond temporal resolution. In conclusion, the stability to
perturbations in the coupling constant and the initial kinetic energy spread demonstrates

that attosecond train generation will be observable under the given experimental conditions.
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Chapter 6

Nanoscale diffractive probing of strain dynamics in
ultrafast transmission electron microscopy

A. Feist, N. Rubiano da Silva, W. Liang, C. Ropers and S. Schéfer
Struct. Dyn. §, pp. 14302, January 2018
DOI: 10.1063/1.5009822

The control of optically driven high-frequency strain waves in nanostructured
systems is an essential ingredient for the further development of nanophononics.
However, broadly applicable experimental means to quantitatively map such struc-
tural distortion on their intrinsic ultrafast time and nanometer length scales are
still lacking. Here, we introduce ultrafast convergent beam electron diffraction
with a nanoscale probe beam for the quantitative retrieval of the time-dependent
local deformation gradient tensor. We demonstrate its capabilities by investigating
the ultrafast acoustic deformations close to the edge of a single-crystalline graphite
membrane. Tracking the structural distortion with a 28-nm/700-fs spatio-temporal
resolution, we observe an acoustic membrane breathing mode with spatially mod-
ulated amplitude, governed by the optical near field structure at the membrane
edge. Furthermore, an in-plane polarized acoustic shock wave is launched at the
membrane edge, which triggers secondary acoustic shear waves with a pronounced
spatio-temporal dependency. The experimental findings are compared to numerical
acoustic wave simulations in the continuous medium limit, highlighting the impor-

tance of microscopic dissipation mechanisms and ballistic transport channels.
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6.1 Introduction

Controlling confined phononic modes in the giga- to terahertz frequency range offers new
approaches to steer the flow of heat in nanoscale structures [270] with a broad field of
potential applications, ranging from advanced thermoelectric devices [271] to the heat
management in dense semiconductor circuits [272]. Furthermore, coupled to tailored light
fields, phononic modes with mega- to gigahertz resonance frequencies already developed
into essential building blocks in nanometrology [273, 274].

Nanophononics based on tailored multilayer structures has made great progress in re-
cent years, achieving, for example, phonon filtering [275] and phonon amplification
[276]. Beyond layered systems, three-dimensionally nanostructured materials facili-
tate thermally rectifying behavior [277], highly efficient channeled thermal transport
across nanoscale vacuum gaps [278-280], enhanced light matter interactions in combined
phononic-photonic resonators [281], and phonon lasing [282, 283]. Optical methodologies,
such as ultrafast optical spectroscopy [284] and Brillouin scattering [285-287], allowed
for experimental access to the spectral and temporal properties of nanophononic systems,
including resonance frequencies, dissipation times [79], and nonlinear couplings [288].
However, extracting quantitative information on the structural distortion in nanophononic
structures often requires elaborate theoretical modeling. Knowledge of the strain field is
essential for tailoring the interaction between phononic fields and other degrees of freedom,
such as the coupling of lattice distortions to the electronic [180] and magnetic [289, 290]
subsystems, interaction with confined light fields [281], and phase-transitions driven by
acoustic [291] and optical [292] phonon fields.

In laterally homogenous samples, ultrafast electron [78, 116, 166, 174, 196, 293-296]
and X-ray [26, 177, 297-299] diffraction allows for quantitative access to collective tran-
sient lattice distortions. Extending these approaches to three-dimensionally nanostructured
geometries remains challenging, despite recent progress in ultrafast coherent diffractive
dark-field imaging [176, 300] utilizing intense X-ray pulses at free-electron laser facilities
[301]. In a table-top approach, ultrafast transmission electron microscopy (UTEM) [31-34,
188—192] provides a visualization of nanophononic modes by time-resolved bright-field
imaging [82—85], with first steps towards local diffractive probing [88, 89, 302]. However,
the full capabilities of conventional transmission electron microscopy [43, 67-69, 303—
305] for the quantitative mapping of strain fields have not been harnessed in UTEM.

Here, we demonstrate the quantitative nanoscale probing of optically triggered ultrafast
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strain dynamics in UTEM, employing ultrashort electron pulses in convergent beam
electron diffraction (CBED). We achieve a quantitative three-dimensional spatio-temporal
reconstruction of the ultrafast lattice distortions in nanoscopic volumes close to the edge
of a single crystalline graphite membrane. High-amplitude coherent expansional and shear
acoustic waves are launched at the symmetry-breaking sample boundaries, and we track

their ballistic propagation and dephasing on nanometer length scales.

6.2 Ultrafast convergent beam electron diffraction

In the experiments, we generate low-emittance ultrashort electron pulses by localized
photoemission from a tip-shaped field emitter [33, 34, 140]. The femtosecond electron
pulses are accelerated to an electron energy of 120keV, coupled into the electron optics
of a transmission electron microscope and tightly focused (28-nm focal spot size) onto
a 120-nm thick graphite membrane. For varying probing positions relative to the edge
of the membrane, electron diffraction patterns are detected in the far-field [Fig. 6.1(a)].
The sample is optically excited by femtosecond laser pulses focused to a 50-um focal spot
diameter (centered at the graphite edge, 800-nm central wavelength, 50-fs pulse duration,
16-mJ/cm? fluence). Inhomogeneous structural dynamics are induced on length scales
much smaller than the optical focal spot size due to the broken translation symmetry at the
nearby sample edge. At an adjustable delay time At relative to the electron pulse arrival,
local structural dynamics are stroboscopically mapped at the electron focal spot position.
See Supplementary material for further details on the experimental setup and the graphite
sample system.

Figure 6.1(b) displays a typical ultrafast large-angle convergent beam electron diffraction
pattern recorded with femtosecond electron pulses before optical excitation (At < 0). In
the pattern, the central intense disc-like feature represents the angular distribution of the
illuminating electron pulses. Bragg scattering conditions for the graphite lattice planes
(hkl) are fulfilled along specific lines in momentum space [38]. At their intersection with
the central disc, efficient scattering occurs, forming deficit intensity lines within the disc,
and excess lines, which are radially displaced by Bragg angles 6y [Figs. 6.1(e) and 6.1(f)].

The angular displacement of each line encodes the length and orientation of a specific
reciprocal lattice vector Gpy; and the scattering efficiency encodes the corrugation of the
scattering potential [43, 306]. Thereby, U-CBED gives access to the ultrafast temporal
change of local lattice periodicities dj; and atomic mean-square displacements <u2>
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(supplementary material, SI 6.8.4). The broad angular range of the incident electron beam
(50 mrad full convergence angle) and the chosen sample orientation enable the simultaneous
observation of multiple independent Bragg scattering conditions and the corresponding
rocking curves [64], providing direct experimental access to the local structural distortion
and its temporal evolution.

After optical excitation, we observe pronounced delay-dependent radial Bragg line shifts
A6 (by up to 6mrad) in the CBED pattern. For a series of delay-dependent diffraction
patterns, see supplementary material movies, M1 and M2. The induced strain dynamics
results in no significant azimuthal rotation of Bragg lines for the chosen sample orientation.
In the following, we therefore consider the transient changes of Bragg line profiles, obtained
by integrating the diffracted intensity along the individual line directions.

In Fig. 6.2, we show the delay-dependent profiles of selected excess Bragg lines for two
different probing positions. With the electron focal spot placed at a distance of r = 500nm
from the edge of the graphite membrane [Fig. 6.2(b)], the (422) and (321) lines display a
strong multifrequency oscillatory behavior of the average line position and a modulation of
the line profile, even including line splittings into multiple components. Other Bragg lines
show a different temporal characteristic [e.g., (240)] or only very weak overall changes
[e.g., (020)]. Remarkably, the recorded transient changes are strongly influenced by the
nearby membrane edge. In a continuous part of the film, a much simpler dynamic behavior
of the line profiles is observed, as is evident by comparing the transient (422) profiles in
Figs. 6.2(a) and 6.2(b).

6.3 Extracting the deformation gradient tensor

Disentangling the complex structural dynamics encoded in the ultrafast Bragg line shifts
requires a quantitative description of the CBED pattern and its dependence on the distortion
of the graphite film. Microscopically, the evolution of the local structural deformation of
the membrane is described by the time-dependent tensor field of the deformation gradient
F(r,At) = € + w + I3, which can be decomposed into a symmetric strain tensor & and an
antisymmetric rotation tensor w (I3: unit tensor) [43].

Calculating the position of deficit and excess Bragg lines in the CBED pattern requires

an adequate description of the Bragg scattering conditions in reciprocal space, which we
T
derive from the graphite unit cell [307] defined by a; = a [1,O,O]T, a=a [1 /2, V3 / 2,0] ,
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Figure 6.1: Ultrafast convergent beam electron diffraction on single crystalline graphite. (a) Local
diffractive probing of optically induced (50-um laser focal spot size) inhomogeneous structural
dynamics in a single crystalline graphite membrane (background image: overview bright field
electron micrograph). (b) CBED pattern before optical excitation (exemplary probing position:
500-nm distance to crystal edge). For better visibility of diffraction lines at high scattering angles,
the fourth root of the electron intensity / is shown. (c) Experimental geometry of nanoscale
probing at the graphite edge. A sharply focused electron beam (28-nm electron focal spot
size) maps the local structural dynamics at a variable distance r relative to the edge. Optical
interference leads to a slight variation of the excitation profile (sketched in the background). (d)
Orientation of in-plane graphite unit cell in real and momentum space with the corresponding
coordinate system (orientation of the crystal edge is indicated). () Bragg scattering from lattice
planes (hkl) results in electron momentum change Ak = Gy;, forming deficit and excess lines in
the diffraction pattern. (f) Calculated deficit (white) and excess (black, red) Bragg line positions
for the employed sample orientation. For selected Bragg lines, the corresponding Miller indices

are given.
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90

Bragg lines for probing (a) within a continuous part of the membrane and (b) close to the graphite
membrane edge (500-nm relative distance).



