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TOPICAL REVIEW — States and new effects in nonequilibrium
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Exploring the realms of physics that extend beyond thermal equilibrium has emerged as a crucial branch of condensed
matter physics research. It aims to unravel the intricate processes involving the excitations, interactions, and annihilations of
quasi- and many-body particles, and ultimately to achieve the manipulation and engineering of exotic non-equilibrium quan-
tum phases on the ultrasmall and ultrafast spatiotemporal scales. Given the inherent complexities arising from many-body
dynamics, it therefore seeks a technique that has efficient and diverse detection degrees of freedom to study the underlying
physics. By combining high-power femtosecond lasers with real- or momentum-space photoemission electron microscopy
(PEEM), imaging excited state phenomena from multiple perspectives, including time, real space, energy, momentum, and
spin, can be conveniently achieved, making it a unique technique in studying physics out of equilibrium. In this context,
we overview the working principle and technical advances of the PEEM apparatus and the related laser systems, and sur-
vey key excited-state phenomena probed through this surface-sensitive methodology, including the ultrafast dynamics of
electrons, excitons, plasmons, spins, etc., in materials ranging from bulk and nano-structured metals and semiconductors to
low-dimensional quantum materials. Through this review, one can further envision that time-resolved PEEM will open new
avenues for investigating a variety of classical and quantum phenomena in a multidimensional parameter space, offering
unprecedented and comprehensive insights into important questions in the field of condensed matter physics.

Keywords: ultrafast photoemission electron microscopy, ultrafast momentum microscopy, excited state
physics

PACS: 87.15.ht, 78.47.da, 68.37.Xy, 79.60.–i DOI: 10.1088/1674-1056/ad174a

1. Introduction
In 1887, Heinrich Hertz made an important observa-

tion that the electrical spark between two electrodes could be
intensified under ultraviolet light illumination.[1] Such phe-
nomenon, which we now know as the photoelectric effect,
has perplexed physicists for nearly two decades until it was
explained by Albert Einstein based on his picture of light
quantization.[2] Since then, the process of electron emission
caused by absorptions of photons, known as photoemission,
has played a pivotal role in condensed matter physics research.

Today, the most widely used experimental techniques
based on photoelectric effect are angle resolved photoemis-
sion electron spectroscopy (ARPES) and photoemission elec-
tron microscopy (PEEM). In both cases, one obtains the elec-
tronic properties of certain materials in the momentum and
real spaces by detecting electrons emitted by the absorption
of photons. Of particular interest to studying local elec-
tronic properties of matter, PEEM, since the first demonstra-
tion of photoelectron imaging by Ernst Brüche in 1933,[3]

has now evolved to be the prevailing technique for imaging
mesoscopic physics. For example, it can spatially resolve
electric[4,5] and magnetic[6–9] domains as well as their in-
homogeneities, capture the evolution of local electronic ne-
matic order[10] and insulator-to-metal transitions,[11–13] and

characterize light induced surface polarization field and spin
textures[14,15] with spatial resolution as good as ∼ 2 nm in
state-of-the-art instrument;[16,17] all of these measurements are
essential ingredients to help design materials with quantum
properties on demand.[18]

Besides the real space photoelectron imaging, PEEM also
allows the integration of angle resolved photoelectron detec-
tion, enabling the APRES function based on the same electron
optics.[19] Such a combined instrument, which is also termed
momentum microscope (MM), allows direct imaging of pho-
toelectron distributions of microscale samples in the momen-
tum space without scanning the sample azimuthal angle. Con-
sequently, PEEM and MM can function as a micron-area
APRES instrument, allowing studies of many-body electronic
band structures of quantum materials,[20–22] including but not
limited to strongly correlated electron systems,[23] topolog-
ical materials,[24] and van der Waals (vdW) materials[25–29]

down to single atomic layer limit. In addition, similar to
an ARPES apparatus, a spin filter can also be implemented
in MM to study spin polarized electronic structures of mag-
netic domains.[30,31] Finally, by selectively filtering electrons
in certain energy and momentum distributions, MM enables
energy- and/or momentum-filtered electron imaging in real
space,[32,33] which is analogous to the dark-field optical imag-
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ing technique. Therefore, the modern PEEM apparatus com-
bined with MM mode serves as an excellent tool for studying
local electronic properties of quantum matter in multidimen-
sions, including energy, spin, real- and momentum-spaces,
etc.[34]

Despite the unique capabilities provided by PEEM and
MM, most related studies conducted so far, however, are
steady state measurements based on a one-photon in, one-
electron-out process. In this linear regime, the photoemission
process tackles the many-body electronic wave function ap-
proximated by a one-electron removal process,[23,24] which
is modified by the interactions among quasiparticles of all
sorts, including electrons, phonons and magnons. The con-
tribution to the material electronic properties from each in-
teraction, however, cannot be easily isolated and extracted
from the steady state microscopic and spectroscopic measure-
ments, because they modify the time-averaged electron wave
functions over the time duration of data-acquisition. More
importantly, the detection of coherence effect between quan-
tum states, or quasiparticles, a key to achieving reliable quan-
tum computations,[35,36] is also challenging in steady state
measurements. This is because the dynamical information is
mostly buried in the spectral width of the desired quantum
states, which is affected by a variety of quasiparticle inter-
actions. On the technological side, the energy resolution of
PEEM/MM apparatus is also limited by the spectral broaden-
ing of the photoelectrons. In the state-of-the-art MM,[37,38] the
energy resolution is on the order of a few meV. This intrinsi-
cally hinders the direct identification of quasiparticle excita-
tions on the lower energy scale, such as phonon and magnon
excitations in the THz to GHz regime that are relevant to
acoustic and spintronics[39,40] applications.

Interestingly, these obstacles have largely been over-
come by the technological advancements in intense ultra-
fast laser sources based on the invention of chirped pulse
amplification.[41] Following the concept of femto-chemistry
developed by Ahmed Zewail,[42] one can adopt two ultra-
fast laser pulses into a photoemission setup, with one being
a strong pump pulse to induce quasiparticle excitations that
perturb the electronic ground state, and the other as a weak
but temporally synchronized probe to photo-ionize an electron
from the pump-perturbed many-body quantum state for spec-
troscopic or microscopic analysis. By scanning the inter-pulse
delay between the pump and probe pulses, the resulted pho-
toelectrons can thus reflect the transients of the corresponding
excited state as a function of temporal delay, providing infor-
mation of the excited quantum state on the time scale ranging
from atto- to femto- to nano-second or longer.[21,43–46]

The first demonstration of ultrafast lasers with PEEM
was reported by Schmidt et al.,[47] where hot electron dynam-
ics at patterned silver surfaces were spatially mapped with a
Ti:sapphire laser, achieving a spatiotemporal resolutions of
∼ 20 nm and < 100 fs. Soon, it was greatly advanced by

Kubo et al.[48] in the imaging of surface plasmon dynamics
at structured metal surfaces using interferometrically stable
pump–probe pulse pairs. This is a cornerstone experiment
of spatiotemporal imaging the phase and amplitude of surface
electromagnetic modes, with ∼ 10 nm spatial resolution and
667 attosecond (as) time-scanning accuracy; such observation
has not been accessible through far field optical imaging or
steady state near field scanning techniques. Since then, time-
resolved (TR-) PEEM, and particularly interferometric time
resolved (ITR-) PEEM have been improved to adapt broadly
tunable femtosecond and attosecond light sources, normal in-
cident excitation schemes, full-vectorial imaging method, etc.,
making them the prevailing technique in resolving plasmon
dynamics.[14,15,48–64]

More importantly, besides their success in imaging of
electromagnetic modes, ultrafast PEEM has also been widely
applied to imaging the evolutions of magnetic domains and
textures in magnetic materials,[65–70] as well as hot carrier
and exciton dynamics in metals and semiconductors.[32,71–80]

With the implementation of MM, the corresponding stud-
ies have been extended to the reciprocal space, allowing
multidimensional probing of the corresponding excited states
physics.[81–91] Consequently, these investigations thus far have
brought substantial improvements in understanding the phys-
ical mechanisms of quasiparticle creation, interaction and an-
nihilation dynamics on the nanometer and femtosecond (nano-
femto) spatiotemporal scales.

Furthermore, instead of using light as a probe method,
one can employ ultrafast light pulses as a control knob to co-
herently control quantum phases beyond equilibrium on ul-
trafast time scale.[22,92–95] In strongly correlated systems, ul-
trafast light irradiation could induce long-lived nonequilib-
rium metastable states, or hidden states of matter such as
transient superconductivity,[96–98] charge orders[99,100] and lat-
tice configurations,[101–103] which are inaccessible from quasi-
static stimuli. Generally, light pulses, especially those with
high fluence, can even drive new quantum states that do not
exist under thermal equilibrium, such as time-periodic Flo-
quet and Volkov states,[104,105] or induce highly nonlinear po-
larization response in the non-perturbative regime.[106] These
aspects of studies, which were mostly carried out in macro-
scopic systems based on time resolved photoemission tech-
niques, however, have yet to be extensively implemented for
microscopic samples in TR-PEEM and TR-MM experiments.
With further development of the high power, high repetition
rate laser sources, one thus can expect to explore new ways
of controlling quantum states of matter and investigate far-
out-of-equilibrium physics in the strong-field regime on the
ultrasmall and ultrafast spatiotemporal scales. Therefore, not
only can TR-PEEM/MM studies improve the understanding of
quantum excitation pathways in solids, it may also lead to new
theories and possibilities in generating new phases of matter
beyond thermal equilibrium.[22,92,93,95]
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Regarding the studies of excited state physics in con-
densed matter, it is thus of particular interest to review the rel-
evant fields of research advanced by ultrafast PEEM and MM.
We note that reviews of TR-PEEM and TR-MM with specific
research topics, such as plasmonics and transition metal lay-
ered materials, have been reported.[43–46] Here, in this review,
we intend to give an in-depth overview of the TR-PEEM/MM
research, including technical developments of the instrument
and light sources, and applications in several different con-
densed matter research fields. We first introduce the basic
concept of PEEM and the mechanisms of its imaging con-
trast, as well as some technical aspects of the apparatus and the
ultrafast light sources used in TR-PEEM experiments. Next,
we briefly report the TR-PEEM/MM applications in studying
physics that are out-of-equilibrium, including spatiotemporal,
energy and momentum evolutions of surface plasmons, hot
electrons, electron orbitals, excitons, and spins. We emphasize
that this review is aimed to cover the research possibilities en-
abled by ultrafast PEEM/MM technique, and thus the subjects
and references included here are far from complete. We refer
interested readers to the review articles of specific subjects for
detailed information of the corresponding research field. We
close this review by discussing the potential applications of
(I)TR-PEEM and TR-MM in studying nonequilibrium physics
in condensed matter systems beyond metals and semiconduc-
tors, as well as important questions that may be addressed by
these techniques.

2. Photoemission electron microscopy

As a photoemission-based apparatus, PEEM is a surface
sensitive technique that is designed to spatially measure the
electronic properties of materials of interest. Therefore, it is
important to understand the types of contrast that can be im-
aged by PEEM, and how different designs of PEEM electron
optics and illumination light sources can influence the exper-
imental measurements. In this section, we first present a few
main contrast mechanisms in forming PEEM images, includ-
ing work function, band structure, magnetization, and nonlin-
ear photoemission contrast. We then review the designs of
commonly used PEEM and MM, discuss their difference in the
electron optics, advantages and disadvantages in data acquisi-
tion. Finally, we briefly overview the types of ultrafast laser
sources that have been implemented into PEEM and MM, such
as broadly tunable femtosecond ultraviolet (UV)–visible–near
infrared (NIR) pulses from laser oscillators or amplifiers, ex-
treme ultraviolet (EUV) pulses generated by gas-phase high
harmonic generation (HHG), and sources that can potentially
be employed to extend the studies of nonequilibrium physics
in a broader wavelength regimes.

