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TOPICAL REVIEW — States and new effects in nonequilibrium
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Ultrafast transmission electron microscope (UTEM) with the multimodality of time-resolved diffraction, imaging,
and spectroscopy provides a unique platform to reveal the fundamental features associated with the interaction between
free electrons and matter. In this review, we summarize the principles, instrumentation, and recent developments of the
UTEM and its applications in capturing dynamic processes and non-equilibrium transient states. The combination of the
transmission electron microscope with a femtosecond laser via the pump–probe method guarantees the high spatiotemporal
resolution, allowing the investigation of the transient process in real, reciprocal and energy spaces. Ultrafast structural
dynamics can be studied by diffraction and imaging methods, revealing the coherent acoustic phonon generation and photo-
induced phase transition process. In the energy dimension, time-resolved electron energy-loss spectroscopy enables the
examination of the intrinsic electronic dynamics of materials, while the photon-induced near-field electron microscopy
extends the application of the UTEM to the imaging of optical near fields with high real-space resolution. It is noted
that light–free-electron interactions have the ability to shape electron wave packets in both longitudinal and transverse
directions, showing the potential application in the generation of attosecond electron pulses and vortex electron beams.

Keywords: ultrafast transmission electron microscopy, non-equilibrium structural dynamics, photo-induced
phase transition, free-electron–photon interactions
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1. Introduction

The transmission electron microscope (TEM), capable of
imaging atoms in solids with resolution as fine as 20 pm[1]

and measuring spatial vibration energy with resolution as fine
as 4.2 meV,[2] is an indispensable tool in modern scientific
research. However, in the study of dynamical processes, the
conventional TEM has time resolution only on the millisec-
ond scale, which directly depends on the camera acquisition
technique and is far from the scale required to observe many
fundamental dynamical processes that occur on the scale of
femtoseconds to picoseconds, such as the interplay between
spin, charge, and phonons. A roundabout way to achieve bet-
ter time resolution when using the TEM is to adopt the pump–
probe method, which is expected to enable the observation of a
number of important dynamic processes in advanced materials
with high time resolution through control of the delay between
the pump laser and pulsed electrons. Meanwhile, the advance-
ment of laser technology allows the generation of laser pulses
with a temporal width reaching a few attoseconds. Combin-
ing the TEM with a femtosecond laser via the pump–probe
method provides a state-of-the-art setup referred to as the ul-

trafast transmission electron microscope (UTEM).[3–5]

As a versatile tool, the UTEM can operate in diffraction
mode with a high transverse coherence length and in imag-
ing mode with a high spatial resolution. Electron–phonon and
phonon–phonon couplings in nanomaterials[6–8] and photo-
induced phase transition[9] have been studied in real space and
reciprocal space. The propagation of acoustic phonons in a
film or nanowire will lead to morphological changes reflected
in images.[10–12] Moreover, ultrafast dark-field imaging, which
includes information in real and reciprocal spaces, directly re-
veals the structural phase transition in the nanometer domain
and nanoscale sub-particle vibration.[13]

From the viewpoint of the energy dimension, the UTEM
equipped with an electron energy-loss spectrometer can be
used to reconstruct ultrafast electronic dynamics, such as the
elemental charge transition in hematite,[14] the redshift of
the plasmonic peak in carbon nanotubes[7] and boron nitride
nanotubes,[8] with femtosecond temporal resolution. With
meV energy resolution and a wide detection range from sev-
eral to hundreds of electron volts, ultrafast electron energy-
loss spectroscopy (EELS) has been applied in studies ranging
from collective electron oscillation to nuclear electron dynam-
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ics.
Besides the study of ultrafast dynamics, the UTEM has

become an important platform in the study of electron–photon
interactions since the proposal of a new technology called
photon-induced near-field electron microscopy (PINEM).[15]

The fast electrons of the UTEM can be inelastically scattered
not only by the electrons confined in the material but also
by the laser-excited near field in the nanomaterial or nanos-
tructure. On this basis, PINEM is adopted for nanometer-
scale near-field imaging. Meanwhile, the near-field scattering
of free electrons suggests that electron wave packets can be
shaped by controlling the intensity and spatiotemporal distri-
bution of the near field. Interaction with the near field leads to
the longitudinal bunching of the electron pulse and generation
of an attosecond pulsed train after a distance of free drift.[16]

Transverse modulation of the electron beam has also been car-
ried out.

As a powerful tool for the study of ultrafast dynamics
and free-electron–light interactions, the UTEM has the poten-
tial to provide new insights into the underlying physics of a
wide range of phenomena in condensed matter physics, quan-

tum mechanics, materials science, life sciences, and chem-
istry. This review introduces the use of the UTEM in stud-
ies on structural dynamics, phase transitions, electron dynam-
ics, near-field imaging, and light shaping of the electron wave
function.

2. Principle and instrumentation of the UTEM
The UTEM, used to detect dynamic processes at an

atomic spatial resolution on the time scale of femtoseconds
to nanoseconds, is realized by adopting the pump–probe
method, combining an ultrafast laser and TEM.[17] As shown
in Fig. 1(a), the optical pump beam from the ultrafast laser
is focused onto the sample and initiates the dynamic process.
Another ultraviolet probe beam from the same laser irradiates
the photocathode inside the electron gun to generate pulsed
electrons for detecting the transient process. By changing the
time delay between the pump and probe pulses, it is possible
to record the dynamical evolution of the sample through imag-
ing, diffraction, and spectroscopy. Owing to the low dose of
the pulsed photoelectron, millions of cycles are needed to ac-
cumulate a signal sufficient for data analysis.

(a) (b)

(d)

(c)

Fig. 1. Principle and relevant data of the UTEM. (a) Schematic of the UTEM based on the pump–probe technique; (b) energy resolution and
(c) reciprocal resolution from the latest laser-driven Schottky field emission source (reprinted with permission from Ref. [18]); (d) electron
pulse duration measured through photo-induced near-field microscopy.