6.3 Extracting the deformation gradient tensor

a3 =c[0,0, I]T, with lattice constants @ = 2.46 A and ¢ = 6.71 A. To account for an arbitrary
sample orientation, the real space basis, represented by the matrix B, = [ajasa3] in the
three-dimensional coordinate system (x, y, and z), is rotated [see Fig. 6.1(a)] by applying
a matrix R = Rz (y) Ry (8) Rx (@), with rotation matrices Ry y 7 around a laboratory-fixed
coordinate system, X, Y, and Z axes, respectively. Taking the planar sample orientation into
account, the angles @ and 8 correspond to the angular degrees-of-freedom of the double-tilt
sample holder, and v is related to the azimuthal orientation of the graphite flake. The
reciprocal basis in the laboratory-fixed coordinate system is given by G, = (RB,)™!, so that
the reciprocal lattice vector with Miller indices &, k, and [ is expressed as G = Gy [A, k, [ ]T.
For scattered and incident wave vectors k and kg, allowed scattering conditions are obtained
from G2 + 2k - G = 0 by considering the Laue equation G = Ak = k — K (conservation
of momentum) and elastic scattering (G + ko)? = k2 (conservation of energy) [64]. In the
paraxial approximation, i.e., kox,koy < ko and ky,ky < k (for the optical axis chosen

along Z), the scattering conditions can be simplified to
~G?/2 = kxGx + kyGy + koG, (6.1)

which describes straight lines [kx,ky] in transverse k-space, for each reciprocal lat-
tice vector G. In CBED, the incidence electron spot covers a circular region in the
diffraction pattern, and, with the detector plane perpendicular to the optical axis, the
allowed scattering conditions are visible as deficit lines with a distance to the origin of
raeficit = (G?/2 = koGz) /4/G% + G and an inclination angle of tan(¢) = Gx/Gy.

The electrons are scattered into excess lines, which are displaced from the corresponding

deficit line by the projected radial scattering vectors [Gx,Gy]|, so that their radial distance

Texcess = T'deficit T v Gg( + GIZ/ (6.2)

Bragg line shifts are evaluated by considering changes in their center-of-mass. Addi-

becomes

tional broadening in the Bragg line profiles due to the inhomogeneous strain distributions
is analyzed in Sec. 6.6. For the current sample system, diffusively large-angle scattered
electrons only give a minor contribution to the diffraction intensity, so that only a few
Kikuchi lines are visible [e.g., the deficit (010) Kikuchi line].

Considering rotation angles [a,3,y] = [1.46°,8.05°,22.9°] of the graphite crystal and

an initial convergence angle of 25mrad (half angle), the precise position (radius and
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inclination) of deficit and excess Bragg lines in the diffractograms are reproduced, allowing
for an assignment of the indices &, k, and [ [cf. Fig. 6.1(f)] and further validating the use
of the paraxial approximation (all utilized scattering angles are smaller than 80 mrad from

the electron optical axis).

A time-dependent distortion of the unit cell can be described by applying the deformation
gradient tensor F (Ar) to the undistorted real-space basis of the graphite lattice B, (Ar) =
F(At)-B,. Extracting lattice deformations from CBED patterns is a well-established
procedure in electron microscopy with continuous beams [43, 308], which we now apply
to time-resolved diffraction data. Generally, the average unit cell deformation within the
electron beam probing volume (cf. Figs. 6.3 and 6.4) can be extracted by applying a
forward least squares regression analysis [73, 309], fitting the absolute change in Bragg
line positions Ar(jkj) = Fexcess,(hkl).exp — Texcess(hkl)calc (F) and inclination angles Ag(;i;) =
hki)exp = P(hkl)cale (F) of the most intense lines with the components of the tensor F as

free parameters

D (Arny )+ (Agan(F))* — min. (6.3)

hk,l hk,l

No change of the inclination angles @) exp 18 Observed, and we therefore adopt

A@niry = 0 in the fitting procedure.

In our experiment, the radial position of the excess Bragg lines exhibits a high sen-
sitivity to changes of the displacement field u along the Z direction, mainly related to

the components Fy; = (¢ +w),,, Fy; = (6 +w),,, and F,; = (¢ + w),, of the deformation

2
gradient tensor [310]. Adapting these tensor coinponents, we can quantitatively reproduce
the center-of-mass shift of the selected excess lines [cf. reconstructed line positions in
Fig. 6.3(c)]. We note that a pure membrane shear along the x-axis is described by a finite
value of Fy,; and F,, =0, so that Fy;/2 = &, + w,;. The full tensor F can in principle
be determined by additionally analyzing deficit Bragg lines [308, 309] and by recording

diffraction patterns along different crystal directions [310].

Generally, in electron diffraction, rocking curves can be strongly affected by multiple
scattering processes. However, for the deformation gradient tensor analysis, we only
evaluated Bragg lines with extinction lengths & > 420nm, which is significantly larger
than the membrane thickness, so that the influence of multiple scattering effects can be

neglected and kinematic scattering theory yields a good approximation.
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Figure 6.3: Time-dependent Bragg-line changes and dynamics of selected components of the
deformation gradient tensor. (a) Local probing of the mean unit cell deformations reveals two
dominating mechanical modes: an out-of-plane z-axis expansion and an acoustic shear-rotation
in the xz-plane. (b) Change in (452) Bragg-line intensity and square root of atomic mean square

displacement ./ <u2> in the in-plane direction after optical excitation for probing at the graphite
edge (red) and in a continuous part of the membrane (black). (c) Experimentally obtained
delay-dependent center-of-mass shift (black line) and reconstructed mean line position (colored
line, background) of the (422), (130), and (321) Bragg lines, probed at the graphite edge. (d)
and (e) Reconstructed z-axis expansion (d) and in-plane xz-shear-rotation (e) components (red:

membrane edge, black: continuous membrane) with respective Fourier analysis (inset, | Y (f)|:
Fourier amplitude).
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6.4 Local ultrafast structural dynamics

A quantitative analysis of the Bragg line shifts in Fig. 6.2 allows us to identify the complex
superposition of the acoustic lattice distortions involved in the optically driven dynamics
at a homogeneous part of the membrane and at its edge. The local distortion alters
the spacing and orientation of crystal lattice planes, resulting in characteristic shifts of
Bragg conditions in momentum space [Fig. 6.3(a)]. We extract the components of the
local deformation gradient tensor F for each delay time considering the center-of-mass
of multiple experimental Bragg line positions [selected traces shown in Fig. 6.3(c), see
supplementary material, SI 6.8.3).

The temporal evolution of the tensor F near the membrane edge is dominated by
two components F,;(At) = 1+¢&;; and Fy; (At) = (¢ + w),, [Figs. 6.3(d) and 6.3(e), red
curves], corresponding to an expansional strain along the graphite out-of-plane z-axis
[for the coordinate system, see Figs. 6.1(a) and 6.1(d)] and a shear-rotation in the xz-
plane (perpendicular to the membrane edge), respectively. Both deformations leave
the (0k0) lattice planes unchanged, consistent with the experimentally found negligible
transient changes of the (020) line profiles [cf. Fig. 6.2(b)]. Remarkably, the deformation
gradient tensor analysis disentangles the multi-frequency temporal behavior of individual
Bragg line shifts. The components &, and (¢ +w),, each exhibit damped oscillations
at a single frequency, with periods of Texpansion = 56.5 £ 1.6ps and Tshear.ror = 154 = 5ps
[central frequencies of 17.7 +0.5 and 6.5 +0.2 GHz, see Figs. 6.3(d) and 6.3(e)] for
the expansional and shear motion, respectively. Far from the membrane edge (150-um
distance), the optically induced deformation [Figs. 6.3(d) and 6.3(e), black curves] is
primarily governed by the expansional out-of-plane motion, and no significant amplitude
in the xz-component of F is observed.!

The periods of the expansional and shear-rotational distortion, Texpansion and Tshear-rot» are
given by the roundtrip time of the acoustic waves propagating between the two faces of the
membrane. The ratio Tshear-rot/Texpansion = 2.73 +0.16 is in excellent agreement with the rel-
ative magnitude of the corresponding longitudinal and transverse acoustic sound velocities
in single crystalline graphite v (LA[001]) /v (TA[001]) = (4140m/s) /(1480m/s) = 2.80
[311]. Furthermore, the periods 7' = 2/ /v yield a membrane thickness of / = 117 nm, which

"'We note that in the continuous film, a low amplitude (~ 1 x 10™#) yz-shear component, i.e., perpendicular
to the optical plane of incidence, is observed. Its excitation may be connected to Brillouin scattering processes
or additional symmetry-breaking mechanisms, such as anisotropic membrane pre-strain [285].
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matches the value of 120nm derived by evaluating the thickness fringes [38, 312] of the
(010) Bragg line.

At long delay times (At > 800ps), the oscillatory membrane expansion becomes
strongly damped, approaching an average graphite interlayer distance increase of about
1.5% at the membrane edge (continuous membrane: 0.9%). In order to compare these
strain values to a thermal expansion model, we extract the local temperatures from the
integrated diffracted intensity change of the (452) Bragg-line after optical excitation
[Fig. 6.3(b)]. For an equilibrated phonon distribution (A¢ > 100 ps), a thermal Debye-Waller
behavior is reached and we extract an optically induced temperature rise of AT¢on = 270K
at a continuous part of the membrane and ATeqee = 480K at the membrane edge, which
corresponds to thermal film expansions of 0.93% and 1.65%, respectively (see supplemen-
tary material, SI 6.8.4). Importantly, ultrafast CBED directly yields full transient rocking
curves, so that an acoustic lattice distortion (line shift) and a change in the atomic mean

square displacement (line intensity) can be distinguished.