2.1. Imaging contrast

Figure 1 schematically shows the basic working principle
of a PEEM apparatus. The sample is usually placed a few mm
in front of the PEEM electron objective lens. Excitation light
sources can be introduced onto the sample from the surface
normal, a large oblique angle, or its back side. The photoelec-
trons produced by light illumination, which intrinsically carry
the information of the underlying quantum states, are accel-
erated by the PEEM objective lens for further magnification
and imaging. In solids, the one-electron wave function is usu-
ally affected by a variety of interactions, including electron–
electron, electron–phonon, electron–magnon, etc. In addition,
excitations of surface electromagnetic modes, such as surface
plasmons (SPs), can also influence the spatial distributions of
surface electrons. Therefore, by photo-ionizing these electrons
via one or multiphoton absorption processes, one can image
the local electronic responses in real (PEEM) and reciprocal
(MM) spaces using the proper electron imaging mode, reflect-
ing the underlying many-body physics. These processes, how-
ever, may cause different PEEM contrasts, as will be discussed
in detail below.

Fig. 1. Schematic of the working principle of PEEM imaging. The sample
is placed in vacuum, a few milimeters away from the PEEM objective lens
(Obj.), between which a high voltage of ∼ 10–20 kV is applied. When light
illuminates the sample either from the surface normal or at the grazing inci-
dence angle, electrons can be ionized from the surface. Subsequently, photo-
electrons are accelerated and collected by the PEEM objective lens for mag-
nification and imaging. The resulted PEEM images reflect plenty of physical
phenomena, including surface plasmon polaritons (SPPs), localized surface
plasmons (LSPs), and other intrinsic quasiparticles. When two or more light
pulses are employed, it allows the implementation of the temporal-resolving
scheme, such that the first pulse stimulates the ground state, and the subse-
quent pulses interrogate the corresponding excited state physics for PEEM
analysis. Besides real space PEEM imaging, Fourier transforming the real
space photoelectrons into reciprocal space offers the information of the ma-
terial electronic band structures as a function of energy and electron quasi-
momenta.

2.1.1. Work function

Early investigations of photoelectric yield were carried
out by Fowler and DuBridge,[107,108] with a focus on explain-
ing the temperature and wavelength dependent photocurrent,
and the non-abrupt onset of photoelectric current above the
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threshold frequency. Based on extensive experimental results
in several metallic systems, such as silver, gold, tin, etc., they
have proposed an analytical model for the current density ap-
proximated to the leading order, J ∝ T 2( hν−Φ

kBT )
2
, where T is

the sample temperature, Φ is the work function (WF), hν is
the photon energy, and kB is the Boltzman constant. In the
perturbative regime, the Fowler–DuBridge (F-D) model ac-
counts well for the smooth photoemission intensity, especially
near the work function edge. In addition, besides modeling the
photoelectric effect from a statistical mechanics point of view,
the photoelectron current in both linear and nonlinear regimes
can also be derived quantum mechanically from the simplest
free-electron gas model,[109] where one considers a weak and
constant vector potential 𝐴 for plane wave excitation (A2 ∼ 0
and ∇ ·𝐴 = 0), and a sharp surface termination potential. In
this case, the solution to the dipolar interaction Hamiltonian
Hdipole =

eh̄
mc𝐴 ·∇ results in partial photoelectron current den-

sity Jn, with n being the nonlinear photonic order for the pho-
toemission process. When n = 1, it resembles the F-D pho-
toemission model. While the detailed modeling is beyond the
scope of this review, we note that Jn is proportional to the 2nth

power of the surface normal electric field E⊥, which is mani-
fested in several multiphoton photoemission experiments such
as the plasmonic photoemission discussed in Section 3. We
note that contribution to photoemission signals from A2 ̸= 0
term was also discussed in plasmon-assisted emission.[110]

Based on the F-D model, when the excitation light
is monochromatic of certain energy, the photoelectric cur-
rent density, and thus the photoemission intensity increases
quadratically with decreasing WF. Therefore, it makes PEEM
a sensitive tool to characterize surface WF. This is particu-
larly useful because the local WF of the samples of inter-
est is usually inhomogeneous, and varies across regions or
domains of different crystal orientations,[111–113] ferroelec-
tric polarizations,[5] elemental compositions,[114,115] etc. In
addition, despite that the F-D theory is formulated based
on free-electron models, it also shows excellent prediction
accuracy for photoemission intensity in semiconductors and
insulators,[116] which makes PEEM an excellent tool for the
qualitative understanding of sample WF. There are, however,
several limitations in the F-D theory, as it does not include any
band structure and spin information, which offer other contrast
mechanisms in PEEM imaging.

2.1.2. Band structure

The PEEM contrast due to WF difference discussed above
is a special case of the band structure effect. In conven-
tional ARPES experiments, the momentum space photoelec-
tron spectra measure the one-particle spectral function of the
corresponding band structure. Therefore, by projecting en-
ergy and momentum filtered electrons onto real space for

photoelectron imaging, PEEM can produce dark-field im-
ages with the contrast given by the filtered electronic band
structure. Such capabilities have been reported by Maklar
et al. in imaging charge density wave materials,[33] and
by Schmitt et al. in visualizing excitons in layered tran-
sition metal dichalcogenides.[32] Another potential observ-
able in the electronic band structures that may be resolved
in PEEM experiments is the surface state at material surfaces
or interfaces.[117,118] These surface states are usually sensitive
to light polarization and photon energy, which could provide
stronger photoemission signal than that of bulk states in spe-
cific excitation configurations.

Despite having such a possibility, the effect of band struc-
tures on PEEM experiments has yet to be explored extensively.
The challenge lies in producing high-repetition rate and high
photon energy light pulses that allow efficient detection of high
momentum electrons. This is partly resolved by MHz rate
EUV light based on gas-phase HHG processes, as will be in-
troduced in Subsection 2.2.3.

2.1.3. Magnetic contrast

The magnetic contrast in PEEM experiments is closely
related to the materials electronic band structures. Kramer’s
degeneracy requires the electronic states to be doubly degen-
erate at high symmetry momenta under time-reversal symmet-
ric condition. In the presence of electron spin–orbit coupling,
electron correlation, or (effective) magnetic field, such sym-
metry is lifted, giving rise to spin-split bands within the entire
Brillouin zone. Because of the dipole selection rules, such
spin-split band can usually be distinguished as two separate
peaks in the photoemission spectra under circularly polarized
light (CPL) illumination, which is termed as circular dichro-
ism effect,[119] described by CD = (Ileft − Iright)/(Ileft + Iright),
where Ileft(right) labels the photoemission intensity under left
(right) CPL.[120,121] In real space, when permanent magne-
tization is present, such as magnetic domains, the left and
right CPL propagating along the magnetization direction will
also interact differently with the materials of interest, giv-
ing rise to magnetic CD, or MCD, signals visible to PEEM
imaging.[122–124] We note that not only electron spins or
macroscopic magnetization domains can induce CD effect,
electronic or structural chirality in non-magnetic systems,
such as in biomolecules, can also result in significant absorp-
tion of light of opposite helicities. In addition, contrast due
to linear dichroism LD = (Ip − Is)/(Ip + Is), where Ip(s) repre-
sents the intensity of p (s) polarized light, can also be imaged
by PEEM. Such effect is rooted in the imbalanced spin pop-
ulation by magnetic anisotropy, and thus is subjected to more
symmetry requirement.[124,125]

In MCD or magnetic LD (MLD) experiments, the probe
light is usually from synchrotron-based light sources, such as
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high flux soft x-rays. In this case, because of the high photon
energy, spin-dependent core level electrons can be photoemit-
ted and imaged by PEEM, allowing element specific magnetic
contrast. Finally, it should also be noted that MCD effect can
also be induced with nonlinear multiphoton photoemission us-
ing visible light. Specifically, when femtosecond low energy
photons are employed, multiphoton processes can produce far
more imbalanced spin distribution, if 1) proper intermediate
state is present, and 2) resonant absorption condition is satis-
fied. Therefore, the excited states CD effect can be observed
on the ultrafast time scale.[126]

Today, the x-ray MCD and MLD PEEM are widely em-
ployed in the magnetism community. There exists a large
body of related research on both steady state and excited state
physics, and the brief overview presented above is far from
complete. In Section 3, we will introduce a few examples
of imaging magnetic materials in the time domain and leave
steady state experiments not discussed.

2.1.4. Nonlinear photoemission contrast

Two- or multi-photon photoemission based on femtosec-
ond laser pulses opens a new door for producing photoelec-
tron contrast in both real and momentum spaces. This is be-
cause the photocurrent produced by nonlinear photon absorp-
tion scales with the 2nth power of the photonic order n (Sub-
section 2.1.1), so that stronger photoemission yield is expected
with higher field strength. This is particularly true for fields
that have large surface normal components, such as surface
plasmon fields at metal surfaces. When the light or surface
plasmon fields are spatially modulated on materials surfaces,
the photoemission intensity distribution is thus determined by
the local field intensity in a non-linear manner,[44,45] which
eventually allows the imaging of polaritons in space and time
using photoelectrons on the nano-femto scales.

Beyond the F-D and free electron gas models,
Keldysh[127] proposed a dimensionless parameter, γ =√

Φ/(2Up), where Up is the ponderomotive energy of an elec-
tron, to distinguish different intensity-dependent light–matter
coupling regimes.[128] For γ ≫ 1, the system is at weak cou-
pling regime, such that the distortion of electron potential is
negligible, and the photoemission process resembles that of
the classical model described above. When γ ≪ 1, the pertur-
bative picture is collapsed, and the electron emission enters a
strong coupling regime, such that electron tunneling between
atomic core and vacuum naturally occurs due to the strongly
bent potential surface. In this case, electrons can be pro-
duced and accelerated with great efficiency in the strong elec-
tric field, such as localized plasmon field at its resonance, but
it also creates a broader energy distribution that degrades the
spatial and energy resolution of the PEEM instrument.[129,130]

Finally, besides synchronized monochromatic multipho-
ton photoemission, the nonlinear photoexcitation pathways in

solids further allow a temporal contrast based on the pump–
probe technique. Specifically, two pulses having a mutual de-
lay ∆t can be considered as a pump and probe pulse pair. The
first light pulse (pump) can excite an electronic transition or
induce a surface polarization such that the system is in its ex-
cited state.[21,93] Subsequently, a second probe pulse comes
and ionizes an electron for PEEM imaging. Because the quan-
tum state prepared by the pump has a finite decoherence time
and population lifetime, the probe pulse can thus detect the
evolution dynamics of the excited states by delayed photoion-
ization. We note that the pump–probe temporal contrast is
only an extension of the nonlinear optical effect, and basically
reflects transient changes in the physical properties discussed
above, such as WF or band structure of the materials under in-
vestigation. Therefore, the pump–probe method, and two- or
multi-photon absorptions are the building blocks for studying
condensed matter physics beyond thermal equilibrium.

2.2. Technical overview
2.2.1. PEEM apparatus

There are two main categories of PEEM apparatus be-
ing broadly used in independent research groups and large
research facilities. The difference is that one is based
on the electrostatic-lens system for photoelectron collection
and imaging, and the other is based on magnetic electron
lenses.[131]

The design of the electrostatic PEEM follows that of
the prototype of photoelectron imaging system developed by
Brüche,[3] which consists of an electrostatic electron objec-
tive lens, a straight column for electron propagation, pro-
jection and magnification, and a detecting fluorescent screen
[Fig. 2(a)]. The spatial resolution of such design is ∼ 10 nm
theoretically, which is determined by δ ∼ E/(eF),[132] where
E is the emission energy, e is the electron charge, and F is the
electric field strength between the sample and the objective
lens; additional factors, such as the spherical and chromatic
aberrations of the lens, energy spread of the photoelectrons,
must also be considered.[133,134] In practice, a spatial resolu-
tion of < 50 nm can be conveniently achieved under continu-
ous wave (cw) excitation. In addition, due to the linear prop-
agation geometry, the imaging column can also be upgraded
with an electron drift tube, electron energy filters and a delay-
line detector to allow time-of-flight (ToF) detection, such that
the flight time of photoelectrons from the sample to the detec-
tor is correlated with the electron energy.[135–138] Therefore, it
offers the capability of energy resolved PEEM imaging with a
resolution of ∼ 100 meV, or capturing the electron dynamics
with picosecond resolutions. Furthermore, it also enables the
integration of MM functionality simply by projecting the real
space photoelectrons to the reciprocal space for momentum
resolution. Such PEEM apparatus is commercially available
at Scienta GmbH and Specs GmbH.
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Fig. 2. Designs of four widely used PEEM apparatus. (a) Electrostatic lens based PEEM with a straight electron column and ToF detector. (b) Magnetic
lens based PEEM including a HA and an electron gun. The electron gun usually produces continuous wave electrons that impinge and reflect from the
sample for LEEM imaging. The two 60∘ beam splitters are designed for directing electron beams for the LEEM mode, and the subsequent aberration
correction (AC) based on the electrostatic AC mirror set, respectively. The HA offers the energy resolution of the imaging electrons. (c) Magnetic lens
based PEEM with two 90∘ magnetic prism arrays and an electron gun. The prism arrays are electron beam splitters that allow LEEM imaging and
aberration correction. (d) PEEM with double HAs. The analyzers are arranged such that the aberration produced from each analyzer gets canceled by
symmetry. Such configuration is typically optimized for reciprocal space imaging, i.e., for momentum microscope. In all cases, the real and momentum
space planes of the electron optics are labeled. The illumination paths are also indicated by numbers and the red rays.

