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Ultrafast measurement technology provides essential contributions to our 

microscopic understanding of the properties and functions of solids and nanostructures. 

Atomic-scale vistas with ever-growing spatial and temporal resolution are offered by 

methods based on short pulses of x-rays and electrons. Time-resolved electron 

diffraction and microscopy are among the most powerful approaches to investigate non-

equilibrium structural dynamics in excited matter. In this article, we discuss recent 

advances in ultrafast electron imaging enabled by significant improvements in the 

coherence of pulsed electron beams. Specifically, we review the development and first 

application of Ultrafast Low-Energy Electron Diffraction (ULEED) for the study of 

structural dynamics at surfaces, and discuss novel opportunities of Ultrafast 

Transmission Electron Microscopy (UTEM) facilitated by laser-triggered field emission 

sources. These and further developments will render coherent electron beams an 

essential component in the future of ultrafast nanoscale imaging. 

Keywords: photoemission, phase transformation, nanoscale, laser-induced reaction, 

transmission electron microscopy (TEM). 

Introduction 

The physics of modern functional materials is governed by nanoscale heterogeneity 

and processes occurring on fast to ultrafast timescales. Observations with high spatial and 

temporal resolution promote a comprehensive understanding of microscopic couplings and 

correlations, ultimately facilitating an active control of properties, excitations and 

transformations.  Ultrafast metrology, including time-resolved optical and photoelectron 

spectroscopy,1 electron and x-ray  diffraction2–4 and spectroscopy,  yields access to multiple 

degrees of freedom down to the femtosecond and attosecond range. 

Structural dynamics in strongly heterogeneous systems, such as nanostructures, 

surfaces or monolayers, are of particular interest, but also pose great experimental challenges. 

In recent years, various techniques for ultrafast nanoscale probing were established, enabling, 

for example, time-resolved scanning near-field optical microscopy (SNOM)5–7 and scanning 
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tunneling microscopy (STM),8–10 electron point-projection microscopy (PPM),11–13 and 

lensless imaging using extreme ultraviolet radiation.14–16 

Ultrashort electron pulses are ideally suited probes of materials structure and dynamics 

down to the atomic level.17, 18 Ultrafast diffraction in transmission,3, 17, 19–23 grazing 

incidence24–26 and backscattering27 geometries is now established. Nanoscale real-space 

imaging, on the other hand, is possible using ultrafast transmission18, 28, 29 and scanning30, 31 

electron microscopy. These techniques are rapidly expanding their scope, driven by strong 

developments of high-brightness pulsed electron sources.22, 32–37 

In this contribution, we discuss two complementary schemes to access ultrafast 

structural dynamics using electron pulses from localized photoelectron sources. Specifically, 

Ultrafast Low-Energy Electron Diffraction (ULEED) probes the orientation, symmetry and 

long-range order of materials with ultimate surface sensitivity, while Ultrafast Transmission 

Electron Microscopy (UTEM) translates atomic-scale imaging and local diffraction to the 

ultrafast domain. We will introduce these methods and will discuss selected examples of 

laser-induced structural dynamics probed by them. 

Electron pulses from nanoscale sources 

Following the principle of optical pump-probe techniques, ultrafast electron 

diffraction and microscopy use a stroboscopic approach, as illustrated in Figs. 1a and b: An 

ultrashort laser pulse (red) excites a TEM specimen or surface, respectively, and the structural 

response is probed by a delayed electron pulse (green) in transmission or backreflection. By 

repetitive sampling at varying delays, a time-dependent ‘movie’ of the induced dynamical 

process can be composed. The real-space and reciprocal space resolution of these techniques 

crucially depend on the quality of the employed electron beam.38 As a figure-of-merit, the 

brightness 𝐵~𝐼/(𝜀𝑥 ⋅ 𝜀𝑦) is proportional to the beam current I per occupied transverse phase 

space area, quantified by the beam emittances 𝜀𝑥,𝑦 (see Refs. 38 for details). Electron pulses 

