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Abstract
Ultrafast  transmission  electron  microscopy  (UTEM)  is  an  advanced  experimental
technique that integrates a femtosecond (fs) laser with transmission electron microscopy
to  capture  material  dynamic  processes  at  exceptionally  high  spatiotemporal  resolution.
This review aims to provide an overview on the recent progresses on UTEM from technical
principles,  instrument developments to scientific applications and future prospects.  The
fundamental  operation  principle  of  UTEM  involves  exciting  the  sample  with  a  pump
laser/electric pulse, followed by probing with a time-delayed electron pulse. By precisely
varying the delay time between the pump and probe pulses, electron imaging, diffraction or
spectroscopy at fs-nanometer/atomic scale can be achieved. Based on these capabilities,
these advances have recently culminated in techniques such as five-dimensional scanning
transmission electron microscopy and Attosecond electron microscopy, which push the
boundaries  toward  quantitative  strain  mapping  and  sub-cycle  dynamics.  UTEM  has
demonstrated significant applications in the study of microscopic dynamics in correlated
materials, semiconductors, catalysts, nanophotonics, etc. It enables direct visualization of
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fundamental dynamic processes such as carrier relaxation, lattice vibrations, phase transitions, near-field evolution
and magnetic domain switching, etc., thereby deepening the understanding of non-equilibrium states and providing
critical insights for the design of novel functional devices. With ongoing advancements in fs electron sources and
high-sensitivity electron detectors, the temporal resolution and detection sensitivity of UTEM continue to improve,
highlighting its substantial potential in nanometer/atomic-scale ultrafast science. Future technique developments
are expected to drive major breakthroughs in condensed matter physics, materials science, chemical reactions and
even biological structure dynamics, offering a powerful tool for exploring the ultrafast microscopic world.

INTRODUCTION
Ultrafast transmission electron microscopy (UTEM) represents a transformative advancement in dynamic

characterization of materials, synergistically integrating the high spatial resolution (from nanoscale down to

atomic scale) of conventional transmission electron microscopy (TEM) with ultrafast temporal resolution

(from nanoseconds down to femtoseconds) of ultrafast laser. This capability enables the direct

spatiotemporal probing of photoinduced nonequilibrium processes, including structural phase transitions
[1,2]

,

carrier dynamics
[3]

, exciton dynamics
[4]

, and electromagnetic responses
[5]

. Operating on a “photon-pump,

electron-probe” principle
[6]

, UTEM employs femtosecond (fs) laser pulses to generate ultrashort electron

packets from a photocathode inside the TEM. These electron pulses serve as a probe beam that surpasses the

optical diffraction limit, permitting the visualization of ultrafast dynamics with combined high spatial and

temporal precision
[7,8]

.

In recent years, researchers worldwide have made significant progresses in the developments and

applications of UTEM technology since it was pioneered by Ahmed H. Zewail group in 2005, which is also

termed as four-dimensional electron microscopy (4D-EM)
[9]

. Several electron pulse compression and

modulation techniques have been developed in UTEM, pushing the temporal resolution to the fs and even

attosecond as scale
[10]

. Various environmentally controllable UTEM systems have also been developed,

enabling dynamic research in multi-field conditions
[11]

. Over the past decades, UTEM has undergone a

transformative evolution from proof-of-principle demonstrations to integrated system development,

emerging as a cornerstone experimental platform for probing non-equilibrium dynamics of material

structures and electronic states at extreme spatiotemporal scales (picosecond-to-femtosecond temporal and

nanometer-to-atomic spatial resolution). Its technical scope has expanded from mere “ultrafast imaging” to a

comprehensive characterization framework that integrates time-resolved diffraction, spectroscopy, in situ

stimuli, and artificial intelligence-assisted analysis
[12]

. Notably, the emergence of five-dimensional scanning

transmission electron microscopy (5D-STEM) has enabled quantitative mapping of transient strain fields

and phonon dispersion with nanometer-femtosecond precision, representing a paradigm shift in

multidimensional dynamic characterization. Despite these achievements, the UTEM technique still faces

persistent challenges. For instance, the simultaneous optimization of temporal and spatial resolution remains

difficult, quantitative frameworks for complex nonequilibrium processes are underdeveloped, and

atomic-scale ultrafast imaging capabilities require further refinement. These limitations currently constrain

deeper applications in emerging quantum and energy-conversion materials. However, the field is advancing

rapidly and is highly interdisciplinary. Diverse technical pathways (e.g., photocathode-driven emission
[13]

,

all-radio-frequency compression
[14,15]

, attosecond pulse generation
[16]

) and fragmented application landscapes

(spanning quantum materials
[17]

, energy chemistry
[18]

, bio-imaging
[19]

, etc.) have emerged. A systematic effort

to elucidate the intrinsic logic of its technological evolution, the scientific connections between its

multimodal detection capabilities, and the strategy for selecting and optimizing technical pathways for

specific scientific questions is still lacking.

To address this gap, this review systematically examines the evolution, operational principles, and

application landscapes of UTEM technique, aiming to bridge the complete chain from fundamental
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principles and instrumentation to scientific applications. By synthesizing the strengths and applicable scopes

of different technical schemes and analyzing representative cutting-edge studies, we elucidate how UTEM

unveils transient microscopic mechanisms inaccessible to conventional techniques. Our goal is to provide

the community with a reference that combines technical insight and scientific foresight, thereby fostering the

application of UTEM to address critical challenges in condensed matter physics, materials science, and

chemical dynamics at greater depth and breadth.

This review is organized to guide the reader from the foundational principles of UTEM to its most advanced

applications and future directions. We begin in Section "OVERVIEW OF UTEM TECHNOLOGY" with an

overview of the historical development and technical framework of UTEM, establishing the context for its

emergence. Section "PRINCIPLES AND TECHNIQUES OF UTEM" details the working principles,

including both laser-based and laser-free approaches, with emphasis on the electron source dynamics and

the trade-offs between temporal resolution, spatial resolution, and electron flux. Section "SCIENTIFIC

APPLICATIONS OF UTEM" constitutes the core of the review, presenting the scientific applications of

UTEM organized by the type of dynamic information extracted: ultrafast structural dynamics (imaging and

diffraction), magnetic dynamics (Lorentz TEM), multidimensional strain mapping (5D-STEM), electronic

dynamics (Time-Resolved Electron Energy Loss Spectroscopy, EELS), and light-matter interactions

(Photon-Induced Near-field Electron Microscopy, PINEM). This classification reflects the distinct

experimental modalities and the complementary insights they provide. Section "ATTOSECOND

ELECTRON MICROSCOPY AND APPLICATIONS" addresses the frontier of attosecond electron

microscopy, discussing its principles, technical milestones, and emerging applications. Finally, Section

"OUTLOOK" concludes with a summary of key achievements, an analysis of remaining challenges, and a

forward-looking perspective on the technological advancements expected to shape the future of UTEM.

OVERVIEW OF UTEM TECHNOLOGY
UTEM combines fs laser pump-probe technology with conventional TEM to achieve high spatiotemporal

analysis of dynamic processes in matter, with spatial resolution reaching the sub-nanometer (nm) level and

temporal resolution entering the fs or even attosecond regime. This section provides an overview of its

historical evolution and technical framework. Since the invention in the 1930s, TEM has become a core tool

for revealing the static microstructure of matter at atomic scale, enabling precise characterization of material

morphology, crystal structure, and chemical composition. In recent years, in situ dynamic TEM techniques

have rapidly developed. By introducing various external field stimuli such as acoustic, optical, thermal,

electrical, and magnetic fields
[20-22]

, it has become possible to study physical and chemical dynamic processes

on time scales from milliseconds to microseconds However, limited by conventional detection mechanisms,

standard TEM struggles to capture ultrafast processes on picosecond (ps) to fs scales, such as key transient

phenomena including carrier dynamics, chemical bond breaking, lattice vibrations, phase transitions, and

exciton migration. The invention of the ruby laser in the 1960s provided a key opportunity to break this

temporal resolution bottleneck, and the subsequently developed pump-probe technique laid the

methodological foundation for enhancing the temporal resolution of electron microscopy. By the 1980s,

Professor Bostanjoglo's team at the Technical University of Berlin first proposed the concept of pulsed

electron imaging
[23]

. Entering the 21st century, Nobel Laureate Ahmed H. Zewail and his team successfully

integrated fs laser pulses with electron microscopy, pioneering 4D-EM
[9]

. This achievement marked the

formal birth of UTEM, pushing the temporal resolution of TEM to the fs and even attosecond scale. After

nearly two decades of continuous development, UTEM has become a revolutionary dynamic observation

tool in interdisciplinary fields such as condensed matter physics, materials science, photochemistry, and

structural biology
[24-28]

.
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Figure 1. Schematic diagram of an UTEM setup.