In terms of the optical excitation configurations, three
schemes are commonly implemented, as indicated in Fig. 2(a)
by the red rays. The oblique excitation 1○ was adopted
for most early PEEM experiments because of the ease of
operation.[48–51,53,54,139–151] In this case, the laser pulse is usu-
ally incident at an angle of 65∘ from the surface normal. When
the light field is TM-polarized, that is, with the electric field
polarization lying in the plane of incidence, it provides a
large surface normal electric field for the sensitive detection
of surface polarizations, such as plasmonic responses,[152] and
the image potential states on metal surfaces.[153,154] The TE-
polarization is that the electric field is polarized perpendicu-
lar to the incidence plane. Such TM-TE convention is consis-
tently used throughout the text for grazing incidence condition.
For normal-incidence excitation, we describe the polarization
to be horizontal and vertical with respect to the horizontal axis
of the image. Another excitation scheme is for light illumi-
nating from the surface normal, which is more challenging be-
cause it requires directing the laser beam through the electron
imaging column and the objective lens. This is achieved by in-
serting into the electron imaging column a non-magnetic mir-
ror [dark grey element in Fig. 2(a)] that can deflect the light
pulses to the sample.[155] Note that the illumination angle is
not precisely along the surface normal, but slightly tilted by
∼ 4∘, such that the mirror does not prevent the para-axial pho-
toelectron propagation. More recently, illumination from the
rear side 3○ has also been achieved either by inserting a mir-
ror that can reflect the grazing incidence light normally onto
the back side of the sample,[56,156] or inserting a lens that al-
lows focusing of the light incident from the back side of the
chamber to the sample.[57] Such scheme requires the sample
substrate to be transparent for light to pass through.

Besides the advantages discussed above, there are still
certain limitations to the electrostatic PEEM. First, the ulti-
mate spatial resolution is limited by spherical aberrations of
the electron optics and the chromatic aberrations of the imag-
ing electrons, which cannot be easily compensated in the lin-

ear electron-optics geometry.[131] Second, the ToF detection
requires pulsed excitation, preventing convenient characteriza-
tions using mercury (Hg) discharge lamp. This puts further re-
quirement on laser repetition rate for efficient data acquisition;
an upper limit of the laser repetition rate is also set by the ToF
counter as ∼ 4 MHz in most commercial instruments; excep-
tions also exist where light of repetition rate up to ∼ 500 MHz
can be used.[157] Finally, the straight propagation column can-
not be combined with an electron gun to perform low energy
electron microscopy (LEEM) and low energy electron diffrac-
tion (LEED) for the characterization of sample tomography
and crystallinity, as can otherwise be achieved in PEEM sys-
tem having magnetic deflectors [Figs. 2(b) and 2(c)].

In magnetic-lens based PEEM setups, photoelectrons
are first collected by a magnetic triode or tetrode objective
lens,[158,159] and subsequently deflected by a set of magnetic
sector field or magnetic prism arrays during the projection and
amplification processes, before finally reaching the fluores-
cent screen for PEEM imaging. Figures 2(b) and 2(c) show
the schematics of the LEEM-PEEM from Elmitec GmbH, and
AC-PEEM-90 from Specs GmbH, respectively. The excita-
tion beam paths are also included as red rays. The advan-
tage of having electron deflectors is that the deflection geom-
etry allows one to implement additional components into the
vacuum chamber, such as an electron gun (e-gun) for LEEM
and LEED studies, or a set of electrostatic mirrors to com-
pensate the spherical aberrations of the photoelectrons intro-
duced by the electron lenses. Interestingly, the aberration in-
troduced by the magnetic deflector can also be compensated
by adding a second, identical deflector arranged in an anti-
symmetrical configuration as shown in Figs. 2(b) and 2(c).
Therefore, it greatly enhances the spatial resolution of LEEM-
PEEM, which reaches ∼ 2 nm in the cw excitation limit.[16,17]

The spectroscopic imaging of photoelectrons in magnetic
lens based PEEM can be achieved in a similar way for conven-
tional ARPES instrument. For Elmitec PEEM, the electrons
are sent through an additional hemispherical analyzer (HA) for
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energy resolution, which can reach ∼ 50 meV in the state-of-
the-art design;[160] in the case of Specs PEEM, it is achieved
by the dispersive magnetic prisms, which offers a resolution
of > 200 meV.[161,162] We note that the ultimate energy res-
olution is limited by the Heisenberg’s space–momentum un-
certainty principle: because the design of PEEM electron op-
tics is aimed to achieve superior spatial resolution, the large
acceptance angle in the reciprocal space in turn degrades the
momentum and energy resolutions. In addition, the acquisi-
tion methods also vary in these two instruments. In Elmitec
PEEM, a single imaging captures a constant energy map of
photoelectrons in the momentum space. It thus requires a se-
ries scans of the photoelectron energies to obtain a complete
electronic band structure. In the Specs AC-PEEM-90 setup,
however, an energy slit is introduced in the momentum space,
effectively projecting a slice of electron energy vs. parallel
momentum onto the imaging detector. In this case, instead of
scanning the energy axis, one needs to scan the slit position
along the desired momentum directions to obtain the full band
structure. We note that such scanning is much less efficient
than that of the ToF detection when full-Brillouin zone infor-
mation needs to be obtained.

2.2.2. MM apparatus

An exciting extension of PEEM is the projection of its
real space photoelectron distribution to the reciprocal space for
photoelectron diffraction imaging, i.e., angle resolved photo-
electron imaging. Such switching between real and momen-
tum space imaging can be conveniently achieved through set-
ting up the voltages applied on a set of electron lenses. In
this case, the PEEM transforms into a so-called momentum
microscope, enabling energy and angle (momentum) resolved
photoelectron spectra over micron sized samples. This is dif-
ferent than the conventional micro- or nano-ARPES, where
one is required to reduce the illumination beam size and scan
over the region of interest to obtain a real space band struc-
ture mapping. Instead, MM captures the momentum space
images using photoelectrons coming from a micro-sized re-
gion that can be defined by the mechanical apertures being
used. For this reason, the spatial resolution of the MM is lim-
ited by the smallest aperture one can use. The advantage of
MM, however, is that one can directly filter electrons from
a certain energy and momentum, and perform corresponding
PEEM imaging. In this configuration, the spatial resolution is
limited by diffraction limit of the photoelectrons, which is typ-
ically on the order of a few nm and much better than that of the
raster scanning type micro-APRES. Regarding the acquisition
method, in the case of ToF-PEEM, the dataset obtained in one
acquisition contains both energy and momentum space infor-
mation. Here, the parallel momentum is achieved via direct 2-
dimensional (2D) imaging, and the energy axis is obtained via
ToF. Therefore, a single acquisition can reveal the electronic
band structures in the full surface Brillouin zone.

Next, we extend the discussion to a new design that is
aimed to improve the energy resolution of the MM. Figure 2(d)
shows the schematic of a commercially available MM (Nano-
ESCA) from Scienta GmbH,[38,163] along with its excitation
scheme. It consists of a PEEM objective lens and a pair of
HAs. In this case, photoelectrons from micron-sized region
are collected by the PEEM objective lens, and subsequently
sent through two identical HAs for energy resolution. The
design of the identical HA pair removes the spherical aber-
ration by symmetry, similar to the designs in Figs. 2(b) and
2(c). Consequently, it yields ∼ 10 meV energy resolution and
40 nm spatial resolution with VUV light excitation, but comes
at relatively high cost.[38]

Another MM instrument based on single HA has also
been developed by Specs GmbH, i.e., the Kreios MM. In this
design, the objective lens is slightly farther away from the sam-
ple, degrading the spatial resolution of the PEEM mode to be
∼ 100 nm. This, however, effectively improves the energy
resolution, which could reach ∼ 5 meV. A third option is to
append a ToF drifting tube after the first HA, which can cir-
cumvent the nonlinear aberrations introduced by the first HA
and achieve energy resolution of ∼ 7.7 meV;[37] this design,
however, is not commercially available yet. Finally, we note
that one can in principle append an electron spin filter in the
electron optics, but it is not broadly investigated so far.

The unique feature of MM is that it captures electrons
emitted at all angles (±90∘) for spectroscopic analysis, which
allows the acquisition of photoelectrons having higher paral-
lel momenta without tilting the sample azimuth. When EUV
light sources are employed, the MM can therefore efficiently
detect electronic structures in the entire Brillouin zone in one
shot. This is in contrast with conventional ARPES experiment,
where the collection angle is within ∼ ±15∘, and sample tilt-
ing is required to image photoelectrons at high emission an-
gles. Obtaining the full Brillouin zone information thus re-
quires collaging the measurements at each angle, setting up an-
other challenge in quantitative analysis of the electronic band
structure. The large momentum accessibility enabled by MM,
however, is at the expense of the angular and energy resolu-
tion, because electrons having higher momenta are squeezed
into a paraxial photoelectron beam for imaging. This further
causes significant space-charge effect because a large number
of electrons can interact with each other due to the Coulomb
force along their way to the detector;[141,164] work is also be-
ing done to minimize the space-charge effect.[165]

Finally, as described above, the Heisenberg’s uncertainty
relation limits the superior spatial and energy resolutions si-
multaneously. While PEEM is aimed to achieve higher spatial
resolution, MM is usually designed to reach high energy res-
olution in exchange of spatial resolution. The state-of-the-art
energy and momentum resolutions are around < 5 meV and
0.008 Å−1, respectively. While not reaching the resolution
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limit of conventional ARPES, the uniqueness of having an ob-
jective lens is that one can perform MM imaging in a micron-
sized area, i.e., micro-ARPES, without raster scanning. This
opens the door to study the influence of surface inhomogeneity
on electronic structures, as well as monolayer vdW materials
that are typically a few microns in size.

2.2.3. Ultrafast light sources

Conventional light sources for PEEM and MM studies
are mostly light produced by mercury and helium discharge,
with photon energies of 4.9 eV and 21.2 eV. These are un-
polarized cw sources that can be used for steady state work
function imaging and band structure mapping. In this section,
we go beyond cw sources, and focus on discussing ultrafast
laser pulses that can drive two- or multi-photon photoemis-
sion for TR-PEEM/MM imaging. We overview femtosecond
light sources from near infrared to EUV regime and discuss
the difference in the physics problems one can address with
these light sources.

2.2.3.1. Laser oscillators

The most common excitation sources for TR-PEEM ex-
periments are generated from the commercially available Ti-
sapphire oscillator, with wavelength of ∼ 800 nm, photon en-
ergy of 1.55 eV, repetition rate of 70–100 MHz, pulse dura-
tion of 10–100 fs, and pulse energy of a few nJ. In principle,
ytterbium-doped (Yb-doped) fiber oscillator of energy 1.24 eV
can also be employed, but its application is rare because the
typical ∼ 300 fs pulse duration is too long for resolving elec-
tronic excitations. Therefore, the following discussion is only
for Ti:sapphire oscillators.