are typically generated by laser-induced photoemission, and the intrinsic source emittance can 

thus be reduced by optimizing the photocathode work function and material,39, 40 and by 

tailoring the wavelength41 or focussing conditions.35, 42 Following a different path, our 

laboratory and other groups are actively pursuing ultrafast laser-triggered electron emission 

from nanoscale tip-shaped photocathodes,43–47 yielding high-coherence electron pulses48–50 in 

tunable electrostatic emitter geometries.21, 49, 51–53 

The low intrinsic source emittance and large degree of coherence provided by 

nanoscale photoemitters (cf. Figs. 1c and d) allows for highly collimated and tightly focused 
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pulsed electron beams, which is instrumental to the two experimental approaches described 

below, ULEED and UTEM. 

ULEED: Ultrafast Low Energy Electron Diffraction 

We first present a novel approach to track ultrafast structural dynamics at surfaces and 

monolayer films. This work is motivated by the particular importance of low-dimensional 

systems, many of which exhibit unique electronic, structural and magnetic phases and 

excitations. Spontaneous symmetry breaking and various types of topological states are a 

hallmark of surface systems,54 and both their optical control and ultrafast dynamics are an 

exciting field of study. Today, detailed snapshots of the evolution of electronic excitations at 

surfaces can be recorded by angle-resolved photoelectron emission spectroscopy.1 In contrast, 

ultrafast access to the associated structural degrees of freedom has been much more restricted 

until recently. 

Electron beams represent an ideal probe of surface structure by backscattering 

diffraction. In particular, diffraction with a surface sensitivity to the first few monolayers is 

obtained at very low normal momentum. In Reflection High-Energy Electron Diffraction 

(RHEED),55 this is achieved by employing a grazing incidence geometry, and several ultrafast 

implementations of this technique have been successful.24, 25 However, being a much more 

widely used method in surface science, Low-Energy Electron Diffraction (LEED) at normal 

incidence is arguably the preferred choice for obtaining quantitative information on the 

symmetry and long-range order of a surface.56 In our laboratory, we have therefore 

undertaken the development of Ultrafast Low-Energy Electron Diffraction (ULEED), which 

has resulted in first demonstrations of observing ultrafast structural transitions in 

transmission21 and backscattering diffraction.27, 57 

The challenge in implementing ULEED is the need for ultrashort (picosecond or 

femtosecond) electron pulses at low energies. At the corresponding slow electron propagation 

speeds, an initially short electron pulse with some energy spread is substantially broadened 

until it reaches a sample. Minimizing the propagation distance from the photoelectron source 

to the sample, we realized an ultrafast LEED setup in a transmission geometry to study the 

dynamics of a polymer layer on free-standing graphene.21 However, for the more generic case 

of backscattering, shorter source-sample distances require drastic downscaling of the  electron 

gun to avoid shadowing. We addressed this issue by implementing two types of very compact 

photoelectron guns with diameters in the millimeter [Fig. 2b] and micrometer [Figs. 2c,d] 

range, respectively. Both geometries consist of an electrostatic lens assembly hosting a laser-

driven nanotip electron source. Specifically, the micrometer scale electron gun [Fig. 2 c,d] is 
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fabricated by optical lithography and focused ion beam etching.57 An exemplary diffraction 

pattern and the temporal resolution of presently 1.4 ps27 are  shown in Figs. 2e-g. Notably, the 

high beam coherence facilitated by the localized electron source allows for very sharp 

diffraction spots (Fig. 2f). Here, higher-order satellite diffraction spots from a periodic lattice 

distortion in 1T-TaS2
58 are clearly resolved. The combination of high momentum and high 

temporal resolution with ultimate surface sensitivity makes ULEED a versatile approach to 

study structural dynamics and ordering phenomena at surfaces, as illustrated in the following. 