At early delay times, a biexponential drop of diffracted intensity is observed, which is
attributed to the previously reported initial non-thermal phonon distribution after optical
excitation [75, 313, 314]. This delayed increase in atomic mean square displacement
is also reflected in a phase shift of the out-of-plane breathing oscillation. Specifically,
we observe the first maximum of g,, at 36 ps, corresponding to a considerable time lag
of about 7ps relative to a cosine-like transient. The quantitative relation between the
non-equilibrium atomic mean square displacement and the resulting stress in the in-plane
and out-of-plane directions requires further study, potentially contributing to elucidate the

complex hierarchy of energy dissipation in graphite [75, 294, 296, 313-318].

The out-of-plane expansional breathing modes, visible in &,,, are universal features
observed in laser excited thin films as a result of a transient stress gradient o (z) in the
depth of the film, with electronic and lattice contributions [76, 284, 294, 296, 319-322].
For the generation of shear modes, as mapped in F;, a symmetry breaking in the lateral
direction is required, such as in anisotropic or strained crystal lattices or by local light
fields [323-326]. In the following, we will further analyze the mechanism responsible for

the coherent generation of these acoustic shear wave components.
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6.5 Spatio-temporal strain mapping

In our sample geometry, the structural symmetry is locally broken on mesoscopic length
scales due to the presence of the membrane edge. Ultrafast CBED now allows for a
local mapping of the evolving deformation gradient tensor field and the sources of the
corresponding acoustic waves. To this end, we record time-resolved local diffraction
patterns with the focused electron pulses placed at varying distances r from the membrane
edge. Figure 6.4(a) exemplarily shows the angular shift of the (201) Bragg line as a
function of the delay time At and the probing position r, together with the extracted tensor
components &, (r,At) and Fy, (r,At) [Figs. 6.4(b) and 6.4(e)].

The expansional mode is observed at all probing positions with an equal phase. Its
amplitude is spatially modulated and in particular at r = 500nm is increased by about 70%
compared to the value found at a larger distance from the graphite edge. This ratio agrees
well with the larger temperature rise at this probing position, as observed by the transient
Debye-Waller behavior [see Fig. 6.3(b)]. The locally increased sample excitation can be
attributed to an interference pattern formed by the optical excitation close to the membrane
edge, which is also observable in optically driven inelastic electron scattering, utilizing
scanning photon-induced near-field electron microscopy (S-PINEM) [34, 90, 99, 261]
[Fig. 6.4(d), supplementary material, SI 6.8.6].

In contrast to the film breathing mode, the shear-rotation component Fy, shown in
Fig. 6.4(e) exhibits a pronounced spatial dependence. In particular, the onset time of F,;
scales linearly with the distance from the membrane edge, with a slope corresponding to a
phase velocity of 22km/s.

To further analyze the peculiar spatio-temporal strain dynamics, we numerically solve
the elastodynamic wave equation for our sample geometry, considering a thermal stress
model, a laterally homogeneous sample excitation profile, and graphite bulk properties
for the elasticity tensor. The temperature field is obtained by taking into account the
inhomogeneously deposited optical excitation and the graphite heat capacity [327]. In
addition, diffusional heat transport was included in the model using an anisotropic heat
conductivity [327]. For further details on the numerical simulations, see Supplementary
material.

For the &, (r,At) component, we obtain an r-independent temporal evolution [Fig. 6.4(c),
top], in agreement with the breathing mode of a continuous membrane. In addition,

optical excitation results in an in-plane thermal stress o, of the graphite lattice, which
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Figure 6.4: Spatio-temporal mapping of near-edge strain dynamics in single crystalline graphite.
(a) Mean shift of the (201) Bragg-line as a function of time delay and probing position (recorded
at a reduced optical fluence compared to the nonspatially resolved CBED data). Extracted
z-axis expansion (b) and in-plane shear-rotation (e) retrieved by evaluating the shift of several
Bragg lines. (c) Numerical finite-element simulation of the &, (r,At), exx (r,At), and &y, (r,At)
strain tensor components (absorbed energy density adopted to match experimental g,, strain
amplitude), illustrating the out-of-plane expansion and the in-plane propagating shock wave
within 30ps after optical excitation. (d) Characterization of the optical near-field structure by
scanning photon-induced near-field electron microscopy (S-PINEM), with an optical incidence
angle of about 39°.

launches an expansional shock wave in &, (r,Ar) from the membrane edge [Fig. 6.4(c),
center], propagating perpendicular to the edge with the longitudinal in-plane sound velocity
v(LA[100]) = 22.16km/s [311]. Due to the optical excitation profile, the expansional
in-plane shock wave is localized to the top of the membrane and thereby induces shearing
of the thin film sample. The ultrafast]150-Im build-up of shear strain at the top initiates the
shear wave travelling back and forth between the membrane faces.” This model readily
explains the local excitation of the experimentally observed shear wave with its onset time

scaling linear with the distance to the graphite edge.

20n longer timescales, not considered here, membrane bending modes become excited [83].
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6.6 Transient Bragg line profiles

Up to here, Bragg line shifts in scanning U-CBED yielded a spatio-temporal map of
the lateral structural distortion of the photo-excited graphite membrane. In addition, rich
experimental information on the inhomogeneous strain within the depth of the membrane is
contained in the profiles of the Bragg lines, which we analyze in the following. Within kine-
matic scattering theory, a strained crystal imprints a phase modulation onto the diffracted
electron wavefront [69, 176], resulting in a CBED profile well described by

2

1(AG-|Gpu]) o ‘T (eithl'“<Z>) 6.4)

in which A6 is the change in diffraction angle (relative to the Bragg angle 6g), G
the corresponding reciprocal lattice vector, u(z) the atomic displacement field, and 7
the Fourier transformation along the graphite z-axis. The corresponding deformation
gradient tensor F is given (for small deformations, as relevant here) by the gradient of the
displacement field, i.e., F =I5 + Vu. Notably, the line profiles depend on the projection
G -u(z) [Eq. (6.4)], so that the cross sections for individual Bragg conditions are
sensitive to different components of the displacement vector field and thereby to the

polarization of the involved phonon modes.

In Fig. 6.5, we exemplarily compare the experimental time-dependent (422) line profiles
at the membrane edge and in the continuous film with predicted profiles according to Eq.
(6.4), utilizing the numerically simulated displacement fields. For the continuous part of
the graphite film, a periodic change of the Bragg line width is observed (with a period
Texpansion/2), which is well reproduced within the numerical strain model [Figs. 6.5(a)
and 6.5(c), left panel]. Approximately at delay times of maximum film expansion and
compression, sharp Bragg lines are obtained due to the intermediate nearly homogeneous
&, strain distribution within the film, as, for example, visible in Fig. 6.4(c) at Ar = 30ps.
The slight time lag between Bragg line shift and line broadening as well as their relative
amplitude sensitively depends on the optical excitation depth and the resulting transient
stress profile. In particular, the experimental width of the Bragg line profiles cannot be
reproduced if one considers the optical penetration depth in graphite of op = 36 nm (Ref.
[328]) alone. Instead, a good agreement is obtained for an excitation depth spatially
spread to about 90nm (see supplementary material, SI 6.8.5), which may be caused by fast

interlayer electron or ballistic phonon transport [329, 330]. Furthermore, the asymmetry at
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Figure 6.5: Dynamics of the (422) Bragg line profile. Extracted time-dependent cross-sections of
the (422) line in (a) a continuous part of the membrane and (b) close to the graphite edge (500-nm
distance) compared to calculated line profiles with displacement fields derived from numerical
simulations. (c) Normalized line profiles (left-hand axis) at specific time delays (right-hand axis),
with mean line position indicated in gray.

the crests of the oscillatory Bragg line movement is reproduced well in the simulations
by adopting an 8-ps coupling time of the initial excitation to the experimentally detected
coherent out-of-plane motion, similar to the time constant observed for the increase of the

in-plane atomic mean square displacement [75, 313, 314].

For the strain dynamics induced at the membrane edge, the more complex behavior of
Bragg line profiles [Figs. 6.5(b) and 6.5(c), right panel] is a result of the superposition of
expansion and shear deformation, resulting in different projections of the displacement
field u(z) onto reciprocal lattice vectors Gy [cf. Eq. (6.4)]. The main features of the
experimental line shapes are regained in the numerical strain simulation, including the
decreasing intensity maximum after Az = 0 with a pronounced line sub-structure between
23 and 60ps [Fig. 6.5(b)]. In addition, also the general experimental trend of partial line
re-focusing between 60 and 90ps and increased broadening between 90 and 140ps is
found in the simulation. Microscopically, the line shapes sensitively depend on the relative
amplitudes and phases of the expansional and shear wave modes, allowing for a sensitive
mapping of nanophononic strain fields. The remaining difference between the experimental
and simulated line profiles may indicate the break-down of classical continuum mechanics
at the length and time scales considered here. Further developments are required to properly

account for the impact of the initial non-thermal phonon distribution and mode specific

99



Chapter 6 Nanoscale diffractive probing of strain dynamics in ultrafast ...

phonon-phonon interactions on ultrafast transport processes and the transient local lattice

stress, particularly relevant for the nanoscale geometries considered here.

6.7 Conclusion

We demonstrated the quantitative mapping of a time-dependent structural distortion in a
nanoscale geometry, utilizing ultrafast convergent beam diffraction with a raster-scanned
ultrashort electron probe. Our technique is applicable to a wide variety of locally structured
thin-film sample systems. In particular, we believe that U-CBED opens a new avenue
for achieving a quantitative description of ultrafast processes relevant in nanophononic
devices, potentially allowing for a precise tailoring of nanostructure and function. With the
temporal resolution demonstrated here, U-CBED is also capable of imaging phonon modes
up to the terahertz regime, which will enable us to address the flow of thermal energy on
its intrinsic time and length scales. Such capabilities may help to unravel the influence
of local dissipation channels in complex materials, transport processes across designed

interfaces, and nonlinear phononic interactions.