Because the WF of typical materials is ∼ 4–6 eV, a
common excitation source for one-photon PEEM imaging is
the 4th harmonic of the fundamental pulse, which is usually
∼ 200 nm, or ∼ 6.2 eV. This provides an excellent method to
characterize the WF inhomogeneities in most materials, but
no dynamical information is obtained. In case of photoex-
citation using the fundamental laser, as is usually employed
for monochromatic two-photon photoemission (2PP) experi-
ments, the two-photon energy (∼ 3.1 eV) is too low to over-
come the materials’ WF. Consequently, a WF reduction treat-
ment is required. For example, by chemisorption of Cs atoms,
the WF can be reduced so that two-photon energy quanta are
sufficient for electron ionization. This typically applies to the
imaging of plasmons in metal systems, where the local Cs
atoms reduce the WF but their modification to the plasmonic
response is negligible.[55,155,166] In the case of using second
harmonic (SH) of the Ti:sapphire laser as light source, the two
photon energy quanta (6.2 eV) can easily overcome the WF
of most materials, but it should be noted that the excited un-
occupied states and their relaxation dynamics would be differ-
ent than those excited by the fundamental harmonic.[48,49,60]

Finally, one could also induce photoemission through higher

order processes, such as 3-photon and 4-photon excitations,
but such processes usually have low transition probabilities,
and require much stronger excitation light intensity with much
shorter pulse duration.[62,167]

In dual-color experiments, such as for spatiotemporal
imaging of hot carriers in semiconductors, the wavelength
of the pump pulses is usually 800 nm or 400 nm, as long
as it is sufficient to induce above band-gap transitions; the
probe pulse, however, is usually the third and fourth harmonics
(4.65 eV or 6.2 eV) of the fundamental beam, which provide
sufficient photon energy to ionize electrons from the unoccu-
pied states, and increase the detectable electron momentum
range.[60,76,77,168,169] The upper limit of the probe photon en-
ergy produced by direct 4th harmonic generation is limited to
∼ 6.1 eV. This is because 1) the pulse energy is limited to
support efficient harmonic generation of higher energy pho-
tons, and 2) there is no accessible phase matching condition;
extension of photon energy to ∼ 6.2 eV can be achieved by
producing the 4th harmonic via mixing the fundamental and
3rd harmonics.[170] To achieve detection of photoelectrons in
higher momentum, photon energy of > 20 eV is required,
which can be obtained from high harmonic generation (HHG)
processes pumped by strong laser pulses of ∼ 100 µJ to several
mJ, as will be discussed below.

2.2.3.2. Tunable light sources by parametric amplifiers

In general, to characterize unoccupied electronic states,
light sources of variable photon energies are also strongly
needed, particularly when studying interactions between two
electronic states where resonance transitions or couplings are
critical. Such upgrade is accomplished by the sophistica-
tion of the chirped pulse amplifiers,[41] as well as the colin-
ear and non-colinear optical parametric amplifications (OPA
and NOPA).[171] The former provides high pulse energy (µJ
to mJ), high repetition rate (kHz to MHz) laser pulses, with
pulse width ranging from a few to ∼ 300 fs, which serve as
an excellent pump source for parametric amplification; the lat-
ter provides broadly tunable fs light pulses. In OPAs, a high-
power femtosecond pump pulse, usually from a laser amplifier,
and a weaker supercontinuum seed pulse, typically produced
by nonlinear filamentation in dielectrics, are overlapped in a
nonlinear crystal, such as β -barium borate (BBO), where the
mixing between the two pulses causes parametric conversion
and amplification. Because of the broad spectrum of the super-
continuum seed light, the pump pulse can selectively amplify
a certain spectral region within the supercontinuum accord-
ing to their phase-matching condition, thus providing a broad
tunability of the amplified pulse. The generated pulses typ-
ically have a pulse duration on the order of those of pump
and probe pulses in a colinear geometry, but can be signif-
icantly shortened to a few cycles in a noncolinear geome-
try due to the more restricted phase-matching criterion.[172]
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The output light can be further extended to a broader spec-
tral range by frequency doubling, sum frequency generations,
difference frequency generations, etc., enabling PEEM mea-
surements from deep UV through visible to IR, and even THz
regime. For example, beyond excitation in the visible regime,
light in the telecommunication wavelengths (1550 nm) has
been employed for multi-photon photoemission for the study
of plasmonic responses in silver nanoparticles.[173] This of-
fers new ways of looking at plasmonic responses with strong
field excitation, possibly in the regime that is beyond the per-
turbative description. Therefore, using the output from OPA
and NOPA as a pump source for ultrafast PEEM experiments,
one can expect the exploration of a broad range of excited state
physics, ranging from low energy excitations such as magnons
and phonons in topological materials and superconductors, to
high energy excitations such as plasmons, excitons, and other
light-matter hybrid modes in metals and semiconductors.[22,92]

In terms of the probe pulses, the common scheme is
to employ a UV or deep UV light that can be obtained by
parametric conversion from the visible output of OPAs or
NOPAs. This is, however, similar to that of the harmonics of
the Ti:sapphire oscillator, with an upper limit of about 6.2 eV
due to the phase matching condition for frequency mixing and
the band gap of BBO crystals.[170] Therefore, with the de-
sire of imaging electrons from broader unoccupied states both
in PEEM and ARPES studies, significant research effort has
been carried out in developing table-top EUV[174–184] and x-
rays sources.[185,186] In the case of EUV pulse generation, it
typically requires focusing of high energy (> 100 µJ) ultra-
short pulses (< 50 fs) into an inert-gas filled fiber capillary
or gas jet, where extreme nonlinear processes, such as high
harmonic generations, occur due to the strong electric field
of the pump pulse. Such process can be described by a con-
ventional three step model beyond perturbative regime,[187]

which will not be discussed here. With 800 nm light as a
pump, the resulted photons usually have odd harmonics be-
tween the 21st and the 33rd, with photon energies between
∼ 32.5 eV and 51.1 eV.[174–176,178,179,181] When the pump light
is the second harmonic of the Ti:sapphire laser output, it typ-
ically produces the 7th harmonic, corresponding to an energy
of ∼ 22 eV.[177,180] In case of the Yb-doped amplifiers, both
the fundamental (∼ 1030 nm) and its SHG (∼ 515 nm) can
serve as the pump for the HHG, which produces EUV pho-
tons with optimal energies around the 21th (25.2 eV), and the
11st (26.5 eV) harmonics, respectively.[182–184,188] Using such
EUV photons as probes, one can conveniently access electrons
in the entire Brillouin zone for real and reciprocal space imag-
ing. Note that light at other photon energies can also be pro-
duced via different harmonic generation processes,[189,190] but
their application is yet to be explored extensively.

We note that typical ultrafast EUV sources have pulse du-
ration comparable to that of their pump light. The resulted
EUV photons, however, are produced only within a fraction

of an optical cycle, i.e., hundreds of attosecond, through the
electron tunnelling and recolliding processes. Therefore, EUV
light pulses are effective trains of attosecond pulses of EUV
photons.[191–193] In fact, the efficiency of such process is very
sensitive to the carrier envelope phase (CEP) of the pump
pulse, especially when the pulse duration is only a few cy-
cles. This is a critical factor that needs to be considered if one
intends to obtain precisely synchronized attosecond pulses for
resolving sub-femtosecond electron dynamics. In this case, a
CEP locked laser amplifier is usually recommended, but is at
a relatively high cost.

While ultrafast EUV probes, and in general attosecond
probes, have been applied to TR-ARPES and TR-MM experi-
ments for over a decade, their application to real space PEEM
imaging is still in its infancy.[32,50,194,195] This is mostly hin-
dered by the low repetition rate (1–10 kHz) of the laser sources
employed so far. Even with 10 kHz repetition rate, imaging
photoelectrons in real space still requires extremely long ac-
quisition time (hours) to obtain a single image. This puts a
challenge in maintaining the spatial drift in the sample and
PEEM alignment. Nevertheless, the EUV-based PEEM imag-
ing will certainly experience fast development with the ad-
vancements of high-repetition rate lasers. Finally, we note
that the development of bright and tunable free electron light
sources is also of benefit to PEEM studies,[89,196] for it en-
ables the detection of the local electronic structures along all
momentum axes.

2.2.3.3. Interferometric pulse pairs

Finally, we discuss a special excitation scheme for TR-
PEEM experiments, which employs a pair of colinear, and
identical fs pulses from IR to UV regime.[44,45,197] The pulse
pair is usually generated by a Mach–Zehnder interferometer
(MZI). In this case, one arm of the MZI is scanned with at-
tosecond accuracy relative to the other arm, forming an inter-
ferogram as the excitation light, similar to the pump–pump
pulse pair in two-dimensional electron spectroscopy.[198]

Therefore, this excitation configuration can provide sub-
femtosecond amplitude and phase information of the quan-
tum states of electrons or electromagnetic modes. By per-
forming Fourier analysis along the scanning time axis, the har-
monic information of the nonlinear photoemission process can
be extracted, enabling the studies of different quantum path-
ways contributing to the photoemission process, as well as
the coherence between different quantum states. Details of
such excitation scheme can be found in the excellent review
by Petek and Ogawa.[197] So far, the interferometric time re-
solved PEEM (ITR-PEEM) has been aimed to perform vec-
torial imaging of plasmonic field dynamics with nano-femto
resolutions, as will be discussed in detail below. We note that
the time resolution in ITR-PEEM experiment is still limited by
the two-pulse correlation, which should not be confused with
the attosecond scanning accuracy, i.e., phase resolution.
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By treating the pulse pair as an interferometric pump
source, and introducing a third pulse for photoionizing the
photoelectrons, one is allowed to perform Fourier analysis on
both the pump-pump pulse delay, as well as on the pump–
probe pulse delay. This excitation scheme adapts from the
well-known 2D electron spectroscopy (2DES) setup,[199–201]

which offers information on the dynamics as a function of
excitation and detection frequencies, such that the coherence
among quantum states can be revealed. More specifically, in
2DES, by Fourier transforming the pump–pump delay, one
obtains the excitation energy; besides, at each time delay,
the quantum states prepared by the pump pulse pairs can be
probed by the third pulse using a spectrometer, which pro-
vides the probe energy resolution. Therefore, one essentially
acquires 2D maps with horizontal and vertical axes represent-
ing the excitation and probe energies at a specific pump–probe
delay time. Such 2D spectrum thus contains the information
of coherence among the quantum states being probed. By de-
laying the pump-pump pulse pair and the probe pulse, it is
therefore expected to produce a sequence of such 2D spec-
trum that can reveal the dynamics of the quantum coherence.
We note that variations of the pulse excitation scheme, such as
introducing a local oscillator to perform 4-pulse illumination,
can also be implemented. In case of a PEEM experiment, one
could also employ a three-pulse illumination scheme of pump-
pump–probe type, and acquire photoelectrons in real space.
Here, the Fourier transformation on the two delays provide the
excitation and detection frequency information. Therefore, it
offers the coherence information with nanometer spatial reso-
lution, which terms such setup as a 2D nanoscopy, as will be
shown later in Subsection 3.1.3.

3. Real space imaging
3.1. Localized surface plasmons

Light can be coupled with ultrafast surface plasma os-
cillations at subwavelength metallic particles to form local-
ized surface plasmon (LSP) quasiparticles.[152] They are sub-
wavelength electromagnetic modes, which are featured to have
strong field enhancement and confinement, especially at the
LSP resonance energy that is determined by the free carrier
density, as well as the size, geometry and dielectric envi-
ronment of the mode-supporting particles. Therefore, a va-
riety of light–matter interaction processes can be boosted in
the presence of LSP resonance, including photocatalysis,[202]

sensing and imaging,[203–206] coherent control of electronic
states, etc.[207,208] Because of the nano-femto character of LSP
modes, PEEM serves as an excellent probe to study their spa-
tiotemporal dynamics.[44,45]

3.1.1. Plasmon dynamics in isolated nanoparticles

The first conclusive demonstration of spatiotemporal
ITR-PEEM imaging of LSPs was performed on periodically

structured polycrystalline Ag films (100 nm wide slits with
a period of 780 nm), with the obliquely excitation pulse of
10 fs, 400 nm and TM-polarization.[48] The interferometric
scanning allowed the imaging of field enhancement on deep
subwavelength spatial scale with 1/4 optical cycle phase res-
olution. Figure 3(a) shows a series of ITR-PEEM images of
four LSP modes distributed vertically in the image (intensified
photoemission hot spots) at increasing delay times (phase), re-
vealing their spatiotemporal dynamics with nano-femto reso-
lutions. It is worth noting that these modes are excited because
the local nano-structures are in resonant with the excitation
photon energy, and thus PEEM is very sensitive to the vari-
ations of the corresponding local electromagnetic field based
on the F-D theory, (E4 in the case of two-photon photoemis-
sion). At time zero, the LSP modes are coherently excited,
with the phase being locked with that of the excitation light.
Consequently, they exhibit strong photoemission signal when
the pump and probe pulses constructively interfere (0 fs), and
zero signal when they destructively interfere (0.67 fs). Af-
ter the pump pulse is reflected off the surface [right panel of
Fig. 3(a)], the plasmons evolve into their own resonance fre-
quency, causing the photoemission signals of these hot spots
to evolve out of phase. Clearly, the maximum photoemission
signal of mode A is shifted in time from that of the mode C.
This is because the phase of the plasmon fields strongly de-
pends on the geometry, size and environment of the hosting
nano-structures.