Phase ordering of charge density waves resolved by ULEED 

We recently employed the ULEED capabilities to investigate optically induced 

structural phase transitions and the emergence of long-range order following an ultrafast 

quench.27 Specifically, here, we address the transition between two charge-density wave 

(CDW) phases of 1T-TaS2, a layered transition metal dichalcogenide. This material is an 

intensely studied model system displaying various CDW phases59 and metastable states,60 the 

transitions between which were observed by time-resolved photoemission spectroscopy,61–64 

electron diffraction65, 66 and x-ray diffraction.67 At room temperature, the so-called “nearly 

commensurate” (NCP) phase of the CDW exhibits a periodic lattice distortion (PLD) that is 

locally commensurate to the atomic lattice, but globally forms a weakly disordered domain 

pattern (Fig. 3a). At elevated temperatures above 353 K, the structure transforms to an 

incommensurate phase (ICP), i.e., a “floating” phase not pinned to the lattice. In LEED, the 

associated PLDs lead to hexagonal arrangements of satellite diffraction spots (encircled in 

Fig. 3b) surrounding the lattice Bragg peaks (bright spots), with different rotation angles. 

The transition between these two phases can be optically triggered, and ULEED 

allows us to closely trace the corresponding structural evolution in time. Figure 3b presents 

diffraction images recorded at different delay times Δt of the electron pulse relative to the 

pump pulse. Specifically, at negative delays (Fig. 3b, left), we observe the unperturbed NCP, 

while at large positive delay times, the structure is found in the ICP (Fig. 3b, right), 

characterized by rotated satellite spots and the lack of higher order satellite peaks. A 

difference image highlighting the disappearance of the NCP (blue) and the appearance of the 

ICP (red) diffraction peaks is shown in the center of Fig. 3b. A time series of close-ups near 

one of the satellite peaks is displayed in Fig. 3c, while Fig. 3d plots the respective delay-

dependent spot intensities of the NCP (blue symbols) and ICP (red symbols), integrated over a 

circular area-of-interest with a diameter of 0.12 Å-1 in k-space (shown in Fig. 3c). Whereas 

the suppression of the NCP order occurs within the first picosecond (compare also Ref. 66), 

the rise of the ICP peak proceeds over tens to few hundred picoseconds. 
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Facilitated by the high momentum resolution of the ULEED setup, a detailed spot 

profile analysis shows a diffraction peak narrowing during this process,27 which implies an 

increase of spatial correlation length LIC of the ICP structure. Considering the instrument 

response function, a power law scaling in time is identified, i.e., LIC~tm with m≈0.5 (Fig. 3e). 

Numerical simulations within a Ginzburg-Landau approach reproduce this scaling,27 and 

indicate that the formation and annihilation of topological defects play an essential role in this 

phase-ordering mechanism. Specifically, the phase transition proceeds via quenching into a 

highly disordered nascent ICP state, which contains a significant density of amplitude and 

phase fluctuation modes of the CDW (“amplitudons” and “phasons”), but also rather 

persistent, topologically protected dislocation-type phase vortices in the order parameter, 

namely the charge density modulation. The presence of such dislocations, theoretically 

discussed by McMillan in 1975,68 limits the CDW correlation length and thus broadens the 

diffraction peaks. The establishment of long-range order then proceeds via the mutual 

annihilation of these CDW dislocations with a density-dependent rate, resulting in the power-

law scaling described above. 

These direct observations of the phase-ordering kinetics in a charge density wave 

system illustrate the strength of spot-profile analysis using parallel-beam ultrafast electron 

diffraction. A wide variety of nanoscale ordering phenomena, in particular involving 

topological defects and domain structures, will be accessible using this approach. As for 

further developments of the ULEED technique, we believe that further miniaturization as well 

as active phase space manipulation of electron pulses by time-varying fields32, 69, 70 and 

possibly aberration correction will all play a role in its enhancement and proliferation. 