6.8 Supplementary material

See supplementary material for details on the experimental setup (SI 6.8.1), sample
preparation (SI 6.8.2), data collection and analysis (SI 6.8.3), Debye Waller analysis (SI
6.8.4), numerical simulations (SI 6.8.5), and near field characterization (SI 6.8.6) (PDF).
Movie showing delay-dependent change in CBED intensity (difference pattern) probed in
a continuous part of the membrane (M 1) and close to its edge (M 2) (AVI).

6.8.1 Ultrafast convergent beam electron diffraction (U-CBED)

In ultrafast transmission electron microscopy (UTEM), the transient state of an optically
excited sample is probed by ultrashort electron pulses. The broad imaging, diffraction
and spectroscopy capabilities of state-of-the-art TEM give access to ultrafast dynamics in
different degrees-of-freedoms [32, 33, 37].

The Gottingen UTEM instrument is based on a field emission TEM (JEOL JEM-
2100F), which we modified to allow for optical sample excitation and femtosecond

electron pulse generation from a laser-driven photocathode. In our photoelectron gun
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Figure 6.6: Experimental setup. Femtosecond optical pulses from a Ti:sapphire amplified laser
system (800-nm central wavelength, 50-fs pulse duration, 250-kHz repetition rate) are split
in two optical paths. The first beam is frequency-doubled and focused (4.1-nJ pulse energy,
~0.3-mJ/cm? fluence) on the nanoscopic tip emitter for the generation of ultrashort electron
pulses. The second beam is attenuated and focused (320-nJ pulse energy, 16.2-mJ/cm? fluence,
50-um focal spot size, p-polarized, 47° angle of incidence relative to the sample) with a relative
timing set by a mechanical delay stage (see Ref. [33] for more details). The projection system of
the TEM is used to record images in real and reciprocal space, as well as electron energy loss
spectra with an additional spectrometer.

approach, we make use of localized single-photon photoemission from the apex of a
Schottky-type ZrO/W field-emission tip at an optical wavelength of 400nm, yielding
low-emittance electron pulses (focus diameter down to 9 A , pulse duration down to 200fs
(full-width-at-half-maximum (FWHM)), energy width of 0.6eV in the space-charge free
regime) [33].

In the current experiment, the photoelectron gun was operated in a high transmission
mode [33] at a 250-kHz repetition rate and an acceleration potential of 120kV. At the
sample position, the electron beam was focused with a full convergence angle of 50 mrad
(200-um condenser aperture) to a focal spot of 28 nm in diameter (spot size limited by
spherical aberration of the objective lens, spherical aberration coefficient Cs = 1.4 mm,
focal length f = 2.7mm), exhibiting a pulse duration of 700fs (FWHM). The probing

position on the sample can be varied with nanometer accuracy using the magnetic deflector
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coils above the objective lens. For optical excitation, p-polarized 50-fs laser pulses
were focused onto the sample at an angle of 47° with respect to the membrane surface.
Convergent beam diffraction patterns were recorded on a calibrated charge-coupled device
(Gatan Ultrascan 4000), binned to 1024 x 1024 pixels (0.062 1 /nm per pixel momentum

resolution) with an effective projection camera length of 28.7 cm.

6.8.2 Sample

The single crystalline membrane was prepared by mechanically cleaving a graphite mineral
crystal (vendor: Naturally Graphite), resulting in 100-um scale sample regions with
homogeneous thickness. The graphite flake was supported on a copper grid (square 200
mesh, open areas of 114 x 114um?).

For the probing position close to the graphite edge, we measure a membrane thickness of
120nm by evaluating the CBED interference fringes recorded with a continuous electron
beam [38, 312]. Near-edge structural dynamics were acquired at a part of the membrane,
in which the cleaving process produced a straight edge oriented along the [120]-direction,
i.e. in an armchair-type configuration [331].

For the time-resolved CBED experiments, the specimen was rotated by about 8° around
the graphite y-axis and 1° around its x-axis (sample coordinate system, cf. Fig. 6.1d).
Hereby, a set of Bragg lines (hkl) is obtained, which yields a high sensitivity to acoustic
waves with in-plane polarization parallel and perpendicular to the graphite edge, as well as
out-of-plane polarizations. Precise angular alignment was regularly checked by comparing

Bragg line positions to numerically calculated diffraction patterns.

6.8.3 Data collection & analysis

All diffractograms were integrated for Ss, typically containing about 2.5—3.5 - 10° electrons.
The delay time scans (Figs. 6.1-6.3, 6.5) consisted of 489 steps (75 min measurement time
each) and were repeated multiple times (continuous membrane: 10 repetitions, close to
the edge: 3 repetitions). For the spatio-temporal map at the graphite edge (Fig. 6.4) the
electron focal spot was shifted perpendicular to the graphite edge (41 spatial probing
positions) for each individual delay time (159 time steps), resulting in a measurement time
of about 16h.

After normalization to the total number of electrons in each image and flat-field correc-

tion for residual aberrations, rectangular regions of interest (ROI) are defined, with one
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Figure 6.7: Evaluation of the diffraction data. (a) Raw image with indicated region of interest
for a specific Bragg line. (b) Extracted line profile from raw data as function of time delay. (c)
Removal of global background from delay-time integrated intensity of (b) (after normalization
to the total number of electron per image). (d) Time dependent line-profiles after background
removal and median filtering (along r-axis). (e) Exemplary line profiles (solid) with Lorentzian
fit (dashed). Non-broadened profiles (e.g. At = Ops, blue) can be approximated by a Lorentzian
function, while center-of-mass and standard deviation analysis are crucial for inhomogeneously
broadened lines (e.g. At = 40ps, red)

edge parallel to the respective Bragg line (hkl) (cf. Fig. 6.7a). For each time step, a line
profile is extracted (Fig. 6.7b) by rotating the image parallel to the respective line and
integrating the intensity within the ROI along the line direction. For each ROI, a delay-time
averaged quadratic background is subtracted (Fig. 6.7¢c,d). Amplitude, position and width
of the Bragg lines are either extracted by a Lorentzian fit (Fig. 6.7e, applied for weakly
broadened line profiles, e.g. (020), and for all lines at low optical excitation density), or
by calculating the center of mass and standard deviation (non-Lorentzian line shapes, e.g.

(422) for a high excitation density).

6.8.4 Debye Waller analysis

In order to extract the optically induced temperature rise of the graphite membrane, we
analyzed the decrease of the integrated diffraction intensity / within the (452) Bragg line
(Fig. 6.3b). At late delay times, a quasi-equilibrium phonon temperature is established,
resulting in a nearly constant intensity drop of 41% at the edge and 25% in the continuous
film, respectively (Fig. 6.8a,b). Membrane cooling occurs on nanosecond to microsecond
time scales, and is not observed in the temporal window considered here.

For thermalized phonon distributions, the relative intensity decrease I (To + AT) /1 (T)
at temperatures Ty and Ty + AT is given by exp (2(W (Ty) — W (T))), in which W (T) is the
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Debye—Waller factor. In the Debye model W (T') can be expressed as [332]

Op/T
(u})G*  3m2G* |1 (T \? s
W(T) =L = i) [ —2—a 6.5
D= = 3o 4+(9D) /exp(s)—l ’ (63)
0

where <u12> is the atomic means square displacement, m is the atomic mass of carbon, kg
the Boltzmann constant, 7 the reduced Planck constant and 6p the Debye temperature. For
the chosen Bragg condition, the intensity decrease is dominated by thermal in-plane vibra-
tions (®p = Op, in-plane = 1300K") [332], resulting in an approximately linear temperature
dependence for the relevant temperature range (Fig. 6.8c). The total drop of diffracted
intensity at later delay times (Az > 100ps) corresponds to a laser induced increase of the
lattice temperature from 7y = 300K to about AT¢qee = 480K at the edge and ATcon = 270K

in the continuous film, respectively.

As a cross check, we estimate the optically induced temperature increase from the known
material constants and the incident pump fluence. Specifically, for an optical reflectivity
of 25% (p-polarized, 47° incidence angle), we obtain an absorbed fluence of 8.4 mJ/cm?,
resulting in a temperature increase in the continuous part of the membrane ATy of 225K
— 450K, depending on the base temperature of the membrane (300K — 800K). We note
that at the employed laser repetition rate, an increase of the membrane base temperature is
expected, depending on the thermal contact between the graphite flake and the supporting
copper grid.

In our experimental data, we can directly quantify the increase in atomic mean square
displacement in the in-plane direction, by extracting the temporal change of overall
diffraction intensity into a specific Bragg line, as shown in Fig. 6.3b. For early delay times, a
biexponential decay behavior with time constants of 7; = 850(800) fs and 7, = 14.6(14.9) ps
is observed at the membrane edge (continuous membrane). The extracted time scale of
the fast component represents an upper bound, due to the convolution of the intrinsic
dynamics with the 700-fs electron pulse duration (FWHM). This biexponential behavior
was previously attributed to the thermalization of a non-equilibrium phonon distribution
[75, 313, 314] generated by the ultrafast decay of strongly coupled optical phonons
(SCOPs) [75, 294, 313-316].