Quantitative phase evolution is further extracted by ana-
lyzing the photoemission signal integrated from each hot spot
as a function of delay time, as shown by the curves A–D in
Fig. 3(b). Clearly, mode C is nearly out-of-phase from the
other modes. In addition to the photoemission intensity oscil-
lations due to plasmon–light interference, there is also a finite
DC contribution to the time dependent photoemission signal,
which decays over tens of fs and represents the incoherent hot
carrier relaxation in the system.[47,139] Regarding the coherent
evolution, the dephasing time of these LSP modes can be ex-
tracted by fitting the correlation trace with optical Bloch equa-
tions for multiphoton processes, where a three-level system is
assumed for the 2PP process.[197] In this case, the plasmon de-
phasing time is around 5 fs, which is shorter than the excitation
pulse width. We note, however, that the optical Bloch equation
fitting has a relatively large parameter space to tune, and thus
may overfit the actual experimental data, especially when the
contributing dynamics is shorter than the pulse duration. Nev-
ertheless, it still serves as one of the most reasonable methods
of extracting phase dynamics in nonlinear optical processes.

Besides LSPs in randomly shaped nanoparticles, pre-
designed nano-structures, such as circular disks,[51,59,209–211]

square and triangular blocks,[212–217] and more compli-
cated structures,[53,161,218–220] can support well-defined dipo-
lar, quadrupolar or even higher order modes, which in prin-
ciple possess different dynamical behavior. Figures 3(c) and
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3(d) show a comparison of the ultrafast dynamics of two plas-
monic modes. Each figure contains a PEEM image, simu-
lated charge distribution, and the integrated ITR-PEEM trace
of the dipolar and quadrupolar plasmon modes, in square gold
(Au) blocks of dimension 200× 200× 30 nm3, excited by an
obliquely incident 7 fs pulses of center wavelength of 800 nm,
and polarizations of TM and TE, respectively;[209] the direc-
tion of the incoming light is indicated by the white arrow in
the inset. The typical dipolar mode [right inset in Fig. 3(c)] is
mostly distributed at the front corners of the block with res-
onance wavelength of ∼ 860 nm and dephasing time of 5 fs.
Interestingly, the quadrupolar modes can also be excited due
to symmetry breaking of the grazing incidence angle, which
showed two hot spots at the rear corners of the block [right in-
set in Fig. 3(d)], with a resonance wavelength of ∼ 760 nm and
a dephasing time of 9 fs. These modes are corroborated with

calculated surface charge distributions using finite difference
time domain (FDTD) method, as shown by the insets. This in-
dicates that the charge localization at the corners of the nano-
structures result in significant field enhancement for photoe-
mission. While the resonance energy of the quadrupolar mode
is lower than that of the dipolar mode, as expected from elec-
tromagnetic theory, its dephasing time is surprisingly longer.
This can be understood from the fact that the net dipole mo-
ment of the quadrupolar mode is much smaller, leading to in-
efficient coupling to electromagnetic waves or radiative chan-
nels. In addition, the difference in the dephasing time also cor-
responds well with the energy spread of the respective photo-
electron spectra. When the size of the nano-structures is com-
parable or even larger than the wavelength of light, retardation
effects take place, and higher order resonances are expected,
which have also been nicely imaged by ITR-PEEM.[219]

Fig. 3. Ultrafast PEEM results for the imaging of localized plasmon modes. (a) Ultrafast phase evolution of selected LSPs of randomly shaped
nanoparticles in silver grooves. (b) Time-dependent PEEM signals showing the temporal evolution of selected modes from (a). (c), (d) Time-dependent
PEEM intensities, static PEEM imaging and surface charge distributions of plasmonic dipole and quadrupole modes under TM and TE polarized
excitations, respectively. k|| indicates the projected wave vector of light on the surface. (e) SEM and PEEM images of isolated and coupled plasmonic
modes in metallic nano-disks. (f) Time-dependent PEEM signals of the corresponding isolated and coupled plasmon modes, showing the correlation
between plasmon dephasing time and the plasmonic coupling. (g) PEEM images of a triangular bowtie structure under TM and TE polarized excitations,
demonstrating clear field enhancement at the tip of the bowtie. (h) Coherent control of the plasmon localization in a bowtie structure using cross polarized
light excitation. Panels adapted with permission from: (a), (b) Ref. [48]; (c), (d) Ref. [209]; (e), (f) Ref. [59]; (g), (h) Ref. [215].

3.1.2. Plasmon dynamics in coupled nanoparticles

When two or multiple plasmonic structures are brought
close to each other with deep sub-wavelength spacing in be-
tween, coupling between the plasmonic modes take place,
which offer a broad tunability of the plasmon resonance en-
ergy, spatial field distributions and dynamics.[221–225] While
steady state measurements have provided a large amount of lit-
eratures of field characters in the coupled plasmonic systems,
how the spatial arrangement of these nano-structures, structure
geometry and other factors affect the plasmon dynamics, espe-
cially their spatiotemporal localizations are yet to be resolved
clearly.

Using plasmonic circular disk and disk dimer structures,

Li et al.[59] have reported the correlation between the plas-
mon dynamics with the size of the disk, and the size of the
gap between the plasmonic dimers. The disks under investi-
gation have a diameter and height of 175 nm and 30 nm, re-
spectively. The excitation light was a normally incident broad-
band 7 fs pulse of center wavelength 800 nm. Figure 3(e)
shows the scanning electron microscopy (SEM) and PEEM
images for horizontally polarized excitation. The isolated disk
has a strong dipolar plasmonic mode resonant at ∼ 760 nm,
and the coupled disks of gap size 25 nm have a longitudinal
(horizontal) mode (L-mode) resonant at ∼ 850 nm localized
in the gap region; the photoemission intensity of the L-mode
is enhanced by a factor of ∼ 45, or field amplitude by ∼ 1.6
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for a 3PP process with respect to the incident field. Interest-
ingly, while the dephasing time of the isolated disk is about
5 fs based on ITR-PEEM measurement [Fig. 3(f)], that of the
coupled plasmon mode is only ∼ 2 fs, which is reduced more
than twice compared to that of the isolated disk. Moreover, it
was found that there is a clear negative correlation between the
gap size and the dephasing time of the coupled L-mode, such
that smaller gap size leads to longer dephasing time. This can
be attributed to two factors: 1) the strong plasmon localization
for the L-mode that enhances the radiative decay rates, and
2) the coupling between the plasmon modes of each disk also
boosts the radiative decay. The individual contribution from
these two factors to the relaxation dynamics is confirmed by
studying the plasmonic disk dimers with horizontal and ver-
tical polarization excitations (with respect to the image) sep-
arately. Because with horizontally polarized excitation, both
inter-particle plasmon coupling and plasmon localization at
the gap are present, whereas for vertically polarized excita-
tion, the field localization at the gap vanishes by symmetry. It
was found that without plasmon localization, the inter-particle
plasmonic coupling can already substantially reduce the plas-
mon field enhancement and dephasing time. Specifically, due
to the inter-particle coupling only, the dephasing time of the
coupled disks of gap size ∼ 25 nm is 3.5 fs, which is 30%
shorter than that of the isolated disk. When plasmon localiza-
tion is included, i.e., with horizontally polarized excitation, a
reduction of > 50% in dephasing time was observed, which in-
dicates that the radiative decay of coupled plasmons is further
boosted by the plasmon localization.

In addition to tuning dynamical properties of coupled
plasmons, the spatial distribution of plasmonic mode and their
coherent control have also been demonstrated by Melchior et
al.[215] using ITR-PEEM in Au plasmonic bowtie antennas.
The excitation light was 25 fs, 795 nm pulse under oblique
incidence. Similar to square blocks, the strongest plasmon-
assisted photoemission signals located at the corners of the tri-
angular blocks, as shown in Fig. 3(g), vary from TM to TE
polarized light excitations. In addition, there is a strong gap
mode in the bowtie gap region under TM excitation, similar to
that in the coupled dimer system.

More importantly, the unique triangular symmetry prop-
erties of the supporting bowtie structure offer the possibility
for coherent control of the subwavelength field distribution on
the nano-femto scale. By employing a pair of coherent pump
and probe pulses with orthogonal linear polarizations, it en-
ables the spatiotemporal tunability of the location of the plas-
monic hot spots as a function of pump–probe delay, as shown
in Fig. 3(h). Clearly, the hot spot at lower left (−0.667 fs) is
shifted to the up left corner (0.667 fs) over half an optical cy-
cle (1.34 fs) as the probe is scanned. This is because as the
relative delay between the TM and TE pulses evolves, the ef-
fective total light field is switching continuously between left

and right circularly polarized light, making the plasmonic ex-
citation chiral. Therefore, the time dependent PEEM images
shown in Fig. 3(h) based on the coherent control concept are
equivalent to static PEEM images illuminated with left and
right circularly polarized light. Similar coherent control using
the mixture of TM–TE light on various other structures has
also been reported.[143,212,213] Therefore, it demonstrates that
by combining femtosecond or few-cycle pulse excitations with
PEEM imaging, one is allowed to not only study, but control
on demand the spatiotemporal physics of surface plasmons.
With advanced pulse shaping techniques, more sophisticated
field control in a broad range of plasmonic systems will be
expected.[226]

3.1.3. Plasmon-assisted coherence in 2D PEEM
nanoscopy

While the discussion of the plasmonic imaging contrast
so far can be described by classical electromagnetic wave in-
terference effect, the plasmon quasiparticle, which is quantum
in nature and participates in quantum transitions as bosonic
particles, should not be overlooked, especially because plas-
mons are of great interest for on-chip quantum computing
and communications.[226–228] Therefore, determining the plas-
monic quantum states, or their wave packets is an essential
task to understand the underlying quantum physics.[229]

A unique aspect of multiphoton PEEM experiments is
that it allows the extraction of the quantum pathways of
the photoemission involving plasmon quasiparticles, as well
as the interaction between the plasmon-assisted intermediate
states,[58] which are beyond the classical wave analysis. Pres
et al.[63] reported a quantum mechanical model for plasmon-
electron interaction in a multiphoton PEEM experiment. In
this case, the plasmon polariton state is considered as a quan-
tum harmonic oscillator represented by occupation number
state |ψ⟩, and the classical polarization, which is recorded
by PEEM, is described as ⟨ψ|b+ b†|ψ⟩, where b and b† are
the plasmon lowering and raising operators, respectively. The
plasmon-electron interaction is then described by the Hamilto-
nian H = g(σ+b+σ−b†) in the rotating wave approximation,
where g is the coupling constant between plasmon and elec-
tron, σ+ and σ− are rising and lowering operators for elec-
trons. The schematic of such model based on a five-level sys-
tem is shown in Fig. 4(a); the number of quantum levels is
determined by the work function of the metal and the plasmon
energy. The energy ladder of the plasmonic harmonic oscil-
lator is shown by the parabola on the left, where the purple
arrows denote adding and removing a plasmon quanta from
respective state, and the dark green arrows indicate the elec-
tronic transitions in the metal. The quasi-electron energy level
of the metal is shown on the right, where the plasmon model
is overlaid on top of the electronic band, representing the in-
teraction between plasmon and electron. In this five-level sys-
tem, only when the electron is excited to the vacuum state |4⟩,
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can it be captured by the PEEM objective lens for imaging.
Therefore, such excitation can in principle involve multiple
plasmon absorption. We emphasize that the discussion above
only touches the surface of the reported model, details of the
modeling of the photon energy dependent excitation pathways
can be found in the original reference.[63]

Fig. 4. PEEM-based coherent 2D nanoscopy of localized plasmons.
(a) Schematic of the quantum harmonic oscillator model for plasmon–
electron coupling. The left panel is the plasmon number state, which
is overlaid on the right panel, the electronic band structure, to show the
interaction between plasmon and electrons. (b) Schematic of the PEEM
2D nanoscopy experiment and an example of the LSP mode being ana-
lyzed. (c), (d) Simulated 2D rephasing spectra of the multi- and single
plasmon excitations. The off-diagonal peaks, which represent the co-
herence between plasmon and electrons, are only present in the case of
multiple plasmon excitations. All panels are adapted with permission
from Ref. [63].