UTEM: Ultrafast Transmission electron microscopy 

In the second part of this contribution, we present our work on the implementation of 

nanoscale photocathodes in ultrafast transmission electron microscopy (UTEM). The use of 

pulsed electron sources for time-resolved TEM was pioneered with different points of 

emphasis at the Technical University of Berlin,28 Lawrence Livermore National Laboratory 

(LLNL),29 and Caltech.71 Ultrafast TEM (UTEM) is a stroboscopic variant that allows for 

simultaneous nm real-space and sub-ps temporal probing, and is currently pursued and 

developed further in a number of laboratories worldwide.40, 50, 72–79 At present, several 

instrumental and conceptual challenges remain, with the development of brighter ultrafast 

electron sources as a central target.  Until recently, flat photocathodes were exclusively 

utilized in time-resolved TEM. Employing high-brightness nanoscale tip-shaped 

photocathodes in UTEM, however, promises a number of advantages, and may transfer state-
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of-the-art coherent beam techniques, such as electron holography,80, 81 advanced beam-

shaping,82 and nanoscale diffractive probing,83 into the femtosecond regime. 

At the University of Göttingen, we recently implemented an advanced UTEM 

instrument making use of sharp field-emitter tips as on-demand source of high-coherence 

ultrashort electron pulses49, 73 (cf. Fig. 4 a,b). Specifically, we modified a commercial JEOL 

JEM 2100F field emission TEM, facilitating localized single photon photoemission from a 

laser-triggered Schottky field emitter30, 84 (cf. Fig. 4 c) and synchronized optical sample 

excitation. Details on the instrument, a comprehensive beam characterization and prospects 

for future applications are outlined in Ref. 49. 

In the limit of isolated single-electron emission, we achieve record electron pulse 

properties, with down to 0.9-A electron focal spot size, 0.6-eV spectral width and 200-fs pulse 

duration (cf. Fig. 4 d-f). Within the duty cycle of the pulsed electron beam, a peak brightness 

comparable to that of a conventional Schottky emitter is obtained, facilitating an ultralow 

transverse beam emittance of down to 1.7 pm⋅rad.49 Besides nm-probing capability using a 

sharply focused electron spot, the corresponding high degree of transverse coherence enables 

time-resolved variants of high-resolution phase-contrast imaging, electron holography, 

differential phase contrast (DPC) STEM and diffraction from macro-molecular/mesoscopic 

structures. 

 Notably, the emitter can be operated in conventional Schottky mode, facilitating 

standard TEM applications and in-depth sample characterization with µA of emission current. 

In photoelectron-mode, the temporal structure of the beam is freely tunable from sub-ps 

pulses to continuous operation, allowing for optimizing the maximum beam current to the 

requirements of a specific experiment. In the following Section, we describe the application of 

this instrument to the spatially resolved probing of strain dynamics using ultrafast convergent 

beam electron diffraction (U-CBED). 

Local Diffractive Probing of Ultrafast Strain Dynamics in UTEM 

In recent years, high-frequency opto-phononic devices operating in the MHz to THz range, 

such as toroidal microcavities,85 suspended membrane structures,86 or tailored multilayers, 

have shown great potential for advanced metrology and sensing applications.87–89 The 

characterization of these devices utilizing high-resolution and ultrafast optical spectroscopies 

has provided a deep understanding of their optical properties but only indirectly gave access 

to the their phononic degrees of freedom and are often limited to micrometer length scales. 

Ultrafast diffractive probing in UTEM offers unique capabilities to locally track the transient 

structural distortions in reciprocal space on femtosecond time scales,90–92 with exciting 
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opportunities such as the mapping of phase transitions in intense optical near-fields or the 

imaging of tailored nanoscale phononic wave fields. 

As a first example of U-CBED with a high-coherence electron source, we investigated the 

light-induced phononic wave field at the edge of a single-crystalline graphite membrane (cf. 