The first-generation UTEM is based on a thermionic
electron gun with a LaB6 or Ta cathode having a size of
tens of micrometers.[19–21] The so-called single-electron mode
is adopted to eliminate pulse and energy broadening due
to Coulomb repulsion inside a high-density pulsed electron
bunch (i.e., the space-charge effect). To achieve a suffi-
ciently strong signal in the high-magnification image mode
within a reasonable exposure time, the electron number in
one pulse is increased to 103 at the expense of temporal and
energy resolution. A bias voltage is applied to a Wehnelt
electrode[22,23] to balance the temporal and energy resolu-
tions. The second-generation UTEM has a modified field
emission electron gun for improved transverse coherence of

the pulsed electron beam.[18,24–26] Several imaging methods
that need high transverse coherence have been demonstrated;
e.g., convergent-beam electron diffraction[27] and holography
methods.[28] The latest UTEM has a nominal resolution of
200 fs, 0.2 nm, and 0.6 eV at a low single-pulse electron
dose (i.e., 0.01 e−/pulse). The extremely low single-pulse
electron dose and high repetition rate limit the application of
the UTEM, making it difficult for the UTEM to play a full
role in the study of important processes, such as the multi-
degree-of-freedom decoupling of strongly correlated systems
and light-induced transient superconductivity. Recently, the
laser-free UTEM[29,30] was proposed and demonstrated using
a radio-frequency electric field to deflect and chop the contin-
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uous electron beam and thus form a pulsed electron beam with
a gigahertz repetition rate. However, the ultra-high repetition
rate limits the scope of application to highly reversible pro-
cesses with a recovery time of nanoseconds, which is only pos-
sible for electronic-related processes. The accelerator-based
MeV ultrafast electron microscope[31,32] has been proposed as
a promising tool for overcoming the space-charge effect in the
study of structural dynamics at the nanometer spatial scale and
the picosecond temporal scale, but the practical realization of
MeV electron optics is challenging. Radio-frequency[33–35]

or terahertz[36,37] pulse compression is another promising ap-
proach for overcoming the space-charge effect and increasing
the usable single-pulse electron dose.

Another operation mode, the so-called single-shot mode
or dynamic TEM (DTEM), where a single electron pulse con-
tains more than millions of electrons to achieve enough elec-
tron dose required for one diffraction/image, can be adopted
for capturing the irreversible process. DTEM has been exten-
sively used for the study of thermal melting, crystallization[38]

and phase transition process with the time resolution of tens of
nanoseconds, which is limited by the intrinsic space charge ef-
fect of sub-relativistic electrons. We refer the interested reader
to existing reviews[5,39,40] that cover the application of DETM
which this review does not mention. With the development
of MeV UTEM, the time resolution may be improved to pi-
cosecond level for studying irreversible process occurring on
the non-thermal time scale.

3. Ultrafast structural dynamics and phase tran-
sitions revealed by ultrafast selected-area
electron diffraction and real-space imaging
Ultrafast structural processes that occur following exci-

tation can be visualized[41–43] and cross-checked[44] adopting
both real-space (imaging) and reciprocal-space (diffraction)
approaches for a UTEM, providing atomic and morphological
information with femtosecond time resolution. Using ultra-
fast selected-area electron diffraction (USAED), one can get
both the mean atomic displacements of short-range order fol-
lowing the Debye–Waller relation (i.e., the diffraction inten-
sity change of the main Bragg peak) and the crystal lattice
change of long-range order with precision of 10−4 nm (i.e.,
the position shift of the Bragg peak). Upon laser excitation
of the TEM sample, energy is first transferred to the carriers
(electrons or holes). The hot carriers then transfer energy to
phonons through electron–phonon and phonon–phonon cou-
plings, increasing the lattice temperature. The UTEM, sensi-
tive to the change of lattice degree of freedom, can be used to
study the microscopic electron–phonon coupling and phonon–
phonon coupling processes as well as the macroscopic lattice
expansion/contraction and coherent acoustic phonon genera-
tion processes in low-dimensional nanomaterials.[45] Taking
one-dimensional multi-walled carbon nanotubes (MWCNTs)

as an example,[21,46] USAED is utilized to track both the ra-
dial and axial responses of MWCNTs upon laser excitation of
45 mJ/cm2 by monitoring the positional shift of the diffrac-
tion ring (Figs. 2(a)–2(b)). Nonthermal atomic motions in
MWCNTs result in rapid intralayer expansions and interlayer
contractions in the first several picoseconds, followed by lat-
tice heating and thermal diffusion. The results demonstrate
anisotropic, cooperative, and inverse collective atomic mo-
tions in intralayer and interlayer directions, illustrating the na-
ture of the electron-driven nonthermal process and electron–
phonon thermalization in low-dimensional nanomaterial. In
addition, anisotropic lattice movements due to the difference
between intralayer and interlayer bondings are observed in
two-dimensional layered films,[47–50] such as transition-metal
dichalcogenide 1T-TaSeTe.[51] Figure 2(c) shows the electron
diffraction pattern taken along the [212] zone-axis direction,
which is 25◦ from the surface normal. The intensity change
of the (–120) in-plane Bragg spot after laser excitation of
7 mJ/cm2 has a typically decreasing trend with an electron–
phonon coupling time of 4.5 ps. The Bragg peak position
along the (10–1) direction has oscillatory characteristics with
a period of 48 ps, corresponding to a propagation time of the
out-of-plane breathing mode (coherent acoustic phonon) of
T = 2L/v, where L = 60 nm is the thickness of the sample and
v ≈ 2500 m/s is the sound velocity. Lattice expansion within
the a–b plane is imperceptible. The large anisotropic lattice
expansion leads to a complex diffraction intensity evolution of
the Bragg spot with out-of-plane components, which can be
analyzed considering the Debye–Waller effect, the initial de-
viation parameter, and multiple scattering.

While the USAED allows observation of atomic-scale lat-
tice changes and coherent phonons, the information is typi-
cally from an averaged area of several square micrometers,
depending on the size of the selected-area aperture. However,
ultrafast real-space imaging can be adopted to directly visual-
ize the morphological change in a range from nanometers to
micrometers. So far, although atomically resolved real-space
dynamic processes have not been reported,[53] the UTEM has
played a key role in investigations of the generation, prop-
agation, and evolution of coherent acoustic phonons (strain
waves).[13,52,54,55] For example, Zhang et al.[52] examined a
mechanically exfoliated van der Waals material, 2H-MoS2,
where two bend contours (labeled 1 and 2 in Fig. 2(e)) are
separated by a crystal step edge. Owing to the different layer
numbers, photo-induced coherent strain waves traveling back
and forth across the layers possess different periods, leading to
a gradual dephasing of the oscillatory signal between the two
regions (Fig. 2(f)). This bright-field bend contour imaging is
used to investigate the lateral propagation of acoustic phonons,
anisotropic strain-wave dynamics, effect of discrete defects on
acoustic phonons, and phase-velocity dispersion of hypersonic
phonons.
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(a) (b)