Experimentally, a three-pulse excitations scheme (see
Section 2) is used, which is similar to that of the
2D spectroscopies[199,200] and previous PEEM-based 2D
nanoscopy;[143] the observable is thus the photoelectron
counts as in conventional PEEM experiment. By varying the
time delays between the first and second pulse pairs, the pump
and probe frequency spectra can be obtained via Fourier trans-
formation (FT) of the respective delay axes. Consequently, the
diagonal of the 2D spectra represents the nonlinear multipho-
ton excitations of the plasmonic excited states, and the off-
diagonal signals show the coherence among the nearby states.

Owing to the superior spatial resolution of PEEM, the
2D nanoscopy can therefore capture the quantum coherence
of plasmons on the nanometer scale, enabling the spatial map-
ping of the plasmonic coherence spectra in real space. Fig-
ure 4(b) shows the schematic of the 2D nanoscopy experiment
on a slit structure of width w and length L etched in polycrys-
talline Au film, which acts as a plasmonic resonator. Three
identical and phase correlated pulses of energy 1.75 eV and
pulse duration of 18 fs illuminate the entire field of view from
an oblique incidence angle and excite local plasmonic fields

at the coupling structure. The total surface polarization fields
produce photoelectrons that can form a nonlinear photoelec-
tron mapping as shown by the PEEM image in the top panel.
Figure 4(c) shows the simulated 2D rephasing spectra based
on the quantum harmonic oscillator model using experimen-
tal pulse sequencing. It contains full excitation pathways, and
thus corresponds well with the experimental 2D spectra ac-
quired by integrating within a rectangular region containing
the bright hot spot at the top of the PEEM image (not shown).
Clearly, a strong single plasmon excitation is observed at the
diagonals in both 2D spectra at 1.75 eV, which is featured as
a cross-shape distribution that cannot be reproduced by classi-
cal FDTD simulation. Surprisingly, there are also additional
peaks that are present at the off diagonals of the rephasing
spectra at ∼ 1.45 eV (blue circles). These are the excitations at
photon energy of 5.31 eV along both the pump and probe en-
ergy axes that are backfolded into the spectral window shown
in Fig. 4(c). Such off-diagonal peaks can represent coherence
between non-adjacent occupation number states, or coherent
multi-photon excitations of electronic states in the metal. To
rule out the second factor, one instead looks for single plasmon
excitation [Fig. 4(d)], where coupling between non-adjacent
plasmonic states is strongly suppressed, i.e., a truncated model
containing only one plasmon excitation. Here, the simulation
is also performed based on the experimental pulse sequencing.
The residual signal comes from the coherent electron excita-
tion due to the finite pulse width. Because the off-diagonal sig-
nal is only present when full excitation pathways exist, it there-
fore demonstrates that the observed off-diagonal peaks rep-
resent the coherence among the plasmonic occupation num-
ber states. Again, classical FDTD-based local response func-
tion cannot fit well the observed 2D spectra. Therefore, the
PEEM based 2D nanoscopy presented above enables the co-
herent detection of plasmon–plasmon and plasmon–electron
interactions on the nanometer scale, which, in general, can
also be extended to reveal the quantum statistics of plasmon
polariton states,[230] and those beyond the conventional photo-
electric effect or plasmon-based emission phenomena.[231,232]

3.2. Propagating surface plasmon polaritons

Similar to LSPs, surface plasmon polaritons (SPPs)
are propagating surface evanescent modes formed by cou-
pling free-space photons with materials’ collective charge
oscillations.[152] Their dispersion relation is described as
kSPP = ω

c (
εmεd

εm+εd
)

1/2, where kSPP is the SPP wave vector, ω

is the SPP frequency, c is the speed of light in vacuum, and
εm and εd are the dielectric functions of the metal and the di-
electric material that form the interface. The momentum mis-
match between light and SPPs thus requires special conditions
for the SPP generation, such as by slowing down light in a
prism to reach total internal reflection condition, or using a
geometric scatterer, such as gratings or nanoscale obstacles,
that can provide sufficient photon momentum to match that of

038703-13



Chin. Phys. B 33, 038703 (2024)

the SPPs. Interestingly, the evanescent nature of SPPs, which
is due to the Landau damping of electrons in solids, forces
their electric field to cycle between surface normal and sur-
face parallel directions in the meridional plane, giving rise to
a transverse pseudospin angular momentum described by 𝑆 =

1
4ω

Im(ε𝐸* ×𝐸+ µ𝐻* ×𝐻),[233–235] where 𝐸 and 𝐻 are
the SPP electric and magnetic field components, the star sym-
bolizes their complex conjugates, and ε and µ are the permit-
tivity and permeability of the hosting material. Unlike LSPs,
propagating SPPs can transport information, which makes
them promising candidates for subwavelength on-chip sig-
nal transmission and communication,[236–238] as well as quan-
tum information processing and quantum computing.[226–228]

Therefore, it is crucial to image and understand the spatiotem-
poral dynamics of SPPs with nano-femto resolutions, espe-
cially in the case of structured SPPs where the SPP field,
phase, spin and orbital angular momentum can be engineered
for functional device applications.[239,240]

3.2.1. Quasi-1D SPPs

The first ultrafast ITR-PEEM imaging of propagating
SPPs was reported by Kubo et al.[49] The schematic of the
ITR-PEEM experiment is shown in Fig. 5(a), where the sam-
ple was composed of an ∼ 8 nm thick Ag film deposited on
freshly cleaved mica substrate, and a TM-polarized, 400 nm,
10 fs light pulse was illuminated on the Ag film at an an-
gle θ = 74∘ from the surface normal. The line defect due
to the natural cleavage of mica serves as the SPP coupling
structure to match SPP and photon momenta. The Ag film
was thick enough to decouple the SPPs at the Ag/vacuum and
the Ag/substrate interface. As the SPPs propagate along the
x-axis, their phase is stable with respect to the illuminating
optical fields, allowing them to interfere and create a spa-
tially modulated electromagnetic fields that photoemit elec-
trons based on the F-D theory. Because of the difference in
their parallel momentum, and thus wavelength, such interfer-
ence forces the total polarization field Ptotal at the surface to
have a beating pattern, with the beating period of

λbeat =
λLλSPP/sin(θ)√

λ 2
L +λ 2

SPP −2λLλSPP cos(α)
, (1)

where λbeat, λL and λSPP are the periods of the beating pat-
tern, light and SPP, respectively, θ is the angle of incidence,
and α is the angle between the wave vectors of light and
SPP projected in the surface plane (xy plane). The time-
averaged PEEM intensity follows IPEEM ∼

∫ t
−∞

P2n
total dt, where

n is the nonlinear order for the n-photon absorption. The
top panel in Fig. 5(b) shows the time averaged PEEM im-
age of the SPP beating pattern when the pump and probe
pulses are temporally overlapped, which is equivalent to a
single pulse excitation. The dark vertical stripe is the line
defect that couples light into SPPs, and the periodic fringes

are the SPP–light beating pattern. The observed beating pe-
riod is λbeat ∼ 1.6 µm, which agrees well with the calcu-
lated value of λbeat = 1.65 µm based on the Johnson and
Christy’s dielectric parameters.[241] We note that the SPP
wavelength, and in general the dispersion relation is depen-
dent on the dimensionality of the SPP supporting structure and
its dielectric environment. When SPPs are confined in quasi-
1D wires, the plasmon dispersion, and thus the SPP wave-
length, is effectively reduced when approaching to the surface
plasmon resonance.[140,161,219,242,243] We note that the plas-
mon dispersion can also be modified via dielectric engineer-
ing, for example in molecule adsorbed metal surfaces, where
the large molecular dielectric constant screens the plasmonic
responses;[144,244–248] all-optical switching of SPP distribution
can also be achieved with proper selection of photo-switchable
overlayers.[151] What’s more, there should also be SPP waves
propagate backwards from the line defect, but was not ob-
served in this experiment. This is likely due to the limited
coupling efficiency of the line defect, or the limited resolu-
tion of the PEEM instrument employed. Observation of the
back propagating SPPs was achieved subsequently using well-
defined coupling structures produced by lithography,[57,249,250]

or epitaxial techniques.[161,219] Other advancements for en-
hancing SPP coupling efficiency include optimizing the struc-
ture geometry and dimensions,[142,251] or engineering periodic
coupling structures[52,252–254] such that SPPs generated from
each slit could constructively interfere.

The essence of time-resolved PEEM experiments is the
access to the ultrafast spatiotemporal evolutions of SPPs. Fig-
ure 5(b) shows a sequence of ITR-PEEM images of the ul-
trafast propagation dynamics of the SPPs generated from the
line defect. In this experiment, when the inter-pulse delay ∆t
is smaller than the pulse width, the interferometry between
the pump and probe pulses creates intensity maxima and min-
ima in the PEEM image according to the constructive and de-
structive interference conditions as ∆t advances.[197] There-
fore, at times of constructive interferences, the observed ITR-
PEEM images resemble the static images, because the pho-
toemission is dominated by the respective laser pulses and the
SPPs they excite; this is the two-pulse autocorrelation regime.
Beyond the autocorrelation regime, additional PEEM contrast
due to the interaction between pump-induced SPPs and the
probe light appears, as shown in the lower panels of Fig. 5(b).
These additional fringes reflect the intrinsic SPP dynamics that
evolve gradually as ∆t is increased; the white arrow serves to
guide our eyes on the SPP propagation. The SPP fields prop-
agate up to about 50 fs before decaying into incoherent back-
ground, after which the ∆t dependent beating patterns vanish.
By analyzing the motion of the beating fringes in space and
time, one is allowed to obtain the group and phase velocities
of the SPPs.[49,161,255]
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Fig. 5. Ultrafast PEEM imaging of quasi-1D propagating SPPs. (a) Schematic of the PEEM imaging contrast for imaging surface evanescent waves.
Obliquely incident light field (blue) launches SPP waves (red) that co-propagate along the interface. The interfering electromagnetic waves generate the
total surface polarization field that photoemits electrons for PEEM imaging. For normal incidence, the projected light wavelength becomes infinite, and
the interference period becomes plasmon wavelength. (b) Sequence of PEEM images acquired at increasing pump–probe delays, showing the evolution
of the SPP–light interference pattern. (c) Schematic of the ultrafast NI-PEEM imaging of a double-slit SPP interference effect. (d) Two NI-PEEM
images of the SPP interference patterns at ∆t = 0 fs and ∆t = 33.3 fs. (e), (f) Experimental and simulated spatial (horizontal axis) and temporal (vertical
axis) evolution of the double-slit SPP interference effect. Details of the number labeling in (d) and (f) are discussed in the main text. Panels adapted
with permission from: (a), (b) Ref. [49]; (c)–(f) Ref. [252].

When the excitation light illuminates from the surface
normal, the observed SPP beating pattern evolves to have a
period the same as the SPP wavelength. This is because the
projected light wavelength becomes infinite, which effectively
reduces the interference period based on Eq. (1), as detailed
by Kahl et al.[155] Comprehensive understanding of normal
incidence (NI-) PEEM on imaging SPPs was reported by Pod-
biel et al.[252] where an SPP double slits experiment on Au
film was carried out. Figure 5(c) shows the schematic of such
experimental geometry, where SPPs are launched at both slits
and propagate towards the center of the coupling structure, and
the probe detects the propagated SPPs at increasing delays.
Snapshots of the PEEM images at ∆t = 0 fs and ∆t = 33.3 fs
are shown in Fig. 5(d). There are several contributions to the
PEEM image. First, two prominent photoemission signals dis-
tributed in the middle 2○ and at the edges 4○ of the double-slits
were observed. These are static 2PP signals that are given by
the simultaneous absorption of two photons from the total po-
larization field, which does not evolve over time. In addition,
while the period in region 4○ is the plasmon wavelength as
determined by Eq. (1), the period in region 2○ is half of the
plasmon wavelength because the photoemission signal comes
solely from the photoelectrons ionized by the plasmon stand-
ing waves that are spatially modulated at twice the frequency.
At 33.3 fs delay time, there are two more regions having pro-
nounced photoemission signals, as labeled by 3○ and 5○. The
former is due to the pump-induced SPPs from the edges be-
ing interfered by the probe light, and the latter originates from
the pump-induced SPPs being interfered by the probe-induced
SPP fields; these features are symmetrical with respect to the
center of the double slits.