Considering the out-of-plane thermal expansion coefficient of graphite
@ =29-107°1/K [333], the observed change in interlayer spacing of 0.9% in the
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Figure 6.8: Intensity change of the (452) Bragg line. After ultrashort excitation with an illuminating
fluence of 16.2mJ/cm?, the scattering efficiency of the (452) Bragg line decreases in a bi-
exponential behavior both at the edge (a) and in the continuous film (b). Time constants 7
and 7, obtained from bi-exponential fit. Ratio of fast/slow component relative to the overall
intensity drop Al given in parenthesis. The different magnitudes of the overall drop (a) at the
edge (41.1%) and (b) in the continuous film (24.5%) reflects the difference in local temperature.
(c) The scattering intensity for the (452) Bragg line drops with an increase of equilibrium
lattice temperature after laser heating of the graphite membrane (considering the in-plane Debye
temperature).

continuous part of the membrane and 1.5% close to its edge correspond to a temperature in-
crease of ~ 310K and ~ 520K respectively, in reasonable agreement with the temperatures

extracted from the Debye-Waller analysis.

6.8.5 Numerical simulation of graphite thin film lattice dynamics

To complement our experiments, we calculate quantitative Bragg line profiles from the
inhomogeneous strain distributions derived from numerical simulations (Figs. 6.4c and
6.5a,b, right panel). To this end, we solve the elastodynamic wave equation in a 2D finite
element simulation (COMSOL Multiphysics 5.3, simulated slab size of 117nm X 8 um) in
response to an optically induced thermal stress o (x,2,t) = Aleg (x,2,1) - 2 Cijrrakk [324],

considering graphite bulk properties for the elasticity tensor C [311], aknd the diagonal
components of the thermal expansion tensor @,y yy,.; = [1,1,29]- 107°K [333].

For the time-dependent temperature distribution, we include the initially inhomoge-
neously absorbed optical energy density and subsequent heat diffusion [327]. From the
resulting time- and position-dependent, three-dimensional displacement field u(x,z,?),
we calculate the diffraction rocking curve of a specific Bragg scattering condition (hkl),
according to Eq. 6.4 in the main text (cf. Ref. [69, 176]).

In a first model for the temperature field T.¢ (x,z,t), we utilized the depth-dependent

absorbed optical power Q(z,¢) in the membrane, including the optical absorption length of
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graphite (6p = 36 nm) [328] at the employed wavelength and incidence angle, and Fabry-
Perot interference at the membrane faces. To phenomenologically model the coupling
time between initial optical excitation and out-of-plane expansional motion, we assumed
Q x exp(—t/1), with 7 = 8 ps. While this model generally reproduces the overall Bragg
line displacements (observed in the continuous membrane) as well as the asymmetry at
the crests of the Bragg line oscillations, the line splitting is largely overestimated. A good
match with the experimental profiles is obtained, when spreading the optically excitation
Q to about 90nm within the depth of the film (Fig. 6.5a). A possible mechanism is the fast
ballistic transfer of heat, in qualitative agreement with theoretical predictions [329] and
experimental findings [330] for the thermal phonon mean-free-path at room temperature
along the out-of-plane direction in the 100-nm range. We note, that such a process also
contains a temporal component governed by the group velocity of thermal phonons in the
out-of-plane direction, which warrants further studies.

In addition, using a thermal stress model, a good agreement with the experimental
line splittings at the membrane edge is also found (Fig. 6.5b). To account for the lateral
inhomogeneous optical excitation field, we scaled the strain tensor components to match
the experimental amplitude of the expansional and shear mode at the edge. A better
fit to the experimental profiles is found, if adopting a shorter optical excitation depth
of 36nm and a coupling time 7 = 1ps for the in-plane component of the displacement
field, suggesting a strong mode-specificity of the Griineisen parameter [322] for the early

non-equilibrium phonon distribution.

6.8.6 Characterization of the optical near-field structure at the graphite edge

In order to connect the experimentally observed, laterally inhomogeneous strain &;, to
the optical near-field at edge, we characterize the local optical field distribution at time
zero (Fig. 6.4d) by a scanning variant [34, 261] of photon induced near-field electron
microscopy (PINEM) [34, 90, 91, 98, 99]. This technique gives access to a specific spatial
Fourier component of the optical field component E, along the propagation direction of
the electron beam, which is quantified by a coupling constant |g|, serving as a measure for
the nanoscale structure of the scattered light field at the sample. Specifically, with focused
electron probe pulses, we record electron energy spectra at a varying distance from the
membrane edge (cf. Fig. 6.9a). Under optical illumination (800-nm central wavelength,

dispersively stretched 3.4-ps optical pulse duration) and at Ar = 0, the spectra exhibit
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Figure 6.9: Characterization of the optical near-field at the graphite edge. (a) Normalized electron
energy loss spectra (EELS) at spatial and temporal overlap of electron and laser beam as a
function of distance from the edge. The near-field extends into the vacuum, which is evident by
comparing the spatial extend of photon-scattering and the scattering from graphite bulk plasmons
at higher energy losses (> 10eV). (b) The spatial variation of the optical amplitude is caused by
the interference of the impinging light field with the scattered wave from the graphite edge. The
maxima reoccur for d = 1/(1 —sin(«)).

multiple sidebands spaced by the photon energy with the population of sidebands related
to |g| [34, 91, 98].

As shown in Fig. 6.4d, we find the coupling constant to vary with the distance to the
graphite edge in the form of a damped oscillation with a 2-um spatial periodicity. Generally,
optical scattering from the edge of thin film is a complex problem, but the spatial periodicity
of the light field at the surface can be obtained by considering the interference of the
incident illumination wave vector kg = 27/1 with the light field scattered at the edge with
wave vector ki. The interfering light field exhibits a beating in its amplitude along the
interface with a periodicity d given by the difference wave vector |Ak| = 27/d = |k0,|| -k |
where Ko is the projected incident wave vector onto the interface. With [k;| = [Ko[ and
|k0’||| = |ko| - sin (@), the periodicity d = 1/(1 —sin(«)) is obtained. For the experimental
incidence angle a of about 39°, a spatial periodicity d of 2.16 um is expected in reasonable
agreement with the scanning PINEM maps. For the ultrafast scanning CBED experiments
(Fig. 6.4a,b,e), an optical incidence angle of 47° was used, resulting in a modulated optical
field strength with a periodicity of about 3 um, closely reproducing the observed spatially

modulation in the expansional mode amplitude (Fig. 6.3b).
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Chapter 7

Discussion

The following sections summarize the key results presented in Chs. 4—6 respectively and
discuss their implications on the quickly evolving field of ultrafast electron microscopy.
This thesis centers on the implementation of a novel electron emitter concept for UTEM,
the quantum coherent manipulation of free-electrons by light and the nanoscale diffractive

probing of ultrafast local strain dynamics.

7.1 Ultrafast TEM using coherent electron pulses

Chapter 4 described the first implementation and projected future applications of an
advanced UTEM instrument relying on high-coherence ultrashort electron pulses. Specifi-
cally, a laser-driven Schottky field emitter is integrated into a conventional TEM, allowing
for local linear photoemission from the nanoscale front facet of a zirconium oxide covered,
single-crystalline tungsten tip. For a range of operation conditions, the electron beam
properties are systematically characterized in terms of the occupied transverse and longitu-
dinal phase space distributions. In the space-charge free regime, unprecedented electron
pulse properties are obtained, combining a 9 A electron focal spot diameter with 200fs
pulse duration and 0.6eV spectral width. A peak brightness of the electron beam of up
to 1.7-10'3 A/m?sr and a transverse degree of coherence of 11 % are demonstrated. The
advanced ultrafast imaging, diffraction and spectroscopic capabilities of the Gottingen
UTEM instrument are illustrated by selected applications using a photoelectron beam.
Finally, opportunities for the coherent control of free-electrons by optical near-fields are

briefly addressed.
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Chapter 7 Discussion

7.1.1 Comparison of ultrafast electron gun concepts

This section attempts a critical review of current ultrafast electron gun technology. In
previous implementations of short pulsed electron sources, the emitter geometry and
operation conditions were optimized to fit the electron beam requirements of specific
experiments (usually a subset of the design considerations mentioned in Sec. 3.3). Different
studies put emphasis on the transverse or longitudinal beam emittance or brightness, the
electron pulse charge, spectral width or duration, or highlight an advantageous trade-off
of these. Conceptually, the intrinsic electron source properties can be treated separately
from the subsequent phase space evolution. Central challenges are reversible and non-
reversible phase space degradation due to propagation and space charge effects. Mitigation
is provided by applying high acceleration fields and potentials, and tailored phase space
manipulation by spatial filtering or compression schemes. The two main design pathways
are discussed in the following and Figure 7.1 compares the different ultrafast electron gun

concepts.

High-charge pulses for single (few) shot probing

For all non-reversible dynamics and in cases where the total electron beam current at
limited repetition rates needs to be maximized, the generation of high-charge electron
bunches is required. Typically, the photoemission current is increased to a value still
yielding acceptable electron beam properties for the specific experiment.

A compact electron gun scheme for diffraction studies uses photoemission from flat
metal cathodes. High static acceleration fields (up to 12.5MV/m) and potentials (up to
100kV) [201, 214] enable down to 100fs pulse durations at up to 5- 103 e~ /pulse for short
emitter-sample distances. For flat photocathodes, the transverse beam emittance can be
reduced by a initial narrow kinetic energy distribution [133, 198-201] and a minimized
laser focal spot diameter [201, 202, 334] (cf. section 4.3.1). Furthermore, photoemission
from ultracold plasmas with electron temperatures down to 10K [203] yields 25-ps electron
pulses of up to 10? electron and an normalized emittance of 1.5nmrad [335].