Fig. 5a).93 The structure is illuminated with femtosecond laser pulses (50-µm focal spot size, 

800-nm central wavelength, 50-fs pulse duration, 16-mJ/cm² optical fluence), and we 

diffractively probe the local structural distortion employing 700-fs electron pulses focused to 

a 28-nm diameter. An exemplary CBED pattern is shown in Fig. 5b. The electron focus 

contains a broad distribution of incidence angles on the sample, which is visible in the pattern 

as a central intense disc. For certain incidence angles, Bragg scattering conditions are 

fulfilled, appearing as line-like features in the CBED pattern.83 The angular position and 

scattering intensity encodes the local unit cell structure and lattice temperature. 

In Fig. 5c, we display the temporal change of the (422) Bragg line for two probing positions, 

far from the membrane edge (upper panel) and at an edge distance of 500-nm (lower panel). 

In both cases, pronounced shifts and modulations of the Bragg line profiles are observed, but 

with a different temporal behavior for both probing positions. 

A particular strength of ultrafast diffractive probing is the ability to obtain quantitative 

information on structural distortions. By considering the temporal change of the mean 

position of a larger number Bragg lines, we extract the dominant components of the local 

distortion tensor and thereby identify the character of the light-triggered phononic modes, as 

plotted in Fig. 5d. For both probing positions, optical excitation results in a breathing of the 

film thickness, with a characteristic frequency of about 18 GHz (Fig. 5d, inset) given by the 

round-trip time of a longitudinal acoustic wave travelling in the out-of-plane direction. Close 

to the membrane edge, additionally a shear-rotational mode is observed (Fig. 5d, lower panel, 

red curve) with a frequency corresponding to the sound velocity of a transverse acoustic 

mode. We located the origin of the shear mode excitation by mapping the spatio-temporal 

evolution of the distortion tensor. Whereas the film breathing mode (Fig. 5e (upper panel)), is 

found at all sample positions with an approximately constant amplitude and phase, the shear-

rotational component (lower panel) exhibits a distinct spatial dependency: starting at the edge 

of the membrane, the first maximum of the shear-rotational mode amplitude shows a linear 

relation to the distance from the membrane edge. This peculiar coupling of nanoscale 

phononic modes was qualitatively reproduced in a continuum mechanics model which 

included the ultrafast heating of the graphite lattice.93 
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In addition to the average local structural distortion, the Bragg line profiles in ultrafast CBED 

contain detailed information on the strain distribution within the depth of the membrane. In 

particular, the transient splitting of line profiles visible in Fig. 5c (lower panel) are caused by 

the inhomogeneous structural deformation of the travelling strain waves bouncing between 

the two membrane faces. Such a rich experimental data may further elucidate the role of the 

ballistic transport of optically generated carriers and high frequency (thermal) phonons and 

their mode-specific coupling to an average thermal stress. 

Further Perspectives 

The development of ULEED and the use of laser-triggered field emitters in UTEM are 

both still in their early stages. However, the first experiments have already shown the great 

benefit of localized photoelectron sources in these applications. We expect that ULEED will 

serve as a unique and strong complement to photoemission spectroscopy in ultrafast surface 

science, elucidating the dynamics of tailored surface excitations and contributing to the 

understanding and control of low-dimensional structural phase transitions. UTEM, on the 

other hand, is an incredibly versatile experimental platform, which will continue to grow in 

terms of its range of applications from time-dependent versions of local electron diffraction, 

imaging and spectroscopy to phenomena and approaches not encountered in conventional 

electron microscopy, including quantum optics with free-electron beams or attosecond 

phenomena.94, 95 We believe that coherent ultrafast electron sources will play an essential role 

in each of these aspects within the emerging field of ultrafast nanoscale imaging. 
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Figure 1. Ultrafast electron microscopy and diffraction using laser-triggered field emitters. 