Additional features are revealed in the full time depen-

dent PEEM measurements of the quasi-1D SPP evolutions, as
shown in Fig. 5(e); the corresponding simulated results are
shown in Fig. 5(f). Here, features 1○ and 6○ can be clearly
seen, which are due to the self-interference of the light pulses.
Finally, because SPPs can also be partially reflected from the
edges, interference effect between the reflected SPPs can also
be imaged by PEEM, such as features 7○ and 8○. Therefore,
through the analysis of different contributions in photoemis-
sion signals, it demonstrates that not only can light–SPP inter-
ference field induce photoelectrons through multi-photon ab-
sorption, pure plasmon fields themselves can also be consid-
ered as a light source for photoelectron imaging. More impor-
tantly, the different interference effects shown here are ubiqui-
tous in most NI-PEEM experiments,[14,15,55,56,58,61,166,256–264]

and thus serve as a good reference for analysis of surface po-
larization field beyond SPPs. There are, however, some limita-
tions to the observation, such as the cross-polarized field cou-
pling in the nonlinear photoemission process, especially when
band structure or matrix elements of electronic transitions will
be taken into consideration. This generally introduces asym-
metry in the observed PEEM image but has not been reported
conclusively.

Finally, we note that besides the colinear excitation
schemes discussed above, spatially separated pump and probe
pulses have also been employed in ultrafast PEEM imaging of
propagating SPPs.[52,265] In this case, when the pump-induced
SPPs enter the probe region, the interference between the SPPs
and probe light produces coherent two- or multi-photon pho-
toemission that forms the observed PEEM image. The advan-
tage is that the probe beam is usually away from the cou-
pling structure, such that there is no steady state plasmon
signals originated from both pump and probe beams. Be-
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yond monochromatic pump–probe excitation, two-color ex-
periments can also be employed.[60,168,250,253,266] Such excita-
tion scheme offers insights into understanding different quan-
tum pathways of the underlying photoemission processes, but
it also hinders the direct observation of the coherent light prop-
agation phenomena.

3.2.2. Structured SPPs at planar surfaces

The discussion so far has been restricted to plane wave
SPPs or quasi-1D propagating modes. The advantage of
ITR-PEEM experiments is the visualization of the spa-
tiotemporal evolution of the plasmonic vectorial fields in
space and time with nano-femto resolutions. For exam-
ple, by engineering the geometry of the coupling structures,
spatiotemporal imaging of SPP wave focusing,[145,147,150]

vortices,[15,55,58,61,166,259–264,267,268] and other complex inter-
ference phenomena[269–271] were achieved, offering insights
into designing functional photonic devices. In addition, be-
cause SPPs can only be launched along the direction of the ex-
citation light polarization, by changing the polarization states,
one can therefore engineer and image the spatial distribu-
tions of the generated SPP fields having unidirectional SPP
propagation.[255,265,272,273] When obliquely incident light has
circular polarization, the unidirectional launching of SPPs can
also be considered to be the demonstration of the spin-Hall
effect of surface plasmons.[233–235] More interestingly, the
plasmonic field and spin angular momentum (spin hereafter)
vectors can be engineered to possess topologically nontriv-
ial skyrmion and half-skyrmion textures,[14,15,61,262,264] resem-
bling those in magnetic materials,[26,274,275,277] Bose–Einstein
condensates,[278,279] liquid crystals,[280] etc. Such plasmonic
topological textures may find applications in nanoscale dress-
ing of approximate matter to drive non-equilibrium quantum
states for topological quantum computing.[281] In this section,
we discuss the ultrafast imaging of the plasmonic topological
field and spin textures using ITR-PEEM, because the tech-
niques involved in imaging vectorial field and spins nearly
cover all that are used in the ultrafast PEEM imaging of the
other structured SPP waves.

The first experimental demonstration of plasmonic
electric-field (E-field) skyrmions was carried out using steady
state near field measurement.[282] Here, the coupling structure
is composed of that are arranged in a hexagonal geometry, with
one side of the hexagon shifted by half of a plasmon wave-
length to ensure the constructive interference at the center of
the coupling structure. Through the interference of the SPPs
generated from all slits, a 6-fold symmetric texture, as shown
in Fig. 6(a), was formed at the center of the coupling structure.
Clearly, the texture is periodic, and within each periodic unit
the field vectors wind from pointing up, to radially outward,
to pointing down at the boundary, resembling a single Néel

skyrmion. The topological charge is N = 1, as determined by

N =
1

4π

∫
𝑆n ·

(
∂𝑆n

∂x
× ∂𝑆n

∂y

)
dxdy,

where 𝑆n is the pixel-wise normalized order parameter, i.e.,
electric field in E-field skyrmions.[283] We note that the plas-
monic E-field textures are only transient because they evolve
spatiotemporally on the nano-femto scales, so that the topol-
ogy varies over an optical cycle.

Fig. 6. Ultrafast vectorial PEEM imaging of structured SPP electric
fields. (a) Transient vectorial electric field textures resembling that of a
hexagonal skyrmion lattice. The color coding indicates the magnitude
of the out-of-plane electric field. (b) and (c) PEEM imaging of the in-
plane (E ||

s ) and out-of-plane (Ez
s ) electric fields of the skyrmion lattice.

(d) Reconstructed skyrmion electric field textures at one selected time
transient based on ultrafast vectorial PEEM imaging. (e) Temporal evo-
lution of the skyrmion topological number of the electric field skyrmion
lattice as a function of delay time. It shows that the topological number
varies from +1 to −1 within one optical cycle. Panels adapted with
permission from: (a), Ref. [282]; (b), (e) Ref. [14].

Using the same coupling structure, and further developing
ITR-NI-PEEM to incorporate orthogonally polarized probe
fields, Davis et al.[14] have successfully imaged the vectorial
field components of the plasmonic E-field skyrmions and their
temporal evolution. In their experiment, the pump pulse is
circularly polarized to generate the E-field skyrmion, and the
probe pulses are set to be linearly polarized either in the x- or
y-directions, such that only the x- or y-component of the SPP
field can be interfered to form PEEM contrast; both pump and
probe pulses are 800 nm in wavelength and 15 fs in pulse du-
ration. Therefore, it allows ultrafast imaging of surface par-
allel fields along both x and y directions (Ex and Ey); the
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surface-normal (Ez) field is thus obtained based on the con-
stitution relation of the Maxwell’s equations.[284] It is impor-
tant to note that because ITR-PEEM is a nonlinear microscopy
technique, additional Fourier filtering was required to quanti-
tatively extract the field amplitude; photoemission signals due
to cross-polarized excitation pathways,[58,63] however, may af-
fect quantitative analysis of the E-field amplitude.

Figures 6(b) and 6(c) show the reconstructed PEEM im-
ages of the in-plane and out-of-plane plasmon fields of the E-
field textures. The complete vectorial field textures at a tran-
sient time are also shown in Fig. 6(d), which agree well with
the skyrmion field distribution in Fig. 6(a). An important ad-
vancement enabled by ITR-NI-PEEM over steady state mea-
surement is the observation of the time-dependent topologi-
cal properties of the plasmonic E-field skyrmion lattice. Fig-
ure 6(e) shows the time dependent skyrmion topological num-
ber within ∼ 5.5 fs window. Clearly, the topological number
remains at 1 for only a small fraction of an optical cycle, which
quickly degrades to around zero and flips sign half an optical
cycle later, averaging to zero over an optical cycle. Therefore,
utilization of such field textures in tuning quantum states must
be on deep sub-optical cycle time scale, potentially in nonlin-
ear interactions with high field strength.[285,286]

Compared with the field textures, vectorial plasmonic
spin textures are more robust in space and time. This is be-
cause the spin-momentum locking property of surface plas-
mons requires the spin direction to be associated with the time-
independent plasmonic k-vector, or the energy flow of the plas-
monic waves. The first observation of isolated plasmonic spin
skyrmion textures [Fig. 7(a)] was reported by Du et al. in a
plasmon vortex carrying orbital angular momentum (OAM) of
±1.[287] The OAM of a plasmon vortex is defined by the in-
teger number of 2π phase winding of the surface-normal field
component. Plasmonic, and in general optical vortices belong
to a major field of structured light in optics, and for the de-
tails of the optical vortex physics we refer interested readers to
excellent reviews in topical references.[239,288,289] In the case
above, the plasmon vortex was generated by scattering free
space vortex beam into the near field using a polymer sphere.
Besides, such near field scatterer also scatters the surface plas-
mons into far field for optical imaging. The resulted near field
images represent the contrast in the spin vectors along the sur-
face normal, which shows a 2π winding that is a character-
istic of skyrmion textures. Interestingly, an optical spin re-
versal within the skyrmion texture was observed to occur on
deep sub-wavelength scale of ∼ 1/60 SPP wavelength, mak-
ing the plasmonic spin skyrmion useful for super resolution
imaging.[290] We note that the observed spin contrast is a nor-
malized quantity with respect to the total scattered field inten-
sity, and thus does not quantitatively represent the plasmonic
spin amplitude.

More quantitative measurements of the spin vectors, as
well as the time-dependent topological number, were accom-
plished using ITR-PEEM technique. By coupling 550 nm,
20 fs circularly polarized light with a circular coupling struc-
ture etched in Ag film, Dai et al.[61] generated ultrafast plas-
monic spin skyrmion textures and performed vectorial imag-
ing of plasmonic vortex fields; here, the vectorial imaging is
achieved due to the rotation symmetry of the excitation ge-
ometry, which is different from that in reference.[14] Despite
of the rotational symmetry in this case, the observed photo-
electron intensity is also proportional to the nth power of the
local field based on the F-D theory, making the interference
due to the SPPs and the probe light represent the amplitude of
the in-plane SPP electric fields. The surface normal electric
field can again be obtained via Maxwell’s equations. Conse-
quently, the plasmonic spin vectors can be reconstructed using
the vectorial electromagnetic fields based on the definition of
the plasmonic spin.

Figures 7(b) and 7(c) show a pseudo-color map of the sur-
face normal spin component, and a quiver plot of the in-plane
spin components, respectively, constructed based on vectorial
field imaging using ITR-PEEM; the pseudo-color in Fig. 7(c)
represents the magnitude of the in-plane spin. While the
observed textures generally resemble Néel skyrmion textures
with radially winding spin vectors, they also have a finite tan-
gential component, which is distinct from that of the Néel type
discussed above. Therefore, such finite tangential spin vector
components confirm the observed textures to be a twisted spin
skyrmion, where the twist comes from the imperfect SPP in-
terference due to the Landau damping. In addition, the spa-
tiotemporal robustness of the spin skyrmion is demonstrated
by analyzing its topological number over the excitation pulse
duration, as shown in Fig. 7(d). The integer topological num-
ber starts to appear at ∼ 10 optical cycles and remains integer
for about 12 cycles before vanishing to zero. This is because
it takes about 10 cycles for SPPs to propagate to the center
of the coupling structure where they form the vortex carrying
the skyrmion texture. The textures then remain intact in space
and time during the presence of the SPP vortex and evolve into
rather complicated textures after the vortex is dissolved, such
that the spin vectors within the original skyrmion domain have
trivial textures, i.e., zero topological number. Therefore, it in-
dicates that the plasmonic spin skyrmion can exist as long as
the duration of the plasmon wave packet, ranging from single
cycle to nearly continuous wave limit. This is in stark contrast
to the field skyrmion, where the topological number oscillates
between positive and negative integers within one optical cy-
cle as shown in Fig. 6(e).