Increasing the pulse charge while maintaining reasonable beam properties necessitates
higher acceleration fields or schemes to re-compress the longitudinal phase space distri-
bution. Both can be achieved by employing radio-frequency (RF) cavities (cf. Sec. 3.2).
Conventional photoelectron guns (operating at ~ 100keV) are equipped with RF-cells to

compress the longitudinal phase space, as shown by numerical simulations [111, 119, 120,
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Figure 7.1: Comparison of ultrafast electron gun concepts. As figure-of-merit, the normalized peak
brightness determines the usability of an electron beam for most practical applications, here
given as (a) function of the average number of electron per pulse (N,) and (b) the transverse
normalized beam emittance &, rms . In the high-coherence single-electron limit, nanoscale
tip-emitters feature an unparalleled low emittance and high brightness (this thesis: colored dots;
“high coherence” (orange) and “high transmission” (blue) mode, cf. section 4.3.1). Single-
shot and low-repetition rate applications require high charge electron pulses from large-area
photocathodes, with strong benefit from RF-compression and RF-gun technology. See text for
references (gray dots: assumed value, when no full beam characterization is given).

336] and in experiments [111, 119, 228, 232, 337, 338], e.g. yielding electron bunches of
10° — 10° electrons with 100fs duration (FWHM) [338].

Alternatively, a gun design by Daoud et al. accelerates electrons to an energy of 137kV
while compressing the pulses in an RF-cavity, delivering 60-fs pulses that contain 10°
electrons and feature a transverse degree of coherence of K =7.2- 107 [118]. One of
the major challenges for RF-cavity acceleration and compression is the timing jitter of
laser pulses and the RF-phase, which was just recently improved to < 50fs for external
synchronized triggering [338].

Extending this concept, several projects make use of RF-photoinjector gun technology
(originally developed for the seeding of particle accelerators and free-electron lasers) to
create ultrashort relativistic electron pulses of 1 —5MeV kinetic energy and acceleration
fields of up to 100MV/m [115, 116, 233, 339-341]. Due to the strong acceleration, pulses
of up to 10° — 107 electrons and durations in the 200fs-range (FWHM) [116] are produced,
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with capability for sub-20fs (FWHM) pulse durations with additional bunching elements
[115, 342]. While MeV RF-guns are well suited for ultrafast electron diffraction [117],
their implementation in imaging beamlines is rather challenging, and their transverse beam
emittance is intrinsically limited by the employed photocathode geometry. The effective
temporal resolution of those instruments is currently limited by the timing jitter between
the RF-field and the sample exciting laser to about 60 —70fs (FWHM) [116, 342]. Also,
the acceleration scheme induces a large relative energy spread AE /E of about 107 — 1073,

An alternative approach for generating high-charge ultrafast electron pulses is the laser-
plasma acceleration of electrons created in a nitrogen gas jet by single-cycle optical pulses
of 1 —10mJ energy at a kilohertz repetition rate. In only a few years, the available pulse
charge was improved from 6.25 - 10% electrons at about 100keV (total energy spread:
20keV) [343] to 1.5- 108 electrons (kinetic energy distribution: 0.5 — 6 MeV) [344, 345].
Simulations indicate initial pulse durations down to 10fs with a reasonable beam divergence
of 90mrad [345]. Future ultrafast diffraction applications will require extensive spatial
and spectral filtering of the beam, as well as means to limit pulse dispersion and Coulomb

repulsion.

Low-emittance/high-coherence pulses for stroboscopic studies

The main source of non-reversible phase space deterioration in high-charge electron pulses
is Coulomb repulsion during propagation. Instead of striving for higher acceleration and
final electron kinetic energy to lessen its impact, the application of space-charge free
electron pulses in the single-electron limit can be desirable [25, 32, 110, 146, 198]. For
planar photocathodes, such an emission regime is obtained by lowering the photoemission
laser power and pulse charge to a level that does not show phase space degradation.
Notably, even electron pulses of 10° electrons emitted from large areas (um-sized) into
high static acceleration fields can approach the “single-electron” limit at a close sample
with down to 100fs pulse durations (FWHM) [201, 214]. Phase-locked low-power RF-
cavities were applied for the compression of dispersed single-electron pulses from 350 fs
down to 28fs (FWHM) (associated with a spectral broadening from 0.4eV to 7.3eV)
[346]. Decreasing the emission area also lowers the acceptable number of electrons for
space charge free operation, down to the minimum focal spot size of optical light pulses
[201]. As a consequence, further enhancement of single-electron pulses requires nanoscale

photocathodes.
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As applied in this thesis, the prototypical nanoscale electron emitter employs localized
photoemission from sharp metal tips [150—152] which combine a 10 — 100nm electron
source size with high initial acceleration fields of about 1 V/nm. The electron emission can
be easily confined to the 10fs-scale, but implementation in an active lens assembly—as
required for flexible microscopy applications—has only recently been characterized theo-
retically [212, 234] and in experiment [33, 140, 174, 206, 347, 348]. Further studies could
demonstrate the superior transverse [157] and longitudinal [29, 182—-184, 215] electron
beam properties probed at a close distance.

Chapter 4 presented the first implementation of a laser-driven Schottky field emitter [158,
349] in ultrafast TEM, enabling a previously unachievable peak-brightness of ultrashort

single-electron pulses.

7.1.2 Considerations for future UTEM instruments

The progress in conventional TEM over the last decades procured electron sources aiming
for the highest possible brightness by maximizing the transverse beam coherence and
minimizing the beam’s energy spread. Both are achieved by employing nanoscale tip-
shaped field emitters. In order to transfer the wealth of well-established TEM techniques
to the ultrafast timescale, laser-triggered field emitters display most promising properties
(cf. Fig. 4.7). In contrast, large-area photocathodes are particularly useful for applications
that require only minor transverse beam coherence but benefit from high pulse charges.
While Ch. 4 constitutes a leap forward for coherent beam applications in UTEM, future
development will warrant further improvement of the beam quality in terms of transverse
coherence, pulse durations and beam current, which is discussed in the following. The
underlying central question is what the emitter should be designed for: either optimized

single-electron pulse operation or the flexibility for upscaling the beam current.

Optimized nanoscale electron emitters If single-electron pulses are the central design
objective, an emitter with lowest possible transverse emittance is desirable. That would
require a reduction of the initial transverse momentum spread of the electrons or further
reduction of the emitter size. The minimum intrinsic kinetic energy distribution of the
photoelectron beam in Ch. 4 is 0.6eV, which includes the overall short-term stability of
the instrument. Calculations indicate the possibility to decrease the energy spread of the
laser-driven Schottky field emitter [158], which is ultimately limited by the width of the
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Fermi-Dirac distribution AEermal = 2kgT = 260meV at 7 = 1500K and employed laser
spectral bandwidth of about 60 meV for 30-fs laser pulses at 400-nm central wavelength (cf.
Fig. 3.7). Furthermore, sharper metal tips (rp < 10nm) feature a smaller effective electron
source size and improved beam coherence, but were so far only capable of producing low
electron yields in single-photon photoemission, e.g. N, = 0.03 electron per pulse [157].
Further development of tunable tip-based ultrafast electron sources is needed, paving
the way towards point-source-like monochromatic emission characteristics. Despite the
enormous advantages of single-electron pulses without Coulomb repulsion, larger tip
emitters as used in this thesis with ryp ~ 100nm have the advantage of a high stability and

allow for easy upscaling of the electron current.

For classical photoemitters, the shot-to-shot distribution of the electron number is given
by Poisson statistics. A mean of (N,) = 1 results in a probability P(N > 1) = 26% of
finding at least 2 electrons in an individual pulse, and only for (N,) = 0.15, P(N > 1)
drops to 1%. To avoid these effects, a photon-triggered single-electron source would be

needed, as already demonstrated in tunneling currents from single quantum dots [350].

Photoemission from nanoscale tips aims for the ultimate control of the electron’s phase
space, but so far does not treat the electron spin degree of freedom. New materials, as

demonstrated for planar photocathodes [334], might yield spin-polarized electron beams.

Gun geometry The Gottingen UTEM instrument is based on a custom modified JEOL
JEM-2100F Schottky field emission TEM. In continuous operation of the Schottky emitter,
the beam brightness is optimized by radially cutting the transverse electron phase space
distribution multiple times, thus reducing the beam current from ~ 100 A to the pA —nA
range. The electron transmission from the tip emitter to the sample is drastically increased
by individually adjusting the voltages applied to the electrostatic gun electrodes (cf. Ch. 4).
Additionally, the original relatively blunt tip (rg ~ 430nm) was replaced to improve the
beam emittance at constant currents. These tailored operation conditions illustrate the
opportunities of a customized ultrafast electron gun design. In order to reduce the impact of
space charge and dispersion of the electron pulse, high acceleration fields should be applied.
Simultaneously, the overall gun transmission must be optimized to achieve high beam
currents at space charge-free operation. Finally, the correction of temporal aberrations
should be considered (e.g. off-axis electron trajectories accumulate a small relative time
delay).
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Figure 7.2: Electron pulse compression using THz-fields. (a) Schematic experimental setup with
synchronized photoelectron pulse generation (930-fs initital duration) and two THz butterfly
resonator structures for pulse compression and streaking. (b) Electron pulse duration (FWHM)
at the streaking stage for varying incident THz fields used for compression (inset: shortest
measured pulse profile of 75fs). From [229]. Reprinted with permission from AAAS.

Shaping & compression of electron pulses Ultrashort pulse generation by linear
photoemission adds a large flexibility to freely structure the emitted electron density on a
sub-ps to s timescale. Such a capability is especially useful if ns-processes, like magnetic
vortex gyration [351] and skyrmion dynamics [352] are of interest, allowing for three
orders of magnitude higher beam currents at fixed repetition rate without beam degradation.