PRINCIPLES AND TECHNIQUES OF UTEM
Working principle of UTEM

UTEM achieves its ultrafast temporal resolution through the core principle of pump-probe technology. A fs

pump laser pulse excites the sample, initiating the target dynamic process (such as carrier excitation or lattice

deformation)
[29]

. Unlike optical pump-probe techniques, UTEM employs a delayed, controllable ultrashort

electron pulse (generated by ultraviolet fs laser pulse excitation on the photocathode inside the modified

TEM) as the probe to perform imaging or diffraction analysis on the sample in its excited state. By precisely

scanning the time interval (Δt) between the pump laser and probe electron pulses, the complete temporal

evolution of the dynamic process can be captured [Figure 1].

In terms of photocathode materials and electron emission, commonly used photocathode materials include

gold (Au) and gallium nitride (GaN), while TEM filaments typically use tungsten or lanthanum hexaboride

(LaB
6
). Regarding pulse generation mechanisms, ultraviolet are directed onto the cathode surface, emitting

photoelectrons via single-photon or multi-photon absorption. The generated electron pulse width is

influenced by both the laser pulse width and the cathode materials band structure. Reviewing the

development history, in the early 2000s, researchers introduced nanosecond (ns) lasers into the electron gun,

achieving imaging and diffraction based on single ns electron pulses
[30]

, which were successfully applied to
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study irreversible kinetic processes
[31]

. However, in this single-shot imaging/diffraction mode, as each pulse

needs to contain a large number of electrons, severe space-charge effects limit the temporal resolution to the

ns scale. In 2005, Professor Ahmed Zewail's team at Caltech achieved a key breakthrough. They used a fs

laser to generate electron pulses containing only a few or even single electrons per pulse, effectively avoiding

space-charge effects and achieving UTEM temporal resolution at the sub-picosecond level
[9]

. This fs

laser-based UTEM is particularly suitable for studying reversible kinetic processes where the sample fully

recovers to the ground state between consecutive pump pulses. Recently, it has been widely applied to

high-spatiotemporal-resolution studies of photoinduced ultrafast dynamics in matters.

Instrumentation of UTEM systems

A typical schematical diagram of an UTEM system are shown in Figure 1, consisting mainly of an ultrafast

laser system and a TEM. The ultrafast laser system includes components such as a laser source, a delay stage,

frequency doubling crystals, and an optical parametric amplifier (OPA). The output near-infrared fs laser is

typically split into two beams: one is frequency-tripled or quadrupled and directed into the TEM electron

gun to excite the photocathode for generating pulsed electron beams; the other fs laser beam is

wavelength-tuned via a frequency doubling crystal or an OPA and then is directed into the sample chamber

to excite the sample for inducing dynamic processes. With their extremely short pulse width and high peak

power density, fs lasers enable ultrafast excitation of materials, inducing rich photoinduced dynamic

changes. Additionally, ns lasers can also be introduced into the electron gun to generate ns-scale electron

pulses to meet the needs of ns time-resolved kinetic studies. High-precision optical delay stages are used to

precisely adjust the optical path difference between the pump and probe pulses, thereby achieving

time-resolved electron imaging, di f fract ion or spectroscopy. The OPA is used to generate

wavelength-tunable fs laser pulses, enabling flexible control of sample excitation conditions. For the electron

microscope part, commercial TEMs are typically modified by installing mirrors inside the column and

opening optical windows on the column wall to enable guiding the pump and probe laser pulses to the

sample and the electron gun cathode, respectively. The pump laser is focused by a lens onto the sample

surface, while the probe laser is incident on the photocathode surface in the electron gun to generate pulsed

electron beams.

Besides the typical laser-based UTEM, there is another type of stroboscopic UTEM technique without laser

sources, which can be dated back to the 1960s-70s
[32,33]

. Recently, this probing approach has regained

academic attention
[34]

. The main advantage of this technology is that it does not require modification of the

electron source. Instead, electrostatic or radio-frequency (RF) beam deflection devices are introduced into

the TEM column to rapidly sweep the continuous electron beam across a fixed small aperture, thereby slicing

the continuous beam into short pulses [Figure 2A]
[14,35-37]

. This method effectively preserves the original

electron source's coherence and energy spread, and the switching between pulsed and continuous emission

modes is particularly convenient. Currently, this technique has achieved a temporal resolution of hundreds

of femtoseconds
[14]

. Its inherent gigahertz repetition rate, combined with a high duty cycle (about 10%-20%,

i.e., the effective electron utilization ratio)
[38]

, allows for significantly reduced data acquisition time while

ensuring signal-to-noise ratio. However, the high repetition rate also limits the range of materials that can be

studied with the pump-probe techniques, as it requires the excited-state lifetime of the material under study

to be on the ns scale. To date, laser-free stroboscopic TEM has been successfully applied to image

electromagnetic wave propagation in micro/nanostructures [Figure 2B]
[14]

 and to probe magnetization

dynamics in magnetic vortices [Figure 2C and D]
[15]

 under RF excitation. Other excitation methods

specifically designed for chemical kinetics studies (such as visible light irradiation or thermal excitation) are

expected to emerge in the coming years. These new technologies offer broad application prospects for

revealing magnetic, plasmonic, and excitonic dynamics in functional materials
[38]

.
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Figure 2. Laser-free UTEM. (A) Laser-free UTEM by integrating ultrafast RF pulser into a TEM. Main column elements of the RF pulser:
kickers (K1, K2) and aperture as shown in the inset. Reprinted with permission[14]. Copyright 2020, AAAS. (B) Reconstructed
electromagnetic wave propagation dynamics in two interdigitated combs. Reprinted with permission[14]. Copyright 2020, AAAS. (C)
Laser-free UTEM based on a delay line detector. Reprinted with permission[15]. (C) is reproduced under the CC BY-NC-ND license.
Copyright 2022, Elsevier. (D) Snapshots of magnetic vortex core motion recorded at different time steps over a 13 ps interval during
excitation at 417 MHz under an 18 mT static out-of-plane applied magnetic field. The images reveal clockwise motion of the magnetic
vortex core. Reprinted with permission[15]. Copyright 2022, Elsevier.

Working kinetics and temporal resolution

UTEM enables direct visualization of structural dynamics over a wide temporal window through a

pump-probe scheme, in which an ultrafast laser pulse excites the specimen and a time-delayed electron pulse

probes the transient structural response
[39]

. By systematically scanning the delay time between the pump and

probe pulses, the time evolution of microscopic processes can be reconstructed with high temporal precision,

allowing UTEM to capture nonequilibrium structural dynamics spanning multiple characteristic timescales

from femtoseconds to nanoseconds.

The working kinetics accessible by UTEM typically cover several key stages of ultrafast processes in

condensed matter systems. Immediately after photoexcitation, nonequilibrium electronic distributions are

formed within tens to hundreds of femtoseconds, followed by electron-phonon coupling processes occurring

on sub-picosecond timescales
[25]

. Subsequently, lattice heating, structural relaxation, and phase transition

dynamics generally develop on picosecond to nanosecond timescales, while domain evolution and defect

migration may extend to even longer temporal regimes. Benefiting from its capability of combining

nanometer spatial resolution with ultrafast temporal resolution, UTEM provides a unique platform for

correlating these multiscale structural dynamics across both reciprocal space and real space
[29]

.
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The temporal resolution of UTEM is primarily determined by two factors: the duration of the probe electron

pulse and the synchronization jitter between the pump and probe pulses. In laser-driven photocathode-based

UTEM systems, the initial electron pulse width is closely related to the laser pulse duration and the emission

dynamics of the photocathode material
[40]

. The kinetic process of photoelectron emission is governed by the

laser fluence, pulse duration, and the band structure of the cathode material. Under low-fluence excitation,

single-electron or few-electron pulses are generated, minimizing space-charge effects and enabling

sub-picosecond temporal resolution. With optimized emission conditions, femtosecond electron pulses can

be routinely generated in modern UTEM platforms. However, coulomb repulsion between electrons within a

pulse (space-charge effect) leads to temporal broadening and spatial expansion during propagation from the

photocathode to the specimen plane. This effect becomes particularly severe when higher bunch charges are

required for single-shot experiments or for detecting weak signals. To suppress space-charge induced

broadening, UTEM experiments are often operated in the single-electron regime or under low-charge

conditions. Additionally, RF cavity compression and terahertz-based pulse manipulation techniques have

been demonstrated as effective approaches for shortening electron pulse duration and improving temporal

resolution
[14,15]

. Timing jitter originating from laser fluctuations, electronic triggering systems, and

mechanical delay stages may introduce additional temporal uncertainty in pump-probe measurements
[41]

. To

overcome this limitation, synchronization schemes have been developed. For instance, phase-locked loops

that synchronize microwave compression cavities directly with the mode-locked femtosecond oscillator have

achieved timing stabilities below 5 fs RMS
[42]

. Alternatively, passive optical synchronization using

master-slave laser configurations has demonstrated timing jitter as low as 0.74 fs
[43]

. More recently, hybrid

methodologies combining weak value amplification with deep learning have been proposed to suppress

residual timing jitter, enabling attosecond-scale precision in pump-probe measurements
[44]

. These advances

have significantly improved the temporal precision of ultrafast electron microscopy experiments.