(c) (d) (e) (f)

Fig. 2. Ultrafast structural dynamics and coherent acoustic phonons. (a) Transient one-dimensional electron diffraction profiles of multi-walled
carbon nanotubes radially integrated from a two-dimensional diffraction pattern (inset) (reprinted with permission from Ref. [46]). (b) Temporal
phase diagram of the reversible structural evolution of photoexcited multi-walled carbon nanotubes for a fluence of 45 mJ/cm2. The lattice
response in the radial and axial directions shows anisotropic multi-staged processes, including electron/phonon-driven transience, equilibrium
heating, and thermal diffusion (reprinted with permission from Ref. [46]). (c) Electron diffraction pattern slightly off the [212] zone-axis
direction in 1T-TaSeTe (reprinted with permission from Ref. [51]). (d) Temporal evolution of the Bragg peak position shown in (c) excited by
a femtosecond laser with fluence of 7 mJ/cm2 (reprinted with permission from Ref. [51]). (e) Bright-field electron micrograph of MoS2 thin
film featuring two bend contours that are separated by a crystal step edge, imaged at 14 ps prior to photoexcitation (reprinted with permission
from Ref. [52]). (f) Space–time contour plot of the intensity modulation for the two bend contours in (e), where the first and the fifth periods
are marked by vertical lines, showing few-layer dephasing of photo-induced strain waves (reprinted with permission from Ref. [52]).

In addition to the examination of strain waves using the
dynamic movement of bend contours, the UTEM plays a pow-
erful role in the domain-related photo-induced phase transi-
tion, such as the domain melting, nucleation, and growth.
The charge-density wave (CDW) phase transition has been
widely investigated by adopting the ultrafast electron diffrac-
tion (UED)[56–60] and the UTEM.[61–64] Through photoex-
citation, an optically induced CDW transition in 1T-TaSe2

from the commensurate (C) phase to the incommensurate
(IC) phase has been captured utilizing USAED in UTEM
investigations,[62] where the transition is characterized by
changes of the satellite peak position and intensity as shown
in Fig. 3(a). The UTEM has also been used to characterize
the structure of the laser-induced hidden state. In 2014, Sto-
jchevska et al.[65] demonstrated that a single 1–3 mJ/cm2, 800-
nm femtosecond light pulse could convert the low-temperature
insulating state of 1T-TaS2 into a hidden (H) metastable metal,
which could be driven back into an insulator adopting picosec-
ond pulse trains or heating. In-situ cooling transmission elec-
tron microscopy observations[63] revealed a clear transition
from a commensurate CDW phase (qC) to a new CDW order
with qH = (1− δ )qC, as indicated by the change of satellite
peak position in Fig. 3(b). Subsequent H-CDW domain re-
laxation yielded a stable metallic phase under a high-fluence
excitation (5 mJ/cm2). The simulated diffraction pattern of
the polaron-ordered structural model with CDW domains was
consistent with observations, indicating that the defect-related
domain wall is the key to the stable and reversible control of
the hidden state. Ultrafast dark-field electron imaging[64] was

used to map the order parameter across a laser-induced phase
transition in 1T-TaS2 from the near C phase to the IC phase
(Fig. 3(c)). A tailored dark-field aperture array was inserted
on the focal plane of the objective lens to track the evolution of
CDW domains with simultaneous femtosecond temporal and
5-nm spatial resolution, revealing relaxation pathways and do-
main wall dynamics. The initial suppression pattern and the
shape of the CDW domain were consistent with the spatial
profile of the excitation density.

The structural phase transition has been extensively
studied adopting the UED[68–70] and the UTEM.[66,71,72]

Zhang et al.[66] examined the photo-induced martensitic (MT)
transition and reverse transition in a shape memory alloy
Mn50Ni40Sn10 through ultrafast bright-field imaging. The se-
ries of ultrafast micrographs in Fig. 3(d) show the periodic
annihilation and creation of domains with a laser-pumping flu-
ence of 10 mJ/cm2. The period (∼ 40 ps) is consistent with the
propagation time of the round-trip breathing oscillation, indi-
cating strong coupling between the MT transition and lattice
breathing mode. A more careful analysis of the ultrafast im-
ages and the corresponding electron diffraction patterns shows
remarkable transient states, namely, the MT nucleation with a
coherent twinning nature, the constraint of C4 symmetry on
the growth of the MT nuclei, and the rapid growth of MT
plates. These results highlight the ability of the UTEM to di-
rectly probe the collective atomic motion related to symmetric
breaking and to clarify the mechanisms of domain wall nucle-
ation in multifunctional materials.
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(a)

(b)

(c)

(d)

(e)

Fig. 3. Photo-induced phase transition by ultrafast electron diffraction and microscopy. (a) Optically induced charge-density wave phase
transition in 1T-TaSe2 revealed by the satellite peak change in diffraction pattern (reprinted with permission from Ref. [62]); (b) hidden state
in 1T-TaS2 induced by a single ultrafast laser pulse (reprinted with permission from Ref. [63]); (c) laser-induced charge-density wave phase
transition in 1T-TaS2 captured by dark-field imaging (reprinted with permission from Ref. [64]); (d) martensitic transition and nucleation in the
shape memory alloy MnNiSn detected by bright-filed imaging (reprinted with permission from Ref. [66]); (e) magnetic dynamic transition in
Mn–Ni–Ga obtained by ultrafast Lorentz microscopy (reprinted with permission from Ref. [67]).

The magnetic dynamic phase transition can be studied
through ultrafast Lorentz microscopy.[73–75] Zhang et al.,[67]

for example, reported photo-induced ultrafast magnetization
dynamics in Mn–Ni–Ga. Three successive dynamic processes
involving four distinct magnetic states were observed. As
shown in Fig. 3(e), upon optical excitation, the magnetic con-
trast of Mn–Ni–Ga was first suppressed at approximately 1 ps,
then rapidly recovered within a few picoseconds, and was
finally suppressed fully at ∼ 80 ps. After photoexcitation,
the electrons almost instantaneously acquired photonic ener-
gies within tens of femtoseconds and the hot electrons rapidly
transferred their excess energy to the spins within hundreds
of femtoseconds, resulting in the ultrafast destruction of spin
angular momentum. As the electron spin subsystem ther-
malized the lattices on a picosecond time scale, there was a
partial recovery of magnetization. Further thermalization of
the electron–spin–lattice subsystems reached a new thermally
equilibrated state at an elevated temperature, at which the mag-
netization was suppressed or even destroyed above TC. The
results demonstrate the feasibility of directly imaging ultrafast
demagnetization in real space and relevant dynamic behaviors
in complex spin textures with a nanometer–picosecond spa-
tiotemporal resolution through ultrafast Lorentz microscopy.