In ultrafast electron diffraction setups, the use of RF-gun and RF-compressor technology
allows for a tailoring of the longitudinal electron phase space on the fs- to ns timescales.
The same concept was employed in early UEM implementations [124] and is also proposed
for future UTEM designs using high-charge electron pulses from a planar photocathode
[119, 120]. In a similar manner, RF-compression could significantly improve the peak
brightness of linearly chirped electron pulses from field emitter photocathodes (cf. Fig. 4.5).
The high required stability of RF-cavities in a TEM environment has recently been demon-
strated by transverse deflection and chopping of a continuous low-emittance electron beam
[122, 126] and will enable novel applications when used in a time-of-flight type energy
spectrometer [230, 336]. Nevertheless, RF-technology is challenging to be implemented
and is currently still limited to a 30-fs laser/RF-phase synchronization for high-power
cavities. A promising alternative is the phase space manipulation by phase-locked optical
fields.

Optical (THz-) control of phase space density in the point-particle limit Optical
bunching of electron pulses requires intense oscillatory fields with a period longer than the

electron pulse duration (200fs — 1 ps for the Gottingen UTEM). Here, ultrashort terahertz
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Figure 7.3: (a) Ultrashort terahertz (red) and 800 nm near-infrared (blue) pulses are focused onto a
metallic nanotip with variable time-delay #y [231]. (b) Time evolution of the phase space density
distribution without THz field (left) and for relative time delay of #y = 0.2 ps (right) (snapshots
taken with time differences of 50fs). Note the negative pre-chirping and self-compression of the
phase space density [355]. (a) Adapted by permission from Springer Customer Service Centre
GmbH: Springer Nature, Nature Physics, [231], © Macmillan Publishers Limited (2014). (b)
Reprinted figure with permission from [355] Copyright 2017 by the American Physical Society.

pulses deliver the highest available field amplitudes, e.g. up to 13MV /cm in free space at
a 190kHz repetition rate [353]. Recent experiments could demonstrate the compression
of 930fs (FWHM) single-electron pulses by a factor of 12, down to 75fs (FWHM) in
a 200um-gap metal resonator (cf. Fig. 7.2) [229]. The compressed electron pulses
can be shorter in time than the initial photoemission laser pulse by a broadening of the
kinetic energy distribution, conserving the longitudinal phase space volume according to
Liouville’s theorem [354].

A novel concept by Wimmer ef al. discusses the control of photoemitted electrons with
an additional terahertz pulse directly at the field emission tip (cf. Fig. 7.3) [231]. By
adjusting the relative timing of the optical photoemission pulse and the terahertz field,
the longitudinal phase space distribution can be modified. Notably, in such a geometry
Liouville’s theorem does not apply due to non-conservative forces acting on the electrons
in the spatially and temporally inhomogeneous terahertz near-field. Hereby, elaborate
phase space manipulations are feasible, like negative pre-chirping or monochromatization

of the electron pulses [355].
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7.2 Quantum coherent control of free-electron beams

Chapter 5 reported on the quantum-coherent optical phase-modulation of free-electron
wavefunctions by intense optical near-fields. The essential enabling technology is the
implementation of an ultrafast low-emittance electron gun. Nanometer-localized probing
of the inhomogeneous optical near-field of a nanoscopic gold tip allows for constant am-
plitude interactions. The optical near-field imprints a sinusoidal phase-modulation onto
the traversing single-electron wavefunctions in time, which corresponds to the formation
of multiple spectral sidebands spaced by the photon energy 7. The optical-field strength
dependent spectra reveal multi-level Rabi oscillations in the sideband populations, that
unambiguously demonstrate the formation of a quantum coherent superposition of the asso-
ciated free-electron momentum states. The coherent electron-light scattering is explained
in terms of transitions and multi-path interference in an infinite N-level energy ladder,
centered at the initial electron energy Ey. Finally, the Wigner function of such phase-
modulated electrons depicts the reshaping of the longitudinal density to an attosecond
electron pulse train.

The following chapter will briefly summarize the recent impact of this presented work,
establishing the first elements of the new field of free-electron quantum optics. Furthermore,

an outlook to future applications in ultrafast TEM is given.

7.2.1 Coherent control of free-electron wave functions by light

The concept of optical phase modulations can be extended to coherent control schemes
using multiple interactions [236, 356]. For example, two individual light fields will phase

modulate the electrons wavefunction to form (not regarding propagation effects):

w w
U (2,1) o< Yo (2,1) - exp (—2i |21 sin (V—lz) —2i|go]sin (V—Zz - 40))
e e
with coupling constants gq,,, light frequencies w1/, and relative phase ¢. Recent work
(with the current author’s contribution) was able to implement two of such coherent control
schemes (cf. Fig. 7.4):

* In a Ramsey-type interferometer, the electron wavefunctions interact with two
spatially separated optical near-fields, which can be individually addressed in the

amplitudes g1,> and phase Ay by tailoring the polarization state of the far-field
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illumination [236]. A change in the relative phase allows for either enhancing or

canceling of the first optical phase modulation, which constitutes a remarkable

demonstration of the coherence of the scattering process. These results pave the

way for novel type of experiments, like the study of dephasing mechanisms in

electron-matter interaction.

e Simultaneous multi-color interactions with two 400nm and 800nm light-fields

enable non-sinusoidal phase modulations, facilitating the formation of highly asym-

metric populations in the kinetic momentum state superpositions (7.4) [356]. This

experiment illustrates the capability for shaping electron wavefunction in the longi-

tudinal direction by tailored optical fields.

The work by Priebe ef al. [356] also introduced a novel quantum state tomography

technique termed “SQUIRRELS” (“spectral quantum interference for the regularized

reconstruction of free-electron states’), retrieving the density matrix of the longitudinal

phase modulated free-electron ensemble.

7.2.2 Generation of attosecond electron pulse trains

The study of ultrafast electron dynamics on the atomic to molecular level requires an

attosecond temporal resolution, as demonstrated in optical science [357]. In high har-

monic generation (HHG) bound electronic states are phase-modulated by light to generate

bursts of attosecond ultraviolet photon pulses [23]. A similar concept is applied in free-
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electron laser science [358], producing electron microbunches by optical phase-dependent
accelerations of relativistic high-charge free-electron pulses [359, 360].

The compression of electron pulses to attosecond pulse trains was proposed using
ponderomotive forces acting on point-like particles in co-moving monochromatic [263,
361] or phase-matched bi-chromatic [362] optical intensity gratings. Extending this
concept, the calculations presented in Ch. 5 predict the evolution of longitudinal density
modulation of free-electron beams after quantum coherent optical phase-modulation. As a
consequence, each individual electron wavefunction evolves short attosecond spikes in its
density, while roughly maintaining its overall temporal envelope. In an ensemble average,
an attosecond electron pulses train is formed.

Recent work in the Goéttingen UTEM project [356] achieved the first demonstration
of such an attosecond electron pulse train within an ultrafast TEM (cf. Fig. 7.5). The
full reconstruction of the longitudinal electron quantum state reveals electron density
modulations with a temporal width of only 655as (FWHM). In parallel work, Morimoto
et al. could produce electron pulse trains of 810as temporal peak width (FWHM) in an
ultrafast electron diffraction geometry [363] and Kozdk et al. showed the preparation by
using bi-chromatic intense light-fields at a 1-kHz repetition rate in free-space [364].

The availability of attosecond electron pulse trains in ultrafast TEM will enable novel

avenues in the study of light-driven electron dynamics in solids with unprecedented
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temporal and spatial resolution. Further development is needed to generate isolated
attosecond electron pulses and to reduce their temporal width down to the theoretically

limit given by Heisenberg’s uncertainty principle.!

7.2.3 A three-dimensional all-optical electron phase plate

In conventional TEM, the coherent transverse phase modulation of electron wavefunctions
is an ubiquitous phenomenon, which is applied for the development of elaborate phase
masks, coherently shaping electron beams in the transverse direction (cf. Sec. 2.1). The
Aharonov-Bohm equation (Eq. 2.1) gives the phase shift an electron acquires while passing
static electromagnetic fields.

Quantum coherent optical phase modulation now allows for a generalization of this con-
cept by imprinting time-varying phase shifts onto free-electron beams (cf. 7.6). Accessing
the longitudinal electron phase space enables manipulation of electron beams in energy
and time. Novel capabilities accessible with such a time-dependent phase-modulator are
exemplified in the previous sections.

The high flexibility of controlling free electrons with externally shaped light fields [237,
365], was explored in first applications using intense ns-laser pulses, e.g. by observation of
the Kapitza-Dirac effect [257] and recently in cavity enhanced continuous laser fields for
constructing an optical Zernike phase-plate [366, 367]. Notably, the inelastic electron-light
scattering described in Ch. 5 is generally associated with a momentum transfer in three
dimensions [368] (cf. Fig. 7.6) and was proposed for the generation of tailored electron
beam states, like the transfer of orbital angular momentum and the light-induced generation

of electron vortex beams [236, 369].

7.3 Probing ultrafast nanoscale dynamics in UTEM

Chapter 6 reports on the quantitative diffractive probing of structural dynamics at the edge
of a laser-excited single crystalline graphite membrane with 28-nm/700-fs spatio-temporal
resolution. Ultrafast convergent beam electron diffraction (U-CBED) patterns are recorded,
simultaneously mapping the full diffraction rocking curves of multiple Bragg scattering

conditions. The time-dependent local unit cell deformation is analyzed by retrieving

IE.g., a single Gaussian shaped electron wave packet, e.g. with an energy width of 20eV (FWHM) has
Fourier-limited temporal spread of 91 as (FWHM) (cf. Eq. 3.18).
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components of the deformation gradient tensor, disentangling the relevant mechanical
deformation modes.

Specifically, the top face of the graphite membrane is optically excited with the intensity
being modulated by a near-field interference structure at the edge. The decay of the
initial non-thermal phonon distribution and the increase of the local lattice temperature
is evaluated from the study of the time-dependent Debye—Waller behavior. The ultrafast
buildup of thermal stress leads to an out-of-plane lattice expansion and excitation of a
coherent membrane breathing mode. Due to the symmetry breaking at the edge, an in-plane
propagating expansive shock wave is launched in the top face of the membrane. Hereby, a
membrane shearing mode is locally excited with a characteristic phase offset, that linearly
increases with distance to the edge. Finally, the particularly pronounced inhomogeneous
broadening of the Bragg line-profiles is compared to numerical simulations, which reveal

complex depth-dependent three-dimensional strain dynamics.