In addition to the intrinsic timescales of the physical processes, the accessible working kinetics in UTEM

experiments are also influenced by the repetition rate of the pump-probe scheme and the reversibility of the

investigated processes. For reversible structural dynamics, stroboscopic acquisition allows signal

accumulation over millions of excitation cycles, enabling high signal-to-noise imaging of weak transient

structural changes
[45]

. In contrast, irreversible processes require single-shot or low-repetition-rate acquisition

modes, in which the temporal resolution is determined by the duration of a single electron pulse
[31]

. The

combination of these acquisition strategies enables UTEM to investigate a broad range of ultrafast

phenomena under both reversible and irreversible conditions
[46]

.

With recent advances in photocathode design, RF compression cavities, and optical gating techniques, the

temporal resolution of UTEM has been further improved toward the few-tens-of-femtoseconds regime, and

even attosecond electron pulse generation has been proposed in next-generation ultrafast electron

microscopy platforms
[29,47]

. These developments continue to expand the accessible working kinetics of UTEM

and open new opportunities for probing elementary structural dynamics at their fundamental time scales.

Therefore, UTEM provides a powerful approach for mapping multiscale structural kinetics ranging from

ultrafast electronic excitation to lattice phase transitions and mesoscale structural evolution, enabling

comprehensive understanding of dynamic processes in quantum materials, low-dimensional systems, and

functional nanostructures.

Spatial resolution

While conventional TEM routinely achieves atomic resolution under static conditions, attaining comparable

spatial resolution in UTEM is considerably more challenging due to several interconnected factors that often

involve trade-offs with temporal resolution and electron flux.
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Under low-fluence operation where single-electron or few-electron pulses are used to minimize space-charge

effects, the achievable spatial resolution is primarily limited by the intrinsic brightness of the photocathode

source and the aberrations of the electron optics, typically reaching sub-nanometer to nanometer levels
[48]

.

However, when higher bunch charges are required. For instance, to achieve sufficient signal in single-shot

experiments or to detect weak transient signals, space-charge-induced Coulomb repulsion not only broadens

the pulse duration (degrading temporal resolution) but also degrades transverse coherence and increases the

effective source size, leading directly to a loss of spatial resolution. This inherent trade-off between electron

flux, temporal resolution, and spatial resolution represents a fundamental constraint in UTEM design and

operation. The spatial resolution in UTEM is also strongly influenced by the specific technical approach.

Photoinjector-based systems that generate electron pulses directly from a laser-illuminated photocathode can

achieve high brightness but are susceptible to energy spread and emittance growth, which can limit spatial

coherence. Alternatively, beam-blanking approaches that slice a continuous electron beam preserve the

original source coherence and energy spread, thereby maintaining spatial resolution comparable to

conventional TEM, but at the cost of lower temporal resolution and duty cycle
[14 ,15]

. The choice of

photocathode material also plays a critical role: Schottky emitters offer high brightness and stability but

require careful synchronization with ultrafast lasers, while field-emitter tips and nanotip sources can provide

extreme brightness and coherence but present significant challenges in pulse generation and long-term

stability
[13]

. Beyond instrumental factors, the sample itself can affect the effective spatial resolution. Under

ultrafast excitation, pump-induced structural changes such as lattice expansion, phase separation, or surface

charging can introduce transient distortions that blur high-resolution features. Additionally, the high peak

power of femtosecond laser pulses can induce sample damage or heating, necessitating careful trade-offs

between excitation strength and spatial fidelity. For beam-sensitive materials, the cumulative electron dose

over multiple pump-probe cycles may also lead to radiation damage that degrades spatial resolution over the

course of an experiment.

Looking forward, several strategies are expected to push the spatial resolution of UTEM toward atomic

scales. First, the development of high-brightness, high-coherence nanotip electron sources promise to deliver

pulsed beams with emittance approaching that of continuous-wave field emitters, significantly improving

both spatial and temporal coherence
[49]

. Second, advanced aberration correction schemes specifically

designed for pulsed beams, including laser-based phase modulation and machine-learning-optimized optics,

offer pathways to correct for time-dependent aberrations that are not addressed by conventional correctors.

Third, algorithmic approaches such as ptychography and computational imaging can recover

high-resolution information from low-dose datasets by leveraging redundancy in multidimensional data,

effectively overcoming the dose-fractionation limits inherent to time-resolved experiments
[50]

. Fourth, the

integration of in situ environmental control (e.g., cryogenic holders, liquid cells) can mitigate sample damage

and thermal drift, preserving spatial fidelity under pump-probe conditions.

Collectively, these advances suggest that atomic-resolution UTEM, combining femtosecond temporal

precision with sub-angstrom spatial detail, is an achievable goal for the coming decade. Such capabilities will

enable direct visualization of fundamental atomic motions during chemical reactions, phase transitions, and

quantum phenomena, opening new frontiers in ultrafast science.

Detector developments for low-dose UTEM

The advancement of UTEM has been closely coupled with the development of high-sensitivity, fast-readout

electron detectors capable of capturing weak signals from single-electron or few-electron pulses.

Conventional Charge-Coupled Device Camera(CCD) and Complementary metal-oxide-semiconductor

(CMOS) cameras, while adequate for static imaging, often suffer from insufficient signal-to-noise ratios and

limited frame rates when applied to time-resolved experiments with low electron doses. The emergence of
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direct electron detectors, which bypass scintillator layers and convert incident electrons directly into digital

signals has revolutionized low-dose ultrafast imaging and spectroscopy. These detectors offer quantum

efficiencies exceeding 90%, negligible noise, and readout speeds compatible with the kilohertz-to-megahertz

repetition rates typical of pulsed electron sources
[50]

.

Several detector architectures have been particularly impactful for UTEM. Hybrid pixel detectors, such as

those based on the Timepix and Medipix families, enable single-electron counting with high dynamic range

and provide both position and arrival time information, making them ideal for stroboscopic experiments and

for rejecting out-of-time electrons. CMOS detectors with integrated in-pixel amplification achieve

near-single-electron sensitivity at high frame rates, enabling real-time feedback during pump-probe

experiments. For applications requiring simultaneous detection of diffraction patterns and spectroscopic

signals, such as 5D-STEM and time-resolved EELS, fast pixelated detectors capable of capturing full

diffraction patterns at each scan point with microsecond-to-millisecond exposure times are increasingly

employed
[50]

.

Looking forward, the continued development of detectors with higher dynamic range, faster readout, and

integrated signal processing will further expand the capabilities of UTEM. Advances in event-based detection

and in situ data compression will enable the acquisition of larger multidimensional datasets without

overwhelming data storage and processing pipelines. Moreover, the integration of machine learning

algorithms directly at the detector level for real-time feature extraction and intelligent data reduction

promises to accelerate the pace of discovery in ultrafast electron microscopy. These detector innovations,

when combined with high-brightness electron sources and advanced computational analysis, position UTEM

to address increasingly complex scientific questions with ever-improving sensitivity and throughput.

SCIENTIFIC APPLICATIONS OF UTEM
UTEM encompasses diverse advanced functionalities, primarily including: ultrafast imaging

[51-56]
 (using fs

electron pulses for real-time nanoscale observation of transient phenomena such as phase transitions);

ultrafast diffraction
[57-68]

 (capturing dynamic crystal structure evolution, including phonon excitation and

stress wave propagation, through ultrafast electron diffraction ,UED); ultrafast Lorentz TEM
[69-74]

 (studying

picosecond-scale dynamics of magnetic domain evolution under multiple fields); time-resolved STEM
[50]

(5D-STEM, which enables multidimensional dynamic measurement of real-space coordinates (x, y), time (t),

and momentum space (k
x
, k

y
) to analyze dynamic strain fields and charge density distributions); and

Photon-induced near-field electron microscopy (PINEM, which utilizes light-electron coupling to probe

near-field signals, revealing quantum interactions between photons and electrons). By integrating ultrafast

electron pulses with multidimensional detection techniques, UTEM extends the static characterization

capabilities of traditional TEM into the fs-nm dynamic research domain.

Different UTEM modalities provide sensitivity to distinct kinetic processes. Ultrafast electron diffraction is

particularly suitable for probing lattice symmetry changes and phonon dynamics in reciprocal space, whereas

ultrafast imaging techniques allow direct visualization of mesoscale structural evolution such as domain wall

motion and defect migration. In addition, ultrafast EELS and PINEM enable investigation of carrier

relaxation dynamics and plasmonic excitations. Together, these approaches establish UTEM as a powerful

tool for mapping multiscale kinetics ranging from electronic excitation to structural phase transformation.

Ultrafast structural dynamics: imaging and diffraction

Upon photoexcitation, energy transfer from the electronic system to the lattice system triggers a series of

dynamic processes, such as the generation of coherent phonons
[75-78]

, photoinduced phase transitions
[79-82]

(e.g., ferroelectric phase transitions, metal-insulator transitions, and other lattice distortion processes), and
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electron-phonon coupling
[83-86]

 (involving interactions between carrier relaxation pathways and phonon

scattering mechanisms). Studying these ultrafast processes urgently requires time-resolved structural

characterization techniques capable of resolving atomic motions on fs to ps timescales. Currently, UED and

ultrafast electron real-space imaging represent two core techniques for investigating such ultrafast structural

dynamics. UED employs ultrashort electron pulses to probe instantaneous diffraction patterns of samples,

enabling the tracking of dynamic evolution by analyzing structural information in reciprocal space.