4. Electronic dynamics traced through time-
resolved EELS
Dynamic multimodal probing of the lattice and electron

system in advanced materials is a promising way to disentan-

gle degrees of freedom whose coupling leads to exotic equi-
librium and transient properties.[76–78] Besides the techniques
developed for the characterization of structural dynamics de-
scribed above, the intrinsic electronic dynamics of materi-
als can also be uncovered using the versatile UTEM. EELS
is a sophisticated technique which records the energy distri-
bution of electrons that have passed through the specimen.
Tremendous information about the electron system, such as
the band gap, dielectric response, bonding/valence state, and
nearest-neighbor atomic structure, can be extracted from the
signals arising from inelastic scattering processes.[79] When
combined with the time-resolving capability of the UTEM, the
electronic dynamics can be traced with different temporal res-
olutions, depending on the energy-loss region detected.

The so-called low-loss region normally ranges 0–50 eV.
The characteristic peaks of low-energy elementary excitations,
such as the phonon and exciton, are swallowed in the zero-
loss peak and undetectable, even with the best ever achieved
energy resolution (0.63 eV, determined from the full width at
half maximum of the zero-loss peak)[80] of the UTEM. The
resonant oscillation of the electron gas (plasmon) and elec-
tron transition from the shallower core levels to empty states
contribute the main features in this region. Time-resolved low-
loss EELS has been adopted to reveal the electronic dynamics
in graphite,[81,82] layered manganite,[83] and single-wall car-
bon nanotubes.[84] Considering the picosecond time scale in-
vestigated in these studies, the dynamics of chemical bonding
and orbital charge are closely related to the photon-induced
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transient structural transformations in the materials.
In the case of graphite, a distorted stacking of the lay-

ers along the c-axis due to strong coherent in-plane vibra-
tions can lead to lattice contraction, followed by expansion
and recurrences.[81] The chemical bonding of carbon atoms
can thus be affected. During the interaction of incident elec-
trons with the specimen, the collective dynamics of valence
electrons are excited and the change in plasmonic properties of
bonding carriers is reflected by the intensity variation and po-
sition shift of plasmon peaks in EELS, as shown in Fig. 4(a).
A π phase shift between the time-dependent intensity varia-
tions of the surface plasmon peak and bulk plasmon peak is
identified and accompanied by the blueshift and later redshift
of the bulk plasmon peak. With the aid of ab-initio calcu-
lations, these dynamic features are attributed to the recipro-
cating switching between the diamond-like and graphene-like
charge-density distributions in photoexcited graphite.[82]

The similar technique has been used to uncover the
dynamics in one-dimensional materials, such as single-wall
carbon nanotubes, in which electron-driven and phonon-
driven lattice expansions on different time scales are
distinguished.[84] To clarify the origin of a 0.18% lattice ex-
pansion with a time constant of 1.4 ps and lattice expansion
of 0.15% with a time constant of 17.4 ps measured from ul-
trafast electron diffraction, the dynamics of the π plasmon and
π +σ plasmon were investigated by Zheng et al., as presented
in Figs. 4(b)–4(e). The redshifts of surface and bulk plasmon
peaks in EELS are maximized at a time delay of ∼ 1 ps and
followed by long-lived and partial recovering (see Figs. 4(c)
and 4(d)). According to the Drude model, the shifts toward
lower plasmon resonance energy are attributed to a decrease in
the valence electron density, mainly resulting from the laser-
promoted electron transfer from the valence band (π) to the
conduction band (π∗). The weakened chemical bonding gives
rise to the fast lattice expansion. Afterwards, there is en-
ergy transfer from the electron system into lattice vibration,
accompanied by an intensity decrease of the π +σ plasmon
(Fig. 4(e)).[84]

In addition to the change of plasmon, the changes of low-
energy ionization edges reflect rich electronic dynamics. In
PrSr0.2Ca1.8Mn2O7, an electron strong correlation system, the
characteristic shallower core levels of Pr O2,3, Sr N2,3, Ca
M2,3, and Mn M2,3 are presented in the low-loss region.[83]

When a relatively intense laser irradiates the specimen, the
heat can drive the system from a charge/orbital ordering state
into a metallic state, and the pressure wave generated by the
temperature jump provokes coherent structural motions with
a period of tens of picoseconds. Owing to the strong cou-
pling between the lattice and electron, the consequent oscilla-
tion of the electron system can be monitored through ultrafast

EELS. The time-dependent intensity variations are different
from each other for the four elements and two plasmons, as
shown in Fig. 4(f), reflecting different sensitivity to the struc-
tural change. Especially for Mn, the large crystal field results
in the clearest periodicity.

The changes of the high-loss portion of the spec-
trum above ∼ 50 eV, namely, the ultrafast core-loss EELS,
provide complementary electronic dynamic information of
materials.[14,85–87] This energy region is characterized by ex-
citations of core-level electrons into unoccupied higher lying
states of the crystal or even to a free-electron state, provid-
ing information on the local geometric structure and chemical
bonding, which is similar to that provided by x-ray absorption
spectroscopy. The overall signal intensity drops rapidly with
increasing energy loss, and the element-specific core excita-
tions are superimposed on a smoothly decaying background,
leading to difficulties in acquiring data with a sufficient signal-
to-noise ratio. Thus, a much longer acquisition time, timely
energy drift correction, and high-performance electron detec-
tion camera should be considered.[85] The core-loss signal has
the ability to fingerprint different forms of the element, espe-
cially for carbon and 3d transition metals, making it an effi-
cient tool for tracking the dynamics of chemical bonding and
valence state.