7.3.1 Time-domain access to nanophononic systems

The field of nanophononics is striving for tailored phonon properties and interactions
in nanoscale systems, that are coupled to various external degrees of freedom [79] (cf.
Fig. 7.7 and Sec. 6.1). At typical sound velocities, nano-localized phonon modes occur on
the giga- to terahertz frequency range, illustrating the need for simultaneous high spatial
and temporal resolution. Optical spectroscopy routinely allows for meV-spectral [79] or
fs-time-domain studies [315, 316] of coherent and incoherent phonon dynamics. However,
its spatial resolution is intrinsically limited to the um-scale. In contrast, monochromated

TEM recently achieved vibrational spectroscopy with simultaneous 10-meV spectral and
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2-A spatial resolution [15, 95], though having no time-domain access to coherent phonon

excitations.

Here, U-CBED adds a unique capability to the toolset of nanophononics by giving
quantitative three-dimensional access to optically-driven coherent lattice dynamics with
nanometer spatial and femtosecond temporal resolution. Furthermore, as presented in
Ch. 6, UTEM offers a tremendous experimental flexibility to

* characterize the spatial distribution of optical sample excitations by PINEM,

* track the fs- to ps-thermalization of the initial anisotrospic phonon distribution,

* measure the local lattice temperature with nm-spatial and fs-temporal resolution,

* analyze the deformation gradient tensor that quantitatively disentangles the contribu-
tions of specific phonon-modes and their coupling and

* map nanoscale phonon transport and dissipation on ps- to ns-timescales.

Future research directions for UTEM include the rapidly advancing field of cavity optome-
chanics (cf. Fig. 7.7) [273], e.g. harnessing the quantum-coherent coupling of mechanical
and optical modes [274].
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7.3.2 Methods for studying ultrafast nanoscale dynamics

A central aspect of the thesis at hand is the development of new instrumental capabilities
in ultrafast electron microscopy for the study of ultrafast nanoscale dynamics. However,
assessing the future prospects of the UTEM methodology requires a comprehensive
comparison to other ultrafast high-resolution probing techniques, which is presented in the
following and summarized in Fig. 7.8.

The most relevant parameters to assess the capabilities of ultrafast probing techniques
include (i) real-space (ii) k-space (iii) spectroscopic and (iv) temporal resolution. Further-
more, the couplings to the sample and corresponding acquired information depend on the
(v) type of particle or radiation and their (vi) respective wavelengths. The (vii) coherence
properties determine the usefulness of holography or phase contrast imaging. Finally, it
must be distinguished between techniques that use (iix) near-field or far-field probing,
being a key aspect for flexibility and required sample geometry and their (ix) sensitivity to

surfaces, thin film samples or bulk materials.

Photon based methods

Optical spectroscopy and microscopy using visible light provide for an excellent few-fs
temporal and few-meV spectral resolution. Therefore, optical far-field probing methods are
ideally suited for the study of ultrafast electronic phenomena in homogeneous condensed
matter [317] and gas-phase systems [370] at the femtosecond time scale. Nanoscale local
probing of electronic states is provided by scanning near-field optical microscopy [371] and
THz-field gated scanning tunneling microscopy [27]. Recently, table-top high-harmonic
sources, which can readily reach attosecond pulse durations [23, 244], could achieve a
real-space resolution on the 10-nm scale by coherent diffractive imaging (CDI) [372, 373]
with tailored contrast mechanisms, e.g. to out-of-plane magnetization [374]. Yet, direct
far-field optical probing of lattice dynamics requires photon wavelengths matched to the
atomic distances and is so far only achieved in large-scale synchrotron or FEL facilities
[375, 376]. Atomic scale reciprocal space and a 10-100-nm real space resolution were
shown by X-ray nanodiffraction [377-379] or lensless imaging approaches [176, 380].
Notably, optical methods benefit from almost fully coherent light sources that enable
diffraction-limited spatial resolution and bandwidth-limited ultrashort pulses in a routinely
manner. Coherent beam techniques like in-line or off-axis holography, interferometry,

high-quality phase contrast imaging and advanced beam shaping contribute to the powerful

123



Chapter 7 Discussion

toolset of optical science. On the downside, lab-scale ultrafast coherent light sources
of sub-nm wavelength are not available, and the low scattering cross-sections and high

penetration depths render the study of nanoscale volumes increasingly difficult [381].

Electron probing

Ultrashort electron pulses are ideally suited as probes for ultrafast lattice dynamics due
to their intrinsically short wavelength, high scattering cross-sections and technological
synergy with the well-developed field of electron microscopy. Ultrafast far-field electron
diffraction in transmission (UED) [25, 114] or reflection (U-RHEED, U-LEED) [78, 174]
routinely achieves down to 100-fs temporal [201, 214] and sub-A resolution in k-space [77],
typically probing sample areas on the 10 — 100 um scale. Further strategies for improved
electron source quality were discussed in Sec. 7.1. One alternative approach is to use
localized photoelectron emission from clean surfaces. Time and angle resolved photoe-
mission spectroscopy (trARPES) [382, 383] achieves laser bandwidth-limited temporal
and spectral resolution and time-resolved photoemission electron microscopy (TR-PEEM)
[384] gives a below 100-nm spatial resolution, e.g. of local sample magnetization [385].
For gas targets, laser-induced electron diffraction (LIED) [386, 387] yields a sub-optical
cycle timing-accuracy of inertial molecular dynamics. Another promising approach to
probe electronic dynamics and optical near-fields is by lens-less projection to the far-field
in ultrafast point-projection microscopy (PPM) [29, 182—184] with a few 10-nm spatial

and fs temporal resolution.

Coherent ultrafast TEM

Each of the ultrafast electron probing techniques described above demonstrate tailored
capabilities for either excellent k-space or real space resolution, combined with high
sensitivity to specific sample properties. Usually, a high temporal resolution is achievable,
but strongly depending on the experimental geometry. The primary achievement of
ultrafast transmission electron microscopy is a combination of either excellent k-space or
real space probing, with simultaneous sub-ps temporal and about 1eV energy resolution.
State-of-the-art TEM optics enable a highly flexible investigation of thin film samples in
diffraction, imaging or spectroscopy with sensitivity to electronic, magnetic and lattice

degrees-of-freedom.
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7.3 Probing ultrafast nanoscale dynamics in UTEM

The instrumental development presented in this thesis further expands the capabilities of
UTEM, now spanning orders of magnitude in real-space (1 nm to 1 mm) and k-space (sub
1A 'to1 um™!) for the stroboscopic probing of ultrafast dynamics in condensed matter
with a temporal resolution of down to 200fs. Notably, the strongly enhanced coherence
properties of electron beams generated from nanoscale photocathodes have not been
fully harnessed yet. Access to holography, interferometry, advanced beam shaping and
high-resolution phase contrast imaging will drastically expand the addressable scientific
questions and sample systems of ultrafast TEM, making it one of the most universal tools

for the study of ultrafast nanoscale dynamics (cf. Fig. 7.8).

>

1/pm 1/nm 1/um 1/mm mm um nm pm
k-space (lattice- and molecular correlations) real-space (inhomogeneous systems)

Figure 7.8: Time and length scales addressed by fast probing techniques. A variety of ultrafast
techniques aims for a particular high resolution in real or reciprocal space and tailored sensitivity
to specific degrees-of-freedom. Ultrafast TEM features a broad range of applications and explores
systems on many orders of magnitude in time, reciprocal space and real space simultaneously.
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7.4 Conclusion & further perspectives

In this thesis, a novel ultrafast TEM instrument was developed, for the first time using
ultrashort coherent electron pulses from nanoscale photocathodes. The electron pulses of
unprecedented coherence properties now available in UTEM facilitate advanced imaging,
diffraction and spectroscopic analysis on the femtosecond timescale, with future attosecond
capability.

Furthermore, two scientific applications—enabled only by instrumental progress pre-
sented here—were explored in detail. Firstly, the coherent optical phase modulation of
free-electron wavefunctions by inelastic scattering in optical near-fields was introduced,
opening up a new degree of freedom for the quantum coherent control of free-electron
beams. Secondly, in a prototypical experiment, the nanoscale diffractive probing of ultra-
fast strain dynamics with 28-nm spatial and 700-fs temporal resolution was demonstrated
by establishing ultrafast convergent beam electron diffraction (U-CBED).

However, these initial applications just indicate the future possibilities of coherent
ultrafast TEM. Many techniques from the highly refined toolset of conventional TEM can
be proliferated to the femtosecond timescale and new physics under extreme conditions
may be explored.

Increasing the capabilities of ultrafast science, coherent UTEM opens up a broad range
of research directions, addressing the couplings to electronic, magnetic and lattice degrees-
of-freedom, as well as the coherent beam-tailoring by electromagnetic fields and their
nanoscale probing (cf. Fig. 7.9).

In his famous lecture “There’s Plenty of Room at the Bottom”, Richard Feynman
proclaimed a proliferation of electron microscopy by enhanced spatial resolving power.
With the recent technological advancement, there is also a tremendous demand of pushing
the combined spatio-temporal resolution available to the ultimate level. Here, advanced
UTEM instruments will prove pivotal to harness the uncharted territories of ultrafast

nanoscience.
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Figure 7.9: Prospects of coherent UTEM. The availability of coherent electron beams in ultrafast
TEM opens up a broad range of future techniques and applications. Fainter shading indicates
topics that are further outside the scope of this thesis, with many areas being mostly unexplored
to the current date.
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