Developed since the 1990s, UED has been widely applied to study structural dynamics in gases, liquids
[87]

,

and solid materials
[88,89]

. It is known for its high temporal resolution and exceptional sensitivity to periodic

lattice variations, such as phonon mode excitations and phase transition pathways.

In contrast, ultrafast electron imaging integrates the high spatial resolution of conventional TEM with

ultrafast temporal resolution, offering multimodal capabilities and high sensitivity at the nanoscale. This

technique not only enables direct observation of domain structure evolution, transient lattice responses at

the nanoscale through imaging features such as bending contours
[90]

, but also allows direct imaging of

magnetic domain dynamics when combined with Lorentz electron microscopy. Such powerful real-space

imaging capabilities provide a unique and effective means for gaining deep insights into ultrafast dynamic

processes in complex materials.

The UTEM platform enables dynamic studies on small-scale samples, such as individual nanoparticles,

thereby revealing time-dependent behaviors, size-dependent effects, and morphology-dependent

characteristics that are often obscured by averaging effects in conventional bulk material research. Moreover,

UTEM offers an intuitive and concrete visualization of dynamic physical processes through fs electron

imaging, with its high spatial resolution making the study of dynamics at the nanoscale become a reality. For

example, Figure 3A displays the first high-resolution UTEM image captured at the California Institute of

Technology, showing a graphite sample with clearly visible lattice fringes spaced at 3.4 Å[48]
. Additionally,

Ahmed H. Zewail's group at Caltech has combined the powerful capability of three-dimensional volume

imaging with fs temporal resolution by developing 4D electron tomography
[91,92]

. This technique has been

successfully applied to reveal the structural and morphological dynamics of nanoscale three-dimensional

objects.

UTEM with fs time resolution provides a unique means to capture phonon transport processes in

nanomaterials, enabling the tracking of coherent phonon dynamics under pulsed laser excitation and the

study of how nanostructures influence phonon nucleation and propagation. For example, Zhang et al.

systematically studied defect-mediated anisotropic phonon dynamics in molybdenum disulfide (MoS
2
)

through direct real-space imaging at nanoscale spatial and ps temporal resolutions [Figure 3B]
[51-53]

. Sie et al.,

using UED combined with terahertz optical pulse excitation, achieved sub-ps interlayer shear strain

regulation in the Weyl semimetal WTe
2
 [Figure 3C]

[67]
. This study revealed a symmetry-breaking mechanism

driven by terahertz-frequency shear phonon modes, confirming its ability to induce topological phase

transitions and modulate the spatial distribution of the Weyl points, offering new insights for the

development of ultra-high-speed topological electronic devices.

UTEM also plays a significant role in studying photoinduced phase transitions
[93,94]

, such as crystal melting
[95]

,

nucleation and growth processes
[96-98]

, lattice distortions in perovskite materials
[18,99,100]

, and charge density

wave (CDW) phase transitions
[ 1 0 1 - 1 0 5 ]

, al l of which have been extensively investigated. Unlike

ensemble-averaged optical probes or reciprocal-space-only diffraction techniques, UTEM captures the

heterogeneous nature of these transitions by enabling direct, real-space visualization of nucleation, domain

growth, and interfacial propagation with simultaneous nanometer spatial and femtosecond temporal

resolution. For example, Zhang et al. studied the photoinduced martensitic phase transition and its reverse
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Figure 3. (A) High-resolution UTEM image of graphite with lattice-plane spacing of 3.4 Å. Reprinted with permission[48]. Copyright 2010,
AAAS. (B) Representative UTEM image of a freestanding 2H-MoS2 flake with highlighted regions of interest (ROIs) from which phonon
dynamics were mapped, and position-dependent phonon frequency in each ROI. Reprinted with permission[52]. Copyright 2021, American
Chemical Society. (C) Measured diffraction pattern of WTe2 at equilibrium and changes in Bragg peak intensity as a function of time delay
between terahertz pump pulses and the electron beam. Reprinted with permission[67]. Copyright 2019, Springer Nature. (D) Laser-induced
martensitic transition and nucleation in the shape memory alloy MnNiSn detected by bright-field imaging. Reprinted with permission[81].
Copyright 2017, American Physical Society. (E) Laser-induced charge-density wave phase transition in 1T-TaS2 captured by dark-field
imaging. Reprinted with permission[56]. Copyright 2021, AAAS.

process in the shape memory alloy Mn-Ni-Sn using ultrafast bright-field imaging [Figure 3D]
[81]

. The study

captured the periodic annihilation and regeneration of domain structures (period of ~40 ps), revealing the

coupling mechanism between lattice breathing oscillations and phase transitions. This clarified the atomic

motion patterns involved in twin nucleation and domain wall growth, providing an in situ dynamic

observation method for studying symmetry-breaking phase transitions.

In CDW systems, UTEM has provided unprecedented insights into the spatiotemporal evolution of ordered

states
[56]

. Compared to ultrafast bright-field imaging (UBF), ultrafast dark-field imaging (UDF) can acquire

crystal structure information with higher contrast. Danz et al. employed a customized dark-field aperture

array to simultaneously track the evolution of CDW domains with fs time resolution and 5 nm spatial

resolution, elucidating relaxation pathways and domain wall dynamics in 1T-TaS
2
 [Figure 3E]

[56]
. Their work

revealed that domain wall dynamics, rather than uniform lattice melting, dominate the photoinduced

disordering pathway. Through real-time, real-space imaging of the formation, stabilization, and relaxation

processes of CDW domains, this study provided direct structural evidence for the phase transition

mechanism following photoexcitation. Furthermore, UTEM has enabled the direct observation of

topological defect formation during CDW transitions, such as phase slips and dislocations, which are critical

for understanding the collective response of correlated electron systems to ultrafast excitation.

Owing to significant advances in in situ TEM technology, the implementation of multi-field conditions

within TEM has become increasingly feasible. The integration of in situ specimen holder technology with

UTEM has substantially expanded its scope for dynamic investigations
[106]

, enabling the application of electric
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Figure 4. (A) Schematic illustration of real-time imaging of photomorphic reaction dynamics of Au nanoparticles in liquid by 4D-EM.
Reprinted with permission[109]. Copyright 2018, American Chemical Society. (B) Schematics of the terahertz electronics device under test
and optical microscope image of the active region. Reprinted with permission[110]. Copyright 2024, Springer Nature.

fields, magnetic fields, stress fields, heating/cooling, and various gas or liquid environmental conditions to

characterize material properties and dynamic responses at nm or even atomic resolution
[107,108]

. For example,

UTEM can directly observe photoinduced nucleation dynamics in water at nanoscale using in situ liquid

cells, providing insights into reaction mechanisms, particularly the coupling between lattice vibrations and

carrier dynamics
[87]

. Fu et al. [Figure 4A] achieved significant progress by integrating a liquid cell into UTEM

to study the active Brownian dynamics of nanoparticles in water triggered by laser pulses
[109]

. On nm and ns

scales, they observed unidirectional ultrafast ballistic motion of photon-activated gold nanoparticles along

the liquid-gas interface
[ 8 7 ]

. These studies have successfully extended the application of UTEM to

non-equilibrium fluid- and gas-phase reaction systems through the development of customized sample

environments and pulse-control imaging techniques, offering atomic-scale dynamic perspectives for ultrafast

processes in fields such as photocatalysis and energy conversion.

By applying electric fields to samples inside the TEM, researchers can observe field-induced phenomena such

as electrochemical reactions
[111]

, polarization
[112]

, magnetization
[113]

, and electromechanical responses
[114]

.

Mattes et al. demonstrated that ultrafast electron-beam probes with terahertz-compressed electron pulses can

directly sense local electromagnetic fields in electronic devices, achieving fs temporal, micrometer spatial,

and millivolt signal resolutions [Figure 4B]
[110]

. UTEM uniquely enables the visualization of atomic responses

and carrier dynamics under electric fields, making it a powerful tool for investigating electronic and

structural dynamics in nanoscale devices.

Ultrafast magnetic dynamics: lorentz TEM

Magnetic materials hold broad application prospects in fields such as data storage
[115]

, logic operations
[116-118]

,

and quantum computing
[119-121]

. At the fundamental research level, the origin of magnetism is often closely

related to interactions between spins or orbitals within materials and is frequently coupled with other order

parameters, such as superconductivity, ferroelectricity, and CDW. Therefore, studying the temporal

evolution of magnetic structures at the nanoscale and on the ultrafast timescales is crucial for understanding
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the nature of magnetism and its dynamic behavior. This not only helps reveal the complex coupling

mechanisms among multiple order parameters in strongly correlated electron systems, but also lays the

scientific foundation for designing and optimizing future novel spintronic functional devices.