The photo-induced lattice contraction and expansion in
graphite studied through time-resolved low-loss EELS[81]

were further investigated in the core-loss region with nanosec-
ond and picosecond resolutions, as shown in Fig. 4(g).[85] Ow-
ing to the high sensitivity of the σ∗ edge onset to the carbon–
carbon bond length in the a–b plane, the redshift on a nanosec-
ond time scale reflects the elongation of the in-plane bond
length and the existence of thermal disorder at high temper-
atures. In addition, the picosecond redshift was attributed to
the downward shift of the empty σ∗-band and thus shrinkage
of the band gap. Meanwhile, the change in the oxidation state
of Fe in a photocatalyst α-Fe2O3 was explored after laser ex-
citation. The broadening of the Fe L3-edge (with energy loss
of approximately 709.5 eV) occurring within a few picosec-
onds was believed to originate from the charge transition from
(Fe3+–Fe3+) to (Fe2+–Fe4+).[14]

It is noted that the PINEM signal inevitably exists in
both ultrafast low-loss and core-loss spectroscopy, leading to
the broadening of all features within approximately −1 to
1 ps.[14,83,85,87] The dynamics of intrinsic electronic proper-
ties, such as chemical bonding and the valence state, should
be treated with extreme caution. The deconvolution op-
eration might be an optional method for eliminating this
effect.[14] Nevertheless, the time-resolved PINEM technique
has been successfully applied to trace the phase transition and
plasmon-enhanced structural dynamics in low-dimensional
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materials.[88–90] Adopting the so-called PINEM-gating tech-
nique (see the next section) and the recently developed two-
color PINEM method, the electronic dynamics during the
insulator–metal phase transition in VO2 can be followed with
much improved temporal resolution owing to the high sensi-
tivity of PINEM to the dielectric response (Fig. 4(h)).[88,89]

Moreover, Zheng et al. found that the photon-induced lat-
tice contraction in a multi-walled carbon nanotube can be en-

hanced under the effect of the azimuthal surface plasmon, by
combining the PINEM and ultrafast electron diffraction mea-
surements. When the light polarization is perpendicular to
the tubular axis, the excited azimuthal plasmon modulates the
charge distribution and gives rise to a notable Coulomb force
that compresses the lattice. The time-dependent PINEM sig-
nal and the lattice contraction thus exist on a consistent time
scale.[90]

(a)

(b) (c)

(d) (e)

(f)

(g)

(h)

Fig. 4. Electronic dynamics traced through the UTEM. (a) Three-dimensional intensity–energy–time EELS plot for graphite. The plot shows
the time–energy–amplitude evolution of spectral changes at different time delays. The inset on the left depicts two transients for the band
at the laser energy (3–5 eV) and that of the bulk plasmon (26.9 eV) (reprinted with permission from Ref. [81]). (b) Static EELS profile of
single-walled carbon nanotubes (black line). The red region (band located at ∼ 22.4 eV) represents π +σ plasmons. The green region (band
located at ∼ 5 eV) represents π plasmons (reprinted with permission from Ref. [84]). (c) Time dependence of the π +σ plasmon peak energy
shift after laser excitation of 44 mJ/cm2 (reprinted with permission from Ref. [84]). (d) Time dependence of the π plasmon peak energy shift
(reprinted with permission from Ref. [84]). (e) π+σ plasmon peak intensity change, showing a 3.5% decrease in amplitude and a time constant
of 2.4 ps (reprinted with permission from Ref. [84]). (f) Temporal profile of the EELS intensity at selected energies, in correspondence with
the specified electron states in PrSr0.2Ca1.8Mn2O7 single crystalline nanoparticles (reprinted with permission from Ref. [83]). (g) Nanosecond-
resolved core-loss spectroscopy for graphite. Upper panel: experimental static (< t0) and transient K-edge energy-loss near-edge spectroscopy
at ∆t = 20± 10 ns after laser excitation at 532 nm; lower panel: theoretical static and transient energy-loss near-edge spectroscopy based on
molecular dynamics simulations at room temperature and 900 K (reprinted with permission from Ref. [85]). (h) Phase transition in vanadium
dioxide nanoparticles. The change of the PINEM spectrum intensity, obtained from the coupling between the first optical and electron pulses
on the nanoparticles, as a function of the second optical pulse (pump) delay (reprinted with permission from Ref. [88]).

Although various time-resolved EELS techniques have
been developed, their capabilities are still not on par with those
of well-developed ultrafast spectroscopy, newly developed
time-resolved angle-resolved photoemission spectroscopy and
time-resolved scanning tunneling microscopy in exploring the

electronic dynamics of condensed matter. However, with the
continuous optimization of the UTEM, electron pulses with
high brightness, high coherence, and short duration width are
expected. New techniques offering high performance, such
as time-momentum-resolved EELS, ultrafast convergent-beam
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electron diffraction, and time-resolved four-dimensional scan-
ning transmission electron microscopy, are thus expected to be
realized and provide more insight into the dynamics of elec-
trons and coupling with other degrees of freedom.

5. Imaging the near-field distribution with the
UTEM
As an important technique developed with the UTEM,

PINEM is an emerging method of studying the near-field
mediated electron–photon interaction, especially in near-field
imaging. The first experimental results of PINEM were re-
ported by Zewail and co-workers in 2009.[91] This pioneer-
ing work reported the EELS spectra of carbon nanotubes il-
luminated by an intense femtosecond laser pulse. As the
pulsed electron pockets pass through the confined near field
at the nanostructure, they lose or gain integer multiples of the
photon energy and show a series of discrete peaks in EELS
(Fig. 5(a)). In addition, the photon-excited evanescent field
distribution has been directly imaged with nanometer resolu-
tion in the energy-filtered transmission electron microscopy
(EFTEM) mode, using an energy filter to select only electrons
that have absorbed or emitted photons to form an image.

Theoretical methods for PINEM analysis have been
developed on the basis of Green’s function formalism,[92]

the direct integration of the time-dependent Schrodinger
equation,[15] and a ladder operator formalism.[16] Both
Green’s function formalism and the direct integration of the
time-dependent Schrodinger equation consider the time evo-
lution of the wave function of a subrelativistic electron trav-
eling through the classical electromagnetic wave, whereas the
ladder operator formalism gives a quantum description of elec-
trons scattered by coherent photons in the second quantization
and predicts the multilevel Rabi oscillation in populations of
electron momentum states. This prediction has been clearly
demonstrated in EELS measurements of electrons inelastically
scattered by a uniform near field,[16] paving the way for theo-
retical studies of free-electron quantum optics.