Besides an isolated skyrmion, three spin half-skrymions
(merons) can also be created by superposition of two plasmon
vortices of OAM= 1 and 3.[15] Such superposition is gener-
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ated by shining an Archimedean spiral coupling structure of
geometric charge m = 2 with linearly polarized light. Here,
the geometric charge is defined by the spatial separation, in the
unit of plasmon wavelength, of the starting and ending point of
the spiral. Consequently, it results in an infinite number of vor-
tices, among which three central vortices form the intertwined
spin textures (Fig. 7(e)) that are topologically nontrivial with
a topological number of 3/2. This indicates the plasmonic
system under investigation is hosting a distinct topological
species that is characterized by a half integer. Interestingly, be-
sides the spatiotemporal PEEM imaging of the vectorial spin
textures, an important physical quantity, the optical linear po-
larization singularity,[291,292] can be introduced to describe the
topological spin textures. The linear polarization singularity
is defined to be the spatial region where the in-plane electric
polarization is linear. Because it typically has a contour dis-
tribution in space and usually forms closed loops, it is thus
referred to as L-lines. Besides, the plasmonic L-line distribu-
tion in fact defines the boundary of skyrmions, within which
integer or half integer topological number can be obtained; it
corresponds to the equator of the polarization Poincaré sphere.
This is because the plasmonic electric field revolution vanishes

in the surface plane, making the spin vectors to be purely in-
plane. In case of the vortex superpositions, the calculated L-
line distribution is shown as the grey contour in Fig. 7(e). Ex-
perimentally, the ultrafast spatiotemporal evolution of the L-
lines enclosing three plasmonic spin half-skyrmions can be re-
constructed from the vectorial imaging of the plasmonic fields
using ITR-PEEM, where the extraction of the plasmon polar-
ization ellipse was achieved through Horn–Schuck method.
Figure 7(f) shows the experimental L-line distribution based
on ITR-PEEM imaging that is averaged over 10 optical cycles,
which agrees well with that obtained from the FDTD simula-
tion [Fig. 7(g)]. Therefore, the observed L-line distribution
serves as an excellent indicator of the plasmonic spin textures.
More importantly, there also exists L-lines that dissect regions
of opposite surface normal spin components, such that optical
spin reversal can occur on nanometer scale or smaller.[61,264]

While the instrumental resolution is limited to capture such
atomically sharp spin reversal, it could offer a new pathway
for controlling electronic spin degrees of freedom in the quan-
tum regime on the scale that is comparable to or smaller than
that of the electronic wave function.[281]

Fig. 7. Ultrafast vectorial PEEM imaging of structured SPP spin textures. (a) Schematic of an isolated skyrmion texture. The labels r1 and r2 denote
the radius within which the topological number is 1/2 and 1. (b) and (c) Normalized surface normal Sz,n (color) and surface parallel S||,n (arrows) spin
components derived from ultrafast NI-PEEM imaging. The color coding in (c) represents the magnitude of the in-plane spin component. (d) Time-
dependent topological charge of the isolated plasmonic spin skyrmion. (e) Vectorial distribution of plasmonic spin merons along with its topological
boundary (grey contours) determined by the linear polarization singularities. (f) and (g) Ultrafast PEEM imaging and the corresponding simulation of
the linear polarization singularity of the plasmonic merons. Panels adapted with permission from: (b)–(d) Ref. [61]; (e), (g) Ref. [15].

Finally, the idea of plasmonic or optical skyrmions has
been largely extended to several optical media, including
surface plasmons,[262,264,293–297] spoof plasmons,[298,299] free-
space light[300–304] and others.[305,306] Regarding their interac-
tion with matter or driving excited quantum states on the nano-
femto scales, plasmonic field and spin textures have a unique
advantage. They have deep subwavelength variations down
to sub-nanometer scale, which provide new avenues to create
and coherently control non-equilibrium quantum matter at the

atomic limit, from EUV to the terahertz frequencies.[93,106,307]

The core of plasmonic skyrmions is also known to be the fo-
cus of parallel electric and magnetic fields, which is essential
in driving magnetoelectric effect[308–310] and may pertain to
the detection of axion quasiparticles.[311–313]

3.3. Propagating photonic modes

Beyond plasmonic responses, PEEM also enables the
nano-femto imaging of waveguided modes when free-space
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light is confined into or close to dielectric materials. These
modes are in general not confined to material surfaces, and
thus can propagate into the bulk of the supporting materials.
Prominent examples include optical modes supported by sili-
con photonic waveguides and indium tin oxide (ITO). These
electromagnetic modes are building blocks for on-chip in-
formation processing. Beyond optical modes, coupled light-
matter wave excitations, such as phonon polaritons, can also
propagate in the bulk, and in principle, can be imaged by
PEEM at the surface. But such experiments are yet to be ex-
plored.

Here, we show two examples of PEEM imaging of pho-
tonic modes at material surfaces. The first example is the
waveguide mode in conducting ITO thin films.[56,148,314] Fig-
ure 8(a) shows the PEEM image of an ITO sample under cw
UV light illumination.[314] A deep slit (dark horizontal con-
trast) and a shallow trench (labeled by B) for producing the
waveguided modes were etched in the film. When illuminated
by 410 nm, 80 fs pulses under oblique incidence condition,
the observed PEEM images have clear periodic patterns sim-
ilar to the interference fringes observed in the case of prop-
agating SPPs. Unlike SPPs, which can only be excited by
TM light, both TM and TE light pulses can produce clear in-
terference fringes, as shown in Figs. 8(b) and 8(c). It thus
suggests the observed fringes have a different origin. In ad-
dition, counter propagating waves were also visible in these
experiments. As confirmed from numerical calculations, such
fringes were attributed to the interference between the waveg-
uided mode and the external light field. This is further fol-
lowed by experiments in halide perovskites[315] and transition
metal dichalcogenides,[77] demonstrating that PEEM is capa-
ble of imaging electromagnetic modes beyond SPPs.

The other photonic mode that is ubiquitous to PEEM
imaging is the quasicylindrical waves (QCWs).[251,316,317] A
nice example of PEEM imaging of QCWs was carried out
on semimetal Cd3As2.[318,319] We note that Cd3As2 is catego-
rized as a Dirac semimetal,[320] but its unique band structure
has little to do with the QCW phenomenon discussed below.
Figure 8(d) shows the SEM image of the Cd3As2 thin flakes
exfoliated on silicon substrate. When 400 nm, 100 fs light
pulses illuminate such flake from the surface normal, periodic
fringes are observed along the direction of the light polariza-
tion, as shown by the periodic fringes in Fig. 8(e). Because the
surface plasmon resonance of Cd3As2 is in the mid-infrared
regime, it therefore confirms that these fringes cannot be at-
tributed to SPP excitations at the material surface. Instead,
by analyzing the dispersion relation of the periodic fringes, it
shows that they originate from the QCWs scattered from the
material edges. As these QCWs propagate, they interfere with
the light beam to create the observed interference pattern. By
tuning the polarization direction, the direction of the QCWs

can be altered correspondingly. This observation is also well
reproduced by classical electromagnetic wave simulations. It
is important to note that QCWs can be generated at nanoscale
obstacles in most materials.[316,317] Therefore, care must be
taken when analyzing fringe contrast in PEEM images, partic-
ularly when multiple interference effect may occur.

Fig. 8. PEEM imaging of nanoscale photonic modes. (a) PEEM image
of a structured ITO thin film under mercury lamp illumination. Region A
labels the pure ITO thin film. Regions B and C label the shallow and
deep trench produced by focused ion beam etching, respectively. The ar-
row denotes the incident light direction. (b) and (c) PEEM imaging of the
photonic modes confined in the ITO thin films under TM and TE polar-
ized light excitation. (d) SEM image showing the Cd3As2 thin flake for
QCW excitation shown in (e). (e) NI-PEEM imaging of the QCW on the
surface of Cd3As2, where the red arrow denotes the excitation polariza-
tion. The QCW are dominantly excited at edges that are perpendicular
to the excitation light polarization. Panels adapted with permission from:
(a)–(c) Ref. [314]; (d), (e) Ref. [319].

3.4. Hot electron dynamics

Quasiparticle dynamics plays an essential role in con-
densed matter physics, but has been mostly studied based on
far field spectroscopic methods, such as time resolved opti-
cal absorption and reflection, time and angle resolved pho-
toelectron spectroscopy, etc.[92] While the time-resolving ca-
pability of these techniques can nicely capture the space-
averaged, macroscopic quasiparticle properties, investigation
of their creation, interaction and annihilation on the nano-
femto scale is still technically challenging. Despite so, under-
standing local electronic properties of matter is of significance
because it allows one to correlate quasiparticle properties with
other degrees of freedom in solids, such as impurities,[321,322]

strain[323,324] domains,[67,68] etc. Therefore, it is crucial to
study the quasiparticle physics on its intrinsic spatiotemporal
scales, which will pave the way for designing new functional
devices where quantum effects dominate.
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3.4.1. Spatiotemporal evolution of electrons

Ultrafast imaging of spatiotemporal electron dynamics
was first achieved by two-color time resolved PEEM by Fuku-
moto et al. on GaAs(100) surface.[72] In this experiment,
charge carriers injected by 2.4 eV pulses were observed to
laterally transport and recombine on picosecond time scales,
with a transport rate tunable by an external voltage. While the
spatiotemporal resolution was limited, it demonstrated the po-
tential for TR-PEEM to be employed in studying quasiparticle
dynamics with nano-femto resolutions.

In 2017, Man et al.[73] reported a TR-PEEM study on
the vertical and lateral charge transfer in a semiconductor het-
erostructure composed of bulk GaAs and thin flake n-doped
γ-InSe, with a significant improvement in the spatial resolu-
tion. In such heterostructure, type II band alignment is formed,
because the band gaps of GaAs and γ-InSe are 1.42 eV and
1.25 eV respectively; the band gap of γ-InSe also decreases
with increasing flake thickness. Consequently, the global con-
duction band minimum (CBM) lies in the bulk γ-InSe, while
the valence band maximum (VBM) is located in GaAs, as
shown in Fig. 9(a). A steady-state PEEM image of such het-
erostructure sample under UV light illumination is shown in
Fig. 9(b), where regions of γ-InSe of different thicknesses are
labeled.

In the ultrafast PEEM imaging experiment, the pump
pulse has a wavelength of 800 nm and pulse duration of 45 fs,
and the frequency tripled 266 nm serves as the probe; both

light sources illuminate the entire field of view of PEEM from
a grazing angle. At the inter-pulse delay ∆t = 0 ps, photoex-
citation produces non-thermal electrons in the respective con-
duction bands of GaAs and γ-InSe, such that electrons in GaAs
are 0.4 eV higher than those in γ-InSe. Within a few ps delay,
clear electron gain is observed in all γ-InSe regions and slight
loss is seen in the GaAs region, as shown in the sequence of
PEEM images in Fig. 9(c); the raw PEEM image at ∆t ∼ 500 fs
was subtracted to emphasize the electron gain and loss. This
represents the population of the conduction bands of γ-InSe in
the heterostructure sample. At 10 ps and longer, electrons con-
tinuously accumulate in the thick InSe region (red), accompa-
nied by a depletion of electrons in both the GaAs and the thin
InSe regions. This is because of the charge transfer from these
regions to the thick InSe region, where the global CBM re-
sides. Correspondingly, quantitative analysis (not shown) of
the photoelectron rise time shows that it is the longest in the
thick γ-InSe region, as electrons from all other regions eventu-
ally sink to the global CBM. When ∆t is further increased, de-
pletion of electrons in the thick γ-InSe is observed, which indi-
cates that electrons have recombined with holes and relaxed to
the ground state. Finally, we emphasize that the charge trans-
fer mostly occurs at the interface of the heterostructure, thus it
is mostly vertical and not spatially resolved by PEEM. The lat-
eral transfer from thin to thick γ-InSe region contributes only
a small fraction.

Fig. 9. Ultrafast PEEM imaging of hot electron dynamics in layered semiconductors. (a) Energy level diagram showing the mismatch of the conduction
and valence bands of the semiconductor heterostructure composed of γ-InSe and GaAs. The bandgaps of GaAs and γ-InSe are 1.42 eV and 1.25 eV,
respectively. The global CBM and VBM are located in γ-InSe and GaAs, respectively. (b) PEEM image of the InSe/GaAs heterostructure under
mercury lamp illumination. (c) Ultrafast PEEM imaging of the charge transfer dynamics in the heterostructure, revealing that the photoexcited electrons
are mostly accumulated in the thick γ-InSe with global CBM. (d) Pixel-wise analysis of the ultrafast PEEM intensity evolution of a monolayer WSe2.
Strong sample inhomogeneity in terms of electron dynamics is observed, as evidenced by the electron relaxation traces acquired at four different spots
on the sample (inset PEEM image). (e) Spatial mapping of the fast and slow decay constants extracted from the PEEM intensity evolution in (d),
showing strong inhomogeneities in the carrier lifetimes. (f) The corresponding non-Gaussian statistics of the carrier lifetimes in (e). Panels adapted with
permission from: (a)–(c) Ref. [73]; (e)–(f) Ref. [76].
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With such demonstration, it is clear that ultrafast PEEM
is