Electron beams serve as an important means for magnetic probing at nanoscale. Although traditional

optical-based pump-probe techniques have made great progress in studying ultrafast magnetic dynamics,

their spatial resolution is limited by the optical diffraction limit, making it difficult to fully resolve transient

evolution details of complex magnetic structures
[122]

. In contrast, electron beams, with their shorter de Broglie

wavelengths and unique scattering mechanisms, can provide higher spatial resolution, making them a

powerful tool for studying nanomagnetic dynamic processes. In recent years, the rapid development of

ultrafast Lorentz TEM (ULTEM) technology has significantly enhanced comprehensive observation

capabilities of magnetic materials across both time and space dimensions
[123,124]

. This technology combines fs

laser pumping with electron beam probing, achieving fs time resolution and nm spatial resolution, thereby

enabling direct imaging of the dynamic evolution of magnetic structures under non-equilibrium

conditions
[125]

. Unlike ensemble-averaged optical probes, ULTEM captures the heterogeneous and nanoscale

nature of magnetic dynamics, revealing how magnetic vortices, skyrmions, and domain walls nucleate,

propagate, and interact under external stimuli. This capability provides direct access to key kinetic processes

such as ultrafast demagnetization, spin-lattice relaxation, gyrotropic motion, and topological switching,

which are essential for understanding fundamental spin dynamics and for developing next-generation

spintronic devices.

The first ULTEM system was demonstrated by the Ahmed H. Zewail group, in which the magnetization

reversal and domain wall motion dynamics in ferromagnetic thin films were successfully observed using

time-resolved Fresnel imaging mode
[126]

. In recent years, with technological advancements, studies utilizing

ULTEM to investigate the ultrafast dynamic evolution of magnetic structures at the nanoscale have

increased. For example, Rubiano et al. employed fs Lorentz microscopy to probe the magnetic evolution

during photoinduced demagnetization process in magnetic vortex structures
[127]

. This work achieved direct

imaging of the ultrafast demagnetization process in a single nanostructure with a spatial resolution better

than 100 nm and a temporal resolution as high as 700 fs [Figure 5A], demonstrating the potential of this

technique for real-space imaging of nanoscale spin systems under ultrafast optical field excitation
[127]

.

In the FeGe material system, low-temperature ns time-resolved ULTEM experiments showed that

photoinduced thermal pulses of different durations and energies can enable controllable writing of magnetic

skyrmions over a wide range of temperatures and magnetic fields [Figure 5B]. The study combined

high-speed camera imaging and pump-probe techniques to directly resolve the spatiotemporal evolution

path of the magnetic structure after laser pulse excitation. Results indicated that following the laser-induced

demagnetization, the skyrmion lattice can maintain its structural integrity and recover to its initial state on

sub-microsecond to microsecond timescales as the system cools. This study also successfully demonstrated

the laser writing and erasing of magnetic skyrmions, systematically revealing their stability and dynamic

evolution under different temperature and external magnetic field conditions
[128]

. Separately, Liu et al. at

Brookhaven National Laboratory employed a laser-free ULTEM technique and reported a breakthrough in

direct imaging of dipolar-exchange spin waves in ferromagnetic thin films. Leveraging topological spin

textures, they captured the emission, propagation, reflection, and interference of spin waves from

spin-antivortices under RF excitation [Figure 5C]
[129]

. Their study revealed that spin wave generation is

closely associated with the oscillatory motion of specific magnetic domain walls. ULTEM also facilitates the

realization of skyrmions in two-dimensional van der Waals ferromagnets at room temperature and enables

the exploration of their ultrafast laser writability, laying the foundation for future spintronic device

applications. In experiments, Li et al. introduced iron deficiency into FeGaTe
2
 to break the crystal symmetry
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Figure 5. (A) Demagnetization process of a magnetic vortex observed by ultrafast LTEM. Reprinted with permission[127]. Copyright 2018,
American Physical Society. (B) Schematic diagram of the light-induced generation process of a skyrmion. Top left: Schematic of the in-situ
pump-probe cryogenic ultrafast LTEM experimental setup. Bottom left: Magnetic phase diagram of the FeGe nanoplates, arrows indicate
key pathways within the phase diagram. Right: LTEM images of FeGe nanoplates under different conditions. The skyrmion lattice was
generated by near-infrared fs laser pulses. Scale bar: 250 nm. Reprinted with permission[128]. Copyright 2018, American Physical Society.
(C)Time-resolved ultrafast LTEM imaging of spin waves. Ultrafast LTEM images ((1) and (2)), intensity-normalized (to the averaged
intensity by pixel) images ((3) and (4)), and difference images ((5) and (6)) at 13.7 ps ((1), (3) and (5)) and 97.2 ps ((2), (4) and (6))
delay times; Scale bar, 500 nm. Stripe-like contrast represents the spin-wave wavefronts. Reprinted with permission[129]. Copyright 2025,
Springer Nature.

and induce a significant Dzyaloshinskii-Moriya interaction (DMI), thereby stabilizing Néel-type skyrmions

at room temperature
[130]

. ULTEM also serves as an important tool for studying multi-scale skyrmion

dynamics. For example, using ULTEM imaging, researchers systematically observed dynamic behaviors such

as skyrmion proliferation, drift, contraction, and merging on ns to microsecond timescales in Co
9
Zn

9
Mn

2
,

providing deep insights into their complex spatiotemporal evolution paths
[72]

.

Therefore, ULTEM provides a powerful technique for studying the ultrafast dynamics of nanoscale magnetic

structures, significantly advancing the understanding of the dynamic behavior of complex spin structures in

magnetic materials. The aforementioned studies fully demonstrate the unique capability of ULTEM to reveal

the dynamic response of topological spin structures under external field control with unprecedented

spatiotemporal resolution. With its unparalleled spatiotemporal resolution, ULTEM has become an

indispensable and distinctive tool for studying the microscopic dynamics of magnetic structures, particularly

the nanoscale topological spin structures with potential applications in spintronic devices.

Multidimensional strain mapping: 5D-STEM

5D-STEM is a cutting-edge method that combines scanning transmission electron microscopy (STEM) with

ultrafast optical pump-probe technology to achieve ultrafast dynamic mapping of lattice, charge, spin, and

other physical properties in nanomaterials. Its core principle lies in using ultrashort electron pulses to

perform a two-dimensional real-space scan of the sample while recording the complete electron diffraction

pattern or electron beam deflection signal at each scan point, thereby simultaneously acquiring 5D

information: real-space coordinates (x, y), time (t), and momentum space (k
x
, k

y
) [Figure 6A]

[50]
. This
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Figure 6. (A) Schematic of the 5D-STEM imaging technique. Reprinted with permission[50]. Copyright 2022, Royal Society of Chemistry.
(B-E) Snapshots of coherent acoustic phonon propagation captured by 5D-STEM technique in a silicon thin film. Reprinted with
permission[50]. Copyright 2022, Royal Society of Chemistry.

approach differs from conventional STEM by replacing the static illumination with a converged electron

probe and time-resolved detection, enabling the reconstruction of transient structural dynamics with both

high spatial and temporal resolution
[131]

.

5D-STEM is an innovative characterization technique capable of observing the ultrafast dynamic behavior of

nanomaterials with extremely high spatiotemporal resolution. The development of this technique can be

traced back to 2009, when Yurtsever et al. first introduced the related concept. They employed convergent

beam electron diffraction (CBED) to observe acoustic wave propagation in silicon, achieving an UTEM study

of single-particle structural dynamics at the nanoscale
[132]

. Unlike traditional parallel-beam illumination with

a single electron wavevector, this approach utilized a convergent electron beam to probe the sample, enabling

high-precision determination of the three-dimensional structure of localized regions. Subsequently, Claus

Ropers' team further advanced ultrafast CBED (U-CBED) to investigate photoinduced strain dynamics in

nanostructures
[133]

. In 2022, Nakamura et al. upgraded U-CBED to 5D-STEM
[50]

, realizing quantitative

time-resolved mapping of strain at the nanoscale [Figure 6B-E]
[50]

. Their work captured the generation and

propagation of photoinduced acoustic waves in a nanostructured silicon thin plate. Through CBED analysis

at each scanning pixel, they quantitatively determined the polarization direction and amplitude of the

acoustic waves propagating along the plate and used Fourier transforms to reveal the strain distribution in

momentum-frequency space, thereby obtaining the phonon dispersion relation along any in-plane direction.

These developments underscore the unique capabilities of 5D-STEM. Compared to conventional STEM,

5D-STEM can capture transient changes in the crystal structure, local strain, phase transitions, and domain

configurations of nanomaterials under ultrafast photoexcitation, enabling quantitative nanoscale mapping of

time-dependent strain fields [Figure 6B-E]
[50]

. This capability is crucial for investigating ultrafast optically

controlled strain and the generation and propagation of acoustic waves within nanostructures. The analytical

approach is highly flexible and applicable to complex nanostructured samples. Beyond strain dynamics,

5D-STEM can also be utilized to study other types of ultrafast non-equilibrium phenomena, including

structural phase transitions, dielectric responses, and magnetic dynamics. In the future, continuous
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improvements in the core components such as electron source brightness, detector speed, and

synchronization control systems are expected to further enhance the spatiotemporal resolution and detection

sensitivity of 5D-STEM.