In the PINEM regime, the free-electron–photon interac-
tion occurs via the linear coupling between electron and opti-
cal fields. The electron–photon coupling strength is quantified
by the factor β ,[15,16,92]

β (x,y) =
e

2h̄ω

∫ +∞

−∞

Ez (x,y,z) e−i(ω/ve)z dz, (1)

where h̄ is the reduced Plank constant, Ez is the electric field
component along the propagating direction of the electron
pulses, ω is the angular frequency of photons, and ve is the
relativistic group velocity of the electron packet. The popula-
tion of the nth EELS sideband at position (x,y) is given by

Pn (x,y) = J2
n (2 |β (x,y)|) , (2)

where Jn denotes the nth-order Bessel functions of the first
kind. As the coupling strength is the spatial integral of the
near field of the z-component, the spatial and temporal dis-
tributions of the near field are imprinted in the spatially de-
pendent EELS sidebands, providing a powerful technique for
the imaging of the spatiotemporal dynamics of plasmonic near
fields with high spatial and temporal resolutions.

The energy and time resolutions are crucial to the dy-
namic characterization of the non-equilibrium process. In
PINEM observations, the energy resolution depends on the
spectral bandwidth of the pump laser rather than on the elec-
tron spectrometer, allowing surface plasmon polariton (SPP)
modes to be probed with meV spectral resolution. By com-
bining the narrow bandwidth optical pulse with an optical pa-
rameter amplifier, the spatial mapping of plasmon modes in a
silver nanowire has been achieved with energy resolution of
20 meV (Fig. 5(b)).[93]

Limited by the electron pulse duration, the temporal reso-
lution of PINEM is on the order of hundreds of femtoseconds.
The PINEM-gating technique, which is based on the electron
interaction with two optical pulses, improves the temporal res-
olution to the order of tens of femtoseconds.[80,88] The delay
of the first pulse (gating pulse) relative to the electron pulse is
kept at t = 0 to generate the gated electron pulse with maxi-
mum counts. The duration of the gated electron depends on
the duration of the gating pulse. The time delay of the sec-
ond pulse, which initiates the non-equilibrium process, can be
scanned across the gated electrons to characterize the process.
The time resolution of the PINEM-gating technique depends
on the time duration of the gating pulse rather than on that of
the original electron pulse (Fig. 5(c)), allowing for better time
resolution when using a short gating pulse. The PINEM-gating
technique has been theoretically generalized to the attosecond
regime and is expected to produce isolated attosecond electron
pulses.[94]

As a powerful tool for studying the electron–photon in-
teraction at the nanometer scale, PINEM has been used to
image the surface plasmons, including the localized surface
plasmon resonance (LSPR) and SPPs, of nanoparticles,[95–97]

nanotips,[16] metallic nanowires,[98] carbon nanotubes,[90,91]

rough metallic films,[99] and biological structures.[100] A new
and typical application of PINEM for imaging plasmonic
near fields is on an asymmetric bowtie nanostructure.[101]

The bowtie nanostructure, a typical surface plasmon field en-
hancement device, has important applications in optical sens-
ing and surface-enhanced Raman scattering. PINEM per-
formed using a UTEM provides the plasmonic near-field exci-
tation characteristics of the laterally illuminated bowtie nanos-
tructure with different polarizations of the incident laser. A
chiral SPP standing wave was observed on tips with polar-
ization parallel to the bowtie axis, whereas LSPR oscilla-
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tions were observed with perpendicular polarization excitation
(Fig. 5(d)). The excitation lifetime was analyzed by combin-
ing the time-dependent PINEM theory with spatiotemporally
resolved PINEM images, demonstrating that the lifetime of
SPPs is longer than that of LSPR.

Previous imaging techniques have mainly focused on
imaging SPP standing waves because the observation of a trav-
eling SPP is restrained by the time resolution. PINEM, based
on the coherent electron–photon interaction, enables charac-
terization of the traveling SPP, which is similar to holographic
imaging.[102] The reference field can be a second SPP excited
by another independent pulse or an optical field with a homo-
geneous plane-phase distribution generated by an illuminated
thin film. When the electrons are inelastically scattered by the
signal SPP and the reference field in turn, the spatial distri-
bution of the coupling strength depends on the relative phase
between the signal field and reference field. The holographic
PINEM image can be generated by selecting the elastic scat-
tering electrons to form an EFTEM image (Fig. 5(e)). The
phase velocity of the SPP and the group velocity of the wave
packet can be extracted from the holographic PINEM image.
As a TEM-based approach, holographic PINEM enables the
imaging of plasmonic fields at the buried interface, which is
different from the conventional application of imaging plas-
monic near fields outside the material.[103]

Another unique application of PINEM is the direct imag-
ing of the nonlinear features of SPPs[104] in what is called
single-photon order-selected electron imaging (SPOSEI).[105]

SPOSEI is an EFTEM image formed by the electrons selected
within the single-photon energy window, allowing characteri-
zation of the near fields associated with the absorption of a spe-
cific number of photon quanta. Appropriate sidebands should
be selected for imaging to improve the contrast and quality of
the image. For a silver nanowire illuminated by a pump laser
with high power density and parallel polarization, the EFTEM
formed by the electrons absorbing two to five photons revealed
plasmon oscillations with a mix of a major long period and mi-
nor short period at the laser-facing surface. The major mode
was the excited SPP with the fundamental frequency, whereas
the minor mode was attributed to the second-harmonic gener-
ation near fields (Fig. 5(f)).

In addition to the SPP and LSPR, PINEM can be applied
to microcavities and photonic crystals.[106,107] The UTEM
provides a flexible experimental setup, allowing the character-
ization of a photonic crystal in the real space and energy space.
By changing the polarization, incident angle, and wavelength
of the pump laser, the strength of electron–photon coupling
can be varied and the band structure of the photonic crystal is
reconstructed.

(a)

(b)

(c) (d)

(e)

(f)