Optically induced dynamics are probed (a) in transmission by UTEM (electron kinetic energy: 

120-200 keV) and (b) at surfaces by ULEED (electron kinetic energy: 10-500 V), employing 

low-emittance ultrashort electron pulses. (c,d) Conceptual design of ultrafast photoemission 

electron sources. In a planar photocathode geometry (c), electrons are emitted from 

micrometer-sized areas (governed by typical laser focal spot diameters of 10-20 µm), while 

the laser-triggered field emitter (d) localizes electron emission to the nanoscale apex of a 

sharp metal tip (typical diameter of 10-100 nm), facilitating high-coherence electron pulses. 

Insets: Illustration of occupied transverse phase space for the respective emitter geometry. For 

details of panel (a,c) and (b) see Ref. 49 and Ref. 57, respectively. 
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Figure 2. Laser-driven electron guns for ULEED. (a) Millimeter-scale electrostatic lens 

assembly with a nanotip field emitter (optical microscope image). (b) Micrometer-scale 

electron gun, featuring Schottky-type extractor-suppressor unit and collimation einzel lens 

(scanning electron micrograph). (c) Electron gun covered by ground shield with hole for laser 

excitation. Inset: Nanotip photocathode. (d) ULEED diffraction pattern from a 1T-TaS2 

surface recorded with photoelectrons (room temperature, 100 eV energy, millimeter-scale 

gun), showing lattice Bragg peaks (some labeled) and satellite peaks from a periodic lattice 

distortion. (e) Zoom-in of region denoted in (d), resolving adjacent higher-order satellite 

peaks. (f) Temporal resolution of electron guns measured by laser-induced change in 

diffraction intensity (cf. Fig. 3). (a,d-f): Reproduced  with permission from Ref. 27. DOI: 

10.1038/nphys4309. © 2017 Macmillan Publishers Limited, part of Springer Nature. All 

rights reserved. (b,c) For details see Ref. 57. 
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Figure 3. Structural phase transition and phase-ordering kinetics probed by ULEED. (a) 

Sketches of the periodic lattice distortion in 1T-TaS2 corresponding to the charge-density 

wave in the domain-like “nearly commensurate” (NCP, left) and incommensurate (ICP, right) 

phase. White areas in the NCP denote discommensurations with weak lattice distortion (cf. 

Ref. 58). Distortions of the underlying hexagonal lattice strongly exaggerated. (b) Diffraction 

images before (left) and after (right) pump pulse; zoom-in of difference image, indicating the 

appearance of rotated ICP spots. (c) Delay-dependent maps of individual diffraction spots, 

showing NCP-to-ICP switching and the time-dependent ICP spot narrowing. (d) Delay-

dependent suppression of NCP and appearance of ICP diffraction intensity. (e) Universal 

scaling of the phase-ordering kinetics in the ICP for different excitation fluences, evidenced 

by the power-law growth of the spatial correlation length (red: µm-sized gun; yellow to blue: 

mm-sized gun). Adapted with permission from Ref. 27. DOI: 10.1038/nphys4309. © 2017 

Macmillan Publishers Limited, part of Springer Nature. All rights reserved. 
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Figure 4. Experimental setup and selected electron pulse properties of the Göttingen UTEM 

instrument. (a) A laser-driven Schottky field emission electron gun is integrated with a 

custom modified JEOL JEM-2100F. (b) Nanoscale photocathodes facilitate the generation of 

ultrafast electron pulses with (c-e) down to 0.89-nm focal spot size, 0.6-eV energy width and 

200-fs pulse duration. For details see Ref. 49. 

 

 

Figure 5. Ultrafast nanoscale diffractive probing of strain dynamics. (a) A laser-excited single 

graphite thin film is probed close to its edge with a sharply focused electron beam (28-nm 

focal spot size). (b) Ultrafast convergent beam electron diffraction (U-CBED) pattern. (c) 

Time-dependent profiles of the (422)-Bragg line recorded in a continuous part of the 

membrane and close to its edge (500-nm distance). (d) Quantitative reconstruction of local 

deformation gradient tensor components, disentangling the involved mechanical deformation 

modes. (e) Distance- and time delay dependent strain dynamics reveal the complex spatio-

temporal strain dynamics. For details see Ref. 93. 