Ultrafast electronic dynamics: time-resolved EELS

EELS in UTEM is a powerful tool for probing electronic dynamics because it uniquely combines high energy

resolution with nanometer spatial and femtosecond temporal resolution, enabling direct observation of

transient electronic states with element-specific sensitivity. Unlike optical spectroscopies that often average

over ensemble responses and lack direct chemical specificity, time-resolved EELS analyzes core-level

excitation edges and their time-dependent shifts, allowing researchers to distinguish between different

chemical species, oxidation states, and charge states as they evolve following photoexcitation. With energy

resolutions on the order of subelectronvolts and detection ranges spanning from a few electron volts to

hundreds of electron volts, ultrafast EELS achieves temporal resolution reaching the femtosecond scale while

preserving nanoscale spatial resolution, making it applicable to a wide range of studies from collective

electron oscillations to core electron dynamics.

In addition to the structural dynamic characterization techniques mentioned above, multifunctional UTEM

equipped with an electron energy loss spectrometer can be employed to reveal the electronic dynamics of

materials through time-resolved EELS. Dynamic multimodal probing of lattice and electronic systems in

advanced materials is a powerful approach for decoupling interactions among various degrees of freedom,

which often give rise to novel equilibrium and transient properties in materials
[134-136]

.

In the study of transition metal oxides, Carbone et al., utilizing spectral features near the Fe L
3
 edge in EELS,

successfully distinguished between Fe
4+

 and O
-
 hole states in the hematite

[137]
. They found that the lifetime of

Fe
4+

 holes (a few picoseconds) was much shorter than that of O
-
 holes, thereby explaining the differences in

the photocatalytic performance of hematite under different illumination conditions from an atomic scale and

demonstrating the potential for element-selective studies of charge dynamics [Figure 7A]
[137]

. Time-resolved

EELS has been particularly powerful for investigating coupled electronic and lattice dynamics in

carbon-based materials. For instance, coherent phonons generated in graphite after photoexcitation cause

periodic contraction and expansion of the c-axis lattice. This process, by influencing the chemical bonding

state, directly leads to dynamic changes in the intensity and position of the plasmon peak in the EELS

spectrum [Figure 7B]
[ 1 3 8 ]

 In one-dimensional materials such as single-walled carbon nanotubes,

time-resolved EELS has observed dynamic processes where the π and π + σ plasmon peaks exhibit maximum

red shift at approximately 1 ps delay and subsequently undergo a slow partial recovery [Figure 7C]
[139]

.

Combined with the Drude model, this result clearly attributes the rapid lattice expansion within ~1.4 ps to

laser-induced valence band electron excitation, while associating subsequent processes with energy transfer

from the electronic system to the lattice, thereby successfully distinguishing the electron-driven and

phonon-driven lattice dynamics
[139]

. Similar plasmon dynamics have also been observed in boron nitride

nanotubes, where energy bandgap contraction following photoexcitation has been quantitatively linked to

lattice expansion
[140]

. These insights into electronic dynamics, particularly the competition between carrier

recombination, trapping, and extraction are essential for understanding fundamental processes in energy

conversion, quantum materials, photocatalysis, and for guiding the rational design of functional devices.

Light-matter interactions: PINEM

PINEM is an important derivative technique in the UTEM, which enables to capture light-matter

interactions as they unfold at nm and fs spatiotemporal resolution. In this technique, fs laser pulses excite the

sample and create optical near-fields such as surface plasmons or phonon polaritons. As the electron beam

transmits through these localized fields, inelastic interactions between the electrons and incident photons
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Figure 7. Ultrafast EELS and elemental valence analysis. (A) 3D intensity-energy-time EELS plot for graphite, showing the
time-energy-amplitude evolution of the spectral changes at different time delays. Reprinted with permission[137]. Copyright 2009, AAAS.
(B) 3D intensity-energy-time dynamics of the overall Fe L-edge EELS. Reprinted with permission[138]. Copyright 2017, American Chemical
Society. (C) fs EELS of single-walled carbon nanotubes. Reprinted with permission[139]. (C) is reproduced under the CC BY-NC
license.Copyright 2020, Royal Society of Chemistry.

shift the electrons’ energy by discrete amounts. Mapping these shifts with electron energy loss spectroscopy

or energy-filtered imaging then reveals the hidden landscape of the sample’s optical near-field, tracing its

spatial pattern and ultrafast evolution in real time.

While optical near-field microscopy in materials science and biology breaks the diffraction limit, its spatial

resolution still cannot match the atomic-scale of electron microscopy. When researchers need to track

evanescent electromagnetic fields evolving over fs and at nm or even atomic level, ultrashort electron pulses

offer a powerful solution. This approach builds on the basic physics of electron-photon interaction.

Barwick et al. showed experimentally that free electrons can couple with optical near-fields around

nanostructures under energy-momentum matching, laying the groundwork for PINEM
[141]

. In a typical

PINEM measurement, electrons passing through an optical near-field region gain or lose exact multiples of

photon energy. Their spectrum then reveals a series of equally spaced peaks, flanking the central zero-loss

peak like a ladder of energy steps [Figure 8A]
[141]

.

As an ultrafast near-field imaging method, PINEM has been widely applied to the study of ultrafast

near-field dynamics in physics, chemistry, materials science, and biology, providing high-contrast images

with nm-fs resolution
[142-145]

. Compared to bright-field TEM imaging, PINEM can effectively enhance the

imaging of structures with weak scattering contrast, such as protein vesicles
[146]

, organelles
[147]

, and graphene

step edges
[148]

, because near-field enhancement effects are pronounced at the boundaries of these structures.

Simultaneously, the high spatiotemporal resolution of PINEM makes it well-suited for investigating the

generation, propagation, and decay dynamics of various polaritons (e.g., plasmons, phonon polaritons),

including surface plasmon skyrmions in gold films
[149]

 and phonon polaritons in hexagonal boron nitride

[Figure 8B]
[150]

. It can directly capture their dynamic behavior, measure group velocities, determine

dispersion relations, and explore nonlinear optical phenomena within them. By incorporating a

non-collinear optical parametric amplifier (NOPA) or OPA to tune the pump laser wavelength, PINEM can

probe polaritons of different energies across the visible to far-infrared spectrum with meV-level energy

resolution
[151]

. Compared to time-resolved photoemission electron microscopy (TR-PEEM) and scanning
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Figure 8. Electron-photon interaction and quantum control in UTEM. (A) Electron energy spectra for interaction with and without photons.
Reprinted with permission[141]. Copyright 2009, Springer Nature. (B) Ultrafast PINEM imaging of phonon-polariton in hBN. Reprinted with
permission[150]. Copyright 2021, AAAS. (C) PINEM imaging of electron interaction with optical Bloch mode inside photonic crystals.
Reprinted with permission[155]. Copyright 2020, Springer Nature. (D) Resonant phase-matching between a light wave and a free-electron
wavefunction. Reprinted with permission[157]. Copyright 2020, Springer Nature.

near-field optical microscopy (TR-SNOM), PINEM can investigate polariton behavior at buried interfaces,

avoiding potential probe-induced interference with intrinsic near-field signals that may occur in SNOM,

thereby offering a non-invasive detection approach
[152]

.

The free-electron-photon interaction is essentially a quantum coherent phase modulation of the electron

wavefunction, offering new avenues for controlling electron wavepackets on attosecond scales
[153]

.

Researchers have successfully achieved strong longitudinal and transverse phase control of electron

wavepackets, demonstrating light-driven Ramsey-type interferometry, multi-color interactions, nonlinear

interactions, and even the generation of electron vortex beams
[154]

. Coherently shaped electron beams hold

promise for applications in quantum measurements with atomic precision, phase-contrast imaging, and

electron-optical aberration correction
[49]

. To enhance the strength of free-electron-photon interaction, optical

resonators are widely used to improve light-field localization and light-matter coupling efficiency. In 2020,

Wang et al. and Kfir et al. significantly enhanced electron-photon coupling strength by employing the optical

Bloch modes of photonic crystals [Figure 8C]
[155]

 and the whispering-gallery modes of dielectric microsphere

cavities
[156]

, respectively. Besides increasing light-field intensity, extending the interaction distance between

electrons and the light field under phase-matching conditions can also effectively improve the coupling

efficiency. Dahan et al. utilized evanescent light fields generated by total internal reflection to interact with

                                                                                                 



Liu et al. Microstructures 2026, 6, 2026083 Page 19 of 31

the electron beam, obtaining an electron-energy-comb spectrum with a bandwidth exceeding 1,700 eV

[Figure 8D]
[157]

.