Fig. 5. Characterization of the near-field in energy and real space. (a) Example of EELS after the electron–photon interaction (reprinted with permis-
sion from Ref. [91]). (b) Series of PINEM images of a silver nanowire excited by a narrowband pump laser as a function of the wavelength of the
photoexciting laser (reprinted with permission from Ref. [93]). (c) Schematic illustration of the PINEM-gating technique (reprinted with permission
from Ref. [94]). (d) PINEM images of the asymmetric bowtie nanostructure under the polarization of a laser parallel (upper panel) and perpendicular
(lower panel) to the bowtie axis. The upper panel shows asymmetric features whereas the lower panel shows symmetric features. The scale bar is
200 nm (reprinted with permission from Ref. [101]). (e) Principle of spatially separated electron holography. The reference field is a homogeneous
optical field with a plane-phase distribution. The coupling strength depends on the relative phase between the SPP and reference field, which results in a
position-dependent electron energy distribution. The hologram is formed with the zero-loss peak in EELS (reprinted with permission from Ref. [102]).
(f) Partial photon order-selected electron images of a silver nanowire for an incidence angle θ = 24◦ and power density of 4.8× 1010 W/cm2. The
short-period mode is observed on the front surface with parallel polarization (upper panel) but disappears with perpendicular polarization (lower panel)
(reprinted with permission from Ref. [105]).
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Beyond the conventional PINEM, which images the near
fields of nanostructures under visible or infrared laser exci-
tation, several studies have explored the imaging capability
of the inelastic free-electron–photon interaction. For exam-
ple, the evolution of electron clouds generated by high-flux
pump lasers illuminating metallic structures and semiconduc-
tors has been studied in space and time, considering the inter-
action of free electrons with the terahertz near fields generated
by a moving charge.[108,109] In addition to the SPP and LSPR,
PINEM is expected to characterize other quasiparticles. So
far, the wave packet dynamics of phonon–polariton excitations
in two-dimensional materials have been studied with a mid-
infrared laser pump.[110] Far-infrared laser and terahertz light
sources are expected to be used for the UTEM, enabling char-
acterization of the dynamics of more quasiparticles, including
exciton polaritons and Cooper pair plasmon polaritons.

6. Shaping electron wave packets with light
As discussed above, PINEM based on the inelastic

electron–photon interaction can imprint information about the
electromagnetic field distribution on the electron wave func-
tion. The electron wave function can thus be manipulated by
the designed electromagnetic field. The electron wave func-
tion after interaction is given by[111]

φ (𝑟, t) = φ0 (𝑟−𝑣t) e−2i|β |sin(ωz
v +arg(β )−ωt), (3)

where 𝑣 is the electron velocity and φ0 (𝑟−𝑣t) is the elec-
tron wave function before interaction with the optical field.
The electron wave function after the interaction is sinusoidally
modulated in phase, enabling manipulation of both longitudi-
nal and transverse components by the electromagnetic field.
Phase-space manipulation in the longitudinal direction has
been adopted for attosecond electron pulse trains[112,113] and
electron acceleration,[114] and in the transverse direction for
electron wavefront shaping.[115,116]

The classical view is that the longitudinal phase modula-
tion is based on the tailoring of the electron wave function in
the time domain.[117] The time-varying electromagnetic field
modifies the electron wave packet, affecting the parts of the
wave packet differently in the negative and positive electric
fields, broadening the energy spread, and changing the spatial
distribution of the wave packet in the longitudinal direction.
For example, the electromagnetic field in the microwave range
can compress the single-electron pulses of the UTEM under
reasonable synchronization.[118] In the PINEM regime, as the
visible or infrared laser used for pumping has a period shorter
than the duration of the electron wave packet,[119,120] the wave
packet is divided into accelerating and decelerating parts with
the period of the light wave. During free propagation after the
interaction, the accelerated parts catch up with the decelerated

parts, resulting in a bunching of the electron density after a
certain time.[16,121]

The concept of longitude phase modulation in PINEM
was first mentioned and developed by Ropers and co-workers.
The electron density in momentum space is reshaped by the
period phase modulation of the electron wave function and
the sideband orders acquire different phases during the prop-
agation, shearing the phase-space distribution and forming at-
tosecond electron pulse trains with a period equal to the opti-
cal period. In the case of electron energy of 200 keV for the
UTEM, the propagation length is a few millimeters. In exper-
iments, electron pulse trains with a peak duration of 655 as
have been confirmed by reconstructing the Wigner function of
the electron pulse after propagation (Fig. 6(a)), and a narrower
peak duration could be realized with strong electron–photon
coupling.[106,107,112,122] Pioneering experiments using attosec-
ond electron pulse trains have been carried out, demonstrating
potential application in imaging and diffraction.[123]

In addition to attosecond electron pulse trains, the phase
control of the free-electron wave function has been investi-
gated. An effective approach is to make the free electrons
interact sequentially with two phase-locked near fields. In
experiments,[111] two gold paddles were used to create two
near fields separated by a distance of 5 µm. As the two near
fields were spatially separated, the final wave function after the
first interaction acted as an initial wave function for the second
interaction. Each of the two interactions imposed a sinusoidal
phase modulation on the electron wave function, and the total
effect was the sum of the two modulations. This can be char-
acterized by EELS, where the enhancement or cancellation of
the coupling depends on the relative phase of the two near
fields (Fig. 6(b)). In addition to the spatially separated near
fields excited by a pump laser, two temporally separated elec-
tromagnetic fields have a similar effect, providing a simpler
approach to controlling the longitudinal phase of the electron
wave function.[124] In addition, asymmetric spectra generated
by two temporally separated laser beams of frequencies ω and
2ω have been observed.[121]

Besides longitudinal phase modulation, transverse phase
modulation has attracted much attention in recent years. The
simplest transverse phase modulator is a membrane that is
opaque or partially transparent to the incident laser light. Such
a membrane creates a semi-infinite space to spread the mo-
mentum of photons, where some of the photons satisfy the
energy–momentum conservation. In this state, the free elec-
trons are scattered directly by the light waves rather than
by the near fields excited by the pump laser, resulting in
an angular deflection of the electron beams.[36,123–125] Unlike
the Kapitza–Dirac effect,[126–128] where the free electrons are
diffracted by a standing light wave, the scattering of free elec-
trons by a semi-infinite light field is an inelastic process. The
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transverse momentum exchange is accompanied by an energy
exchange, and the direction and magnitude of the transverse
momentum exchange depend on the geometric details. Tak-
ing advantage of the high coherence electron beam emitted
from the Schottky field emitter tip, the quantized energy and

transverse momentum transfer can be characterized in recipro-
cal space (Fig. 6(c)).[129] Using high-coherence free electrons
and a uniform electric field, high-purity free-electron energy–
momentum states can be realized, providing an elementary
component for optically programmable electron phase plates.

(a) (b)

(c)
(d)

Fig. 6. Shaping of electron wave packets in longitudinal and transverse directions. (a) Reconstructed Wigner function of the propagated single-
electron wave packet after interaction. The distance of propagation is 1.5 mm. Pronounced shearing due to free-space propagation is observed.
The energy integral of the Wigner function shows a peak duration of 655 as (reprinted with permission from Ref. [121]). (b) Modulation of
the electron wave function by spatially separated near fields. The electrons pass through the corner of two gold paddles, such that the electron
wave function is modulated by two near fields (left panel). The right panel shows the EELS spectrum depending on the relative phase of
the two near fields, which is controlled by the orientation of the λ/2 waveplate (reprinted with permission from Ref. [111]). (c) Transverse
momentum distribution after interaction showing the quantized nature of the electron–photon coupling mediated by the membrane (reprinted
with permission from Ref. [129]). (d) Generation of electron vortices by chiral plasmonic near fields. The left panel shows the two-dimensional
hologram after the interaction, revealing a spiral phase pattern typical of a chiral plasmon. The middle panel shows the transfer of orbital angular
momentum to electrons. The transfer of orbital angular momentum can be characterized in the reciprocal space (right panel) (reprinted with
permission from Ref. [130]).