By synergistically increasing light-field intensity and interaction distance, schemes based on integrated

photonic structures and dielectric laser accelerators have achieved effective manipulation of continuous

electron beams. Recently, several technical routes have been proposed to attain attosecond time-resolved

electron microscopy. Theoretical analyzes and experiments indicate that after interacting with a light field,

probe electron pulses can be modulated into attosecond electron pulse trains after propagating a certain

distance in the UTEM
[158]

. For instance, Nabben et al. modulated a continuous electron beam into

attosecond-width pulses using a continuous-wave laser and pumped the sample with a second continuous

laser, recording the optical response with an imaging energy filter
[159]

. However, because the pump source is a

continuous laser, this method only provides dynamic information relative to a sub optical cycle.

Combining photon gating with PINEM is another effective approach for improving UTEM temporal

resolution. By implementing two-color ultrafast pump-probe PINEM scheme based on free-electron-photon

interaction, Fu et al. substantially enhanced the UTEM temporal resolution using an optical gating pulse of

~50 fs
[160]

. This scheme uses the 50-fs laser pulse interacting with the electron pulse at the sample position as

a “time gate” to generate PINEM probe electron pulse with a width of ~50 fs, thereby improving the

temporal resolution of UTEM by an order of magnitude. Using this approach, they successfully revealed the

ultrafast dielectric-response dynamics of the insulator-to-metal phase transition in individual Mott-insulator

VO
2
 nanowires at ~50 fs and few-nm spatiotemporal scales, demonstrating the great potential of PINEM in

resolving physical processes at extreme spatiotemporal resolution. Moreover, Hui et al. utilized polarization

gating to generate optical gating pulses with a width of ~625 as, achieving attosecond electron diffraction of

photoinduced electron dynamics in multilayer graphene
[161]

.

PINEM technology provides diverse means for precisely controlling free electrons by flexibly adjusting laser

field strength, polarization, pulse width, phase, orbital angular momentum, and spatial distribution, enabling

dynamic imaging of optical near-fields (such as various polaritons) at fs-nm scales. The application of

PINEM has also recently extended beyond traditional UTEM, successfully reaching low-energy

electron-photon interaction studies in scanning electron microscopy (SEM) and point-projection

microscopy
[162]

. We believe that the photon-induced near-field effects observed in UTEM have broad

application prospects, including but not limited to: direct spatiotemporal imaging of localized

electromagnetic fields at interfaces (e.g., transient electric-field distributions at metal-semiconductor

interfaces or catalytic active sites); visualization of nanophotonics, plasmonics, and related phenomena (e.g.,

surface-plasmon propagation, coupling of photonic-crystal modes, and exciton dynamics in quantum dots).

By integrating ultrafast optics with electron microscopy, PINEM provides a powerful tool with atomic-scale

spatial resolution and fs-to-attosecond temporal resolution for studying light-matter interactions at the

nanoscale, strongly driving breakthroughs in frontier fields such as nanophotonics and quantum materials.

With continued technological innovation, its application boundaries are expected to further expand into

broader cross-disciplinary research areas, such as extreme physical conditions and life sciences.

ATTOSECOND ELECTRON MICROSCOPY AND APPLICATIONS
Principles of AEM

Attosecond electron microscopy (AEM) is an emerging characterization technique that combines the

nm-to-atomic spatial resolving power of electron microscopy with attosecond (10
-18

 s) temporal resolution.

Its defining principle is to use the optical phase as an “internal clock” to coherently modulate free-electron

wavefunctions and, via energy- and phase-resolved readout, probe sub-cycle electromagnetic responses and

electron dynamics in both real space and reciprocal space. This approach overcomes the limitations of
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conventional pump-probe schemes that rely on mechanical delay stages, instead encoding temporal

information directly into the electron energy spectrum via the interaction with precisely controlled optical

fields.

The core workflow of AEM involves two sequential light-electron interactions. In the first stage, a

continuous-wave or femtosecond laser modulates the electron wavefunction by imposing a periodic phase or

energy shift through near-field interaction with a nanostructure or dielectric membrane. This modulation

generates gain/loss sidebands in the electron energy spectrum spaced by the photon energy. During

subsequent free-space propagation, vacuum dispersion converts this energy modulation into temporal

bunching, producing attosecond electron pulse trains at a designed propagation distance. In the second

stage, these attosecond probes interact with the optically excited sample. By scanning the relative delay

between the optical excitation and the electron probe, and recording the position- and energy-dependent

changes, AEM reconstructs the time-evolving near-field distribution with sub-cycle temporal precision.

Advanced variants such as optical-gated AEM and free-electron homodyne detection further enhance the

temporal resolution and enable phase-sensitive reconstruction of complex light-driven dynamics
[161]

.

Technical milestones

Bridged by coherent free-electron-light interactions, a growing body of work has demonstrated that optical

phase can be encoded into the electron wavefunction and converted, through dispersive propagation and

temporal bunching, into an electron probe that advances electron microscopy from imaging static structures

to interrogating sub-optical-cycle processes. For example, Feist et al. established coherent optical phase

modulation of free-electron quantum states in an electron-microscopy beamline and pointed out that the

resulting coherent superposition can evolve into attosecond electron pulse trains upon propagation, laying

the conceptual and experimental foundation for AEM
[16]

.

The uniqueness of AEM is its attempt to approach the extremes of both time and space within a single

platform. By adopting the optical cycle as an intrinsic timing reference, AEM can map sub-cycle dynamics

such as wavepacket acceleration, scattering-phase evolution, local field waveforms, and energy exchange

through imaging, diffraction, or energy-resolved detection. As highlighted in Morimoto’s review
[163]

,

optical-frequency bunching can drive electron pulses well below the fs regime, and shorter modulation

wavelengths (higher optical frequencies) generally favor shorter attainable electron pulse durations,

providing a feasible engineering pathway toward attosecond timing in electron microscopy. Operationally,

the core workflow of AEM is to “optically compress” a conventional TEM electron beam into an attosecond

pulse train synchronized to the optical period, and then use this train, at a controlled delay, to sample the

specimen within a single optical cycle. In a first interaction stage, a continuous-wave or fs laser drives a

modulation membrane or a nanostructure near-field, imposing a periodic phase/energy (velocity)

modulation on the passing electron wavefunction and generating gain/loss sidebands in the electron energy

spectrum spaced by the photon energy. During subsequent free-space propagation, vacuum dispersion

converts the velocity modulation into temporal bunching, namely, the electron components with different

energies effectively “catch up” or “separate”, producing an attosecond pulse train at a designed propagation

distance. The attosecond probe then undergoes a second interaction with the laser-driven near-field of the

specimen. By scanning the relative delay between optical excitation and the electron probe and recording the

position-dependent energy change, it is able to obtain field-cycle contrast and reconstructs the time-evolving

near-field distribution. In practice, energy filtering and/or diffraction imaging converts the delay-dependent

response into a readable spatial signal sequence, enabling light-cycle-resolved, movie-like imaging of

sub-cycle dynamics.
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The key milestones of AEM can be organized along a coherent progression, from quantum-coherent

electron-light modulation and attosecond pulse-train formation to TEM-integrated attosecond metrology,

sub-cycle imaging applications, interferometric amplitude/phase readout, and extensions toward structured

electron wavefunctions. In 2015, Feist et al. reported near-field coupling in UTEM that revealed multilevel

Rabi oscillations and “quantum walks”, and they explicitly established the propagation-based route from

coherent modulation of pulsed electrons to attosecond temporal structure [Figure 9A]
[16]

. Shortly thereafter,

Priebe et al. advanced coherent control of free-electron quantum states using phase-locked optical near-field

interactions and introduced SQUIRRELS tomography to reconstruct the electron density matrix and Wigner

function, thereby integrating generation, characterization, and inversion within a unified framework
[164]

. In

2018, Morimoto et al.
[165]

 extended these concepts to diffraction and microscopy with attosecond electron

pulse trains, reporting characteristic bunch durations of 820 as and enabling precise phase delay-sensitive

measurements in reciprocal space [Figure 9B]. In 2020, Ryabov et al. embedded attosecond metrology into a

continuous-beam TEM by using continuous-wave laser modulation to form sub-optical-cycle electron pulse

sequences, emphasizing a comparatively simple retrofit that does not rely on a fs electron source and can

retain the original electron-source brightness [Figure 9C]
[158]

. In 2023, Nabben et al. demonstrated sub-cycle

AEM imaging in a conventional TEM geometry using 183 keV electrons and a continuous-wave 1,064 nm

laser for frequency-domain encoding and fringe sampling; they reported a phase resolution down to 1.9 as

and an effective temporal resolution of ~480 as, and showcased applications including chiral surface waves,

delays in local multipolar responses, and buried waveguide fields [Figure 9D]
[159]

. On the readout side, Gaida

et al. introduced and experimentally advanced a homodyne-style AEM scheme, in which coherent

modulation in a reference arm interferes with the specimen-induced modulation, enabling phase-sensitive

recovery of amplitude and phase information and improving the invertibility of complex light-driven

dynamics [Figure 9E]
[47]

. In parallel, AEM methodology has begun to extend toward structured electron

wavefunctions and new contrast mechanisms. Fang et al., for example, used phase-shaped optical fields at a

membrane to achieve velocity-matched modulation, imprinting optical helical phase onto longitudinal

momentum modulation; after propagation this yields high-contrast attosecond temporal structure and

enables “electron-coil”-like structured states with chiral expectation values of charge and mass, pointing to

routes that couple attosecond timing with chiral/topological electron-beam engineering [Figure 9F]
[166]

.

Potential applications

Taken together, AEM represents an ambitious shift in how we interrogate the microscopic world. It pushes

temporal resolution toward the natural attosecond clock of matter while seeking to retain, and ultimately

unify with, the atomic spatial resolution of electron microscopy. Decisive progress has already been achieved

along the time axis, including the resolution of sub-cycle optical oscillations and landmark demonstrations in

near-field imaging of nanophotonics. However, achieving robust atomic-resolution operation under

attosecond conditions remains a central open challenge. At present, practical implementations typically

operate from nm to sub-nm spatial resolution, and trade-offs between spatial and temporal performance

define the current stage. Beyond near-fields in nanophotonics, the direct real-time observation of complex

ultrafast chemical reactions and charge-transfer networks is still in a preparatory phase, limited by spatial

resolution, sample damage, signal-to-noise, and reproducibility. Looking forward, essential progress is likely

to rely on three coupled requirements: (i) improving contrast and suppressing background (e.g., via

higher-order modulation-gating strategies, interferometric readout, or background-free bunching) to

mitigate effective-current loss; (ii) strengthening stability and metrological rigor (phase locking, drift control,

and systematic calibration) to move from proof-of-principle demonstrations to broadly usable quantitative

tools; and (iii) developing microscope-compatible high-flux, high-coherence probes through deeper

integration of on-chip nanophotonic structures with advanced computational microscopy and AI-enabled

reconstruction, thereby increasing usable flux and inversion capability without sacrificing spatial resolution.

Although commercialization remains distant and challenged by technical maturity, cost, and reliability, AEM
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Figure 9. Development of AEM and representative applications. (A) Momentum projection of the Wigner function showing laser-induced
spectral modulations. The temporal projection yields an 82 as (FWHM) peak in the laboratory frame. Reprinted with permission[16].
Copyright 2015, Springer Nature. (B) Generation and characterization of laser-compressed attosecond electron pulse trains at a dielectric
foil. Attosecond streaking (deflect gram) and pulse retrieval give a 820 as (FWHM) peak above the background. Reprinted with
permission[165]. Copyright 2018, Springer Nature. (C) Concept and experimental layout of attosecond-resolution electron microscopy. A
laser-driven modulation stage produces attosecond electron pulses that probe the specimen at a controlled attosecond dela y. Reprinted
with permission[158]. Copyright 2020, AAAS. (D) Light-cycle-resolved imaging within one optical cycle. Energy-change maps ΔE(r, Δt)
provide field-cycle contrast and yield time-sequenced gain/loss images with nm-attosecond precision. Reprinted with permission[159].
Copyright 2023, Springer Nature. (E) High-spatial-resolution free-electron homodyne detection (FREHD). A focused beam traverses the
sample and a vertically displaced reference membrane, and phase-controlled interferograms from raster-scanned spectra reconstruct the
complex sample-induced phase modulation. Reprinted with permission[47]. Copyright 2024, AAAS. (F) Generation of attosecond electron
coils. An optical vortex imprints a space-time-dependent momentum shift Δp to the electron wavepacket, then free-space propagation
forms a chiral coil, and planar-wave attosecond gating with delay scanning enables 3D reconstruction. Reprinted with permission[166].
Copyright 2024, Springer Nature.

is widely regarded as one of the ultimate techniques for ultrafast matter dynamics. Its transition from

“producing attosecond electron structure” to “performing repeatable, invertible sub-cycle imaging in real

materials and devices” will likely determine its paradigm-level impact across quantum materials,

nanophotonics, photochemistry, and ultrafast energy conversion, with the potential to inspire disruptive

advances in future information, energy, and materials technologies.

The potential applications of AEM span multiple frontiers in ultrafast science. In nanophotonics, AEM

enables direct visualization of surface plasmon and phonon polariton dynamics with attosecond temporal

and nanometer spatial resolution, revealing wave packet propagation, interference, and decay mechanisms

that govern light-matter interactions at the nanoscale. In quantum materials, AEM can probe the ultrafast

response of correlated electron systems, including charge density wave dynamics, metal-insulator transitions,

and collective excitations such as plasmons and excitons, with the ability to resolve electronic motion on its

natural timescale. In magnetism, attosecond electron pulses offer the potential to capture the fundamental

timescale of demagnetization and spin dynamics, providing insights into spin-lattice interactions that are

critical for spintronic applications. Furthermore, AEM holds promise for studying ultrafast chemical
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reactions and charge transfer processes at interfaces, where understanding electron dynamics on attosecond

timescales is essential for controlling reaction pathways and improving energy conversion efficiencies. As the

field continues to advance, AEM is poised to become a transformative tool for exploring the fastest

dynamical processes in matter with unprecedented spatiotemporal precision.

OUTLOOK
Despite notable achievements, several challenges remain in UTEM: improving temporal resolution to the

attosecond regime while maintaining atomic spatial resolution; enhancing in situ characterization under

complex environments or external fields; and integrating multimodal probing to simultaneously measure

structural, electronic, and magnetic dynamics. Addressing these requires interdisciplinary collaboration

across electron optics, laser physics, computational science, and materials engineering.

Future UTEM development will focus on three key directions.

1. Hardware and electron sources. Attosecond electron sources will enable direct observation of electron

wavepacket dynamics and sub-cycle light-matter interactions. Advances in photocathode materials (e.g.,

plasmonic and topological cathodes) promise brighter, more coherent electron pulses with reduced energy

spread. Integration of on-chip nanophotonic structures offers a path toward compact, stable sources

compatible with commercial platforms.

2. Methodology and data science. AI will play a central role across UTEM workflows. In experiment control,

AI-driven real-time optimization will automate alignment, adaptive sampling, and region selection,

accelerating acquisition and reducing damage. In data processing, machine learning, especially deep learning

will enable intelligent denoising, feature extraction, and pattern recognition, converting multidimensional

datasets (e.g., 5D-STEM, time-resolved EELS) into interpretable insights. AI-assisted inverse problem solving

will bridge experimental observables with theoretical models. Combined with multimodal probing, these

approaches will decouple coupled electronic, lattice, and spin dynamics in complex quantum materials.

3. Application expansion. Refined 5D-STEM methodologies will enable quantitative operando mapping of

strain, charge, and lattice tilt. Advanced in situ holders (liquid, gas, cryogenic) will allow real-time

observation under realistic conditions, such as battery reactions, catalysis, and biological processes. Coupling

in situ capabilities with ultrafast time resolution will open new frontiers in operando characterization for

energy storage, catalysis, and biomedicine.

Together, these advancements will position UTEM as a powerful tool for exploring ultrafast dynamic

processes, driving paradigm shifts in materials design, energy conversion, and biomedicine.

CONCLUSIONS
By surpassing the spatiotemporal limits of conventional techniques, UTEM has become an indispensable

tool for probing material dynamics from nanometer to atomic scales. Its ability to directly visualize transient

processes, lattice dynamics, phase transitions, carrier transport, and magnetic switching has opened new

avenues for understanding non-equilibrium phenomena. UTEM has evolved from early efforts focused on

temporal resolution into a comprehensive platform integrating ultrahigh spatiotemporal resolution with

multimodal, multi-parameter measurements. These capabilities have been applied to low-dimensional

quantum materials, perovskite photovoltaics, topological insulators, and biological macromolecules.

Scientifically, UTEM has moved beyond phenomenological observation toward quantitative in situ

investigations. Key studies have captured real-time lattice dynamics, ultrafast distortions in perovskites,
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laser-induced changes in liquid hydrogen-bond networks
[167]

, and low-dose imaging of protein crystals
[168]

,

providing direct experimental evidence for ultrafast material responses. Technologically, innovations in

electron pulse generation and manipulation remain central. The integration of femtosecond laser technology

overcame temporal bottlenecks and enabled coherent control of electron wavepackets, propelling UTEM

from “ultrafast imaging” to a versatile platform combining time-resolved diffraction, spectroscopy, in situ

stimuli, and AI-assisted analysis.

Interdisciplinary impact is profound. In quantum materials, UTEM has visualized hidden phase transitions,

charge density wave dynamics, and topological defects, offering insights into coupled electronic, lattice, and

spin degrees of freedom. In energy conversion, it has revealed carrier relaxation, charge transfer, and lattice

dynamics in perovskites and photocatalysts, directly informing strategies to improve charge separation and

reduce recombination losses. In biomedicine, single- or few-electron pulses enable high-resolution, low-dose

imaging of protein crystals and membrane proteins. Liquid-cell UTEM allows real-time observation of

nanoparticle dynamics in physiological environments, shedding light on drug delivery and bio-nano

interactions. Collectively, these applications demonstrate that UTEM is a transformative platform bridging

fundamental science with quantum technologies, sustainable energy, and nanomedicine.
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