In addition to the plate medium, structures supporting
SPPs have demonstrated the ability to manipulate the trans-
verse electron phase. A typical and important nanostructure is
an Ag/Si3N4 bilayer thin film with a nanocavity, which sup-
ports well-defined chiral SPPs under circularly polarized laser
excitation.[130] Both the semi-infinite light field and SPPs in-
teract with electrons, coherently manipulating the transverse
phase and generating electrons with a well-defined orbital an-
gular momentum. Unlike electron vortex beams generated by
passive phase plates,[131–133] the electron vortex beam is gen-
erated by the exchange of orbital angular momentum between
interacting relativistic electrons and chiral SPPs (Fig. 6(d)).
Importantly, the ability to manipulate SPP fields enables the
control of properties of the vortex beam with attosecond pre-

cision, which is beneficial for applications in non-equilibrium
dynamics. Later research has used more patterns fabricated
on the bilayer film, shown more types of spatially modu-
lated free electrons[115,134,135] and verified that energy post-
selection provides another method of controlling the trans-
verse electron phase. Beyond the nanostructures, transverse
electron phase modulation can be achieved using shaped light
beams.[136,137]

Research on the quantum properties of the electron–
photon interaction has advanced rapidly in recent years. In
2019, Kifr proposed Q-PINEM theory, which is a quantum-
optics theory describing the quantum interaction of light
with subrelativistic free electrons,[138] opening up a path
to free-electron quantum optics. Q-PINEM theory gener-
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alizes the electron–photon interaction into the strong cou-
pling regime and predicts the coupling between free elec-
trons and an empty cavity, which has been confirmed in
experiments.[139] Adopting Q-PINEM theory and designed
high-efficiency silicon photonic nanostructures, Kaminer and
co-workers found that quantum photon statistics can be im-
printed on the free-electron–photon interaction, demonstrating
the ability to reconstruct photon statistics from electron energy
spectra.[140,141] In addition, by exploiting the entanglement
between electrons and photons, it is possible to shape quan-
tum photonic states[142] and to induce entanglement between
photons[143] using free electrons. Further theoretical investiga-
tions have been carried out in PINEM, including those on the
reconstruction of the quantum wave function of an electron
pulse,[144] the use of PINEM electrons to perform quantum
simulations[145] and ghost imaging,[146] and the free-electron
qubit.[147,148]

7. Summary and outlook
We summarized the applications of the versatile UTEM

with diffraction, imaging, and spectroscopy in the dynamic
probing of a lattice, electron, and spin system of a material
upon ultrafast laser excitation. In particular, ultrafast real-
space imaging with nanometer–picosecond resolution makes
it possible to experimentally visualize ultrafast processes with
spatial inhomogeneity in the sample and to determine the lo-
cal effect on the structural dynamics. Until now, ultrafast
ångström-scale atomic imaging has not been realized, mainly
owing to the contradiction between the single-pulse electron
dose (i.e., the signal-to-noise ratio) and spatial–temporal res-
olution limited by the space-charge effect, and also the ad-
verse effects of photothermal accumulation and photomechan-
ical instability for excitation at a high repletion rate. The ultra-
fast spatial resolution can be improved using a pulsed electron
source with higher spatiotemporal coherence, new imaging
method (e.g., electron ptychography[1]), and a camera having
extremely low noise (e.g., a pixel-array detector) that allows
a long exposure time for accumulating a sufficiently strong
signal. Several approaches, namely the adoption of radio-
frequency or terahertz pulse compression, relativistic MeV
electron imaging, an energy-filtered UTEM, and a laser-free
stroboscopic UTEM based on beam blanking, offer further op-
portunities to extend the performance and expand the applica-
tion space of the UTEM.

Exciting electrons in quantum materials with light pulses
provide the possibility of generating new states that do not
result from laser-induced heating effects but rather emerge
from inherently nonthermal microscopic processes, such as
new CDW hidden state and magnetic texture. Combined with
the in-situ technique of the TEM (involving cooling, an elec-
tric/magnetic field, and strain) and ultrafast laser excitation

with varying pulse energy, wavelength, polarization, and even
phase, the UTEM is used to nonthermally control the macro-
scopic properties of quantum materials and characterize the
structure of a new state.

As a promising new method, using the interaction be-
tween free electrons and optical near fields, PINEM is exten-
sively used for real-space near-field imaging and free-electron
wave packet shaping. Both theoretical and experimental ad-
vances in PINEM were summarized in the present review. Be-
sides the subrelativistic electrons of the UTEM, the interaction
of slow electrons with near fields has been studied both theo-
retically and experimentally.[149,150] In summary, PINEM has
evolved both as an imaging technique and as a tool for electron
phase modulation, and the development of free-electron quan-
tum optics provides another method for controlling the elec-
tron wave function. With the advance of experimental tech-
nology and the proposal of new schemes, the UTEM will be
developed into an efficient tool for exploring quantum mecha-
nisms and ultrafast processes.
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[9] Horstmann J G,Böckmann H, Wit B, Kurtz F, Storeck G and Ropers C
2020 Nature 583 232

[10] Valley D T, Ferry V E and Flannigan D J 2016 Nano Lett. 16 7302
[11] Zhang Y and Flannigan D J 2021 Nano Lett. 21 7332
[12] Gnabasik R A, Suri P K, Chen J and Flannigan D J 2022 Phys. Rev. M

6 024802
[13] Tong L, Yuan J, Zhang Z, Tang J and Wang Z 2023 Nat. Nanotechnol.

18 145
[14] Su Z, Baskin J S, Zhou W, Thomas J M and Zewail A H 2017 J. Am.

Chem. Soc. 139 4916
[15] Park S T, Lin M M and Zewail A H 2010 New. J. Phys. 12 123028
[16] Feist A, Echternkamp K E, Schauss J, Yalunin S V, Schäfer S and Rop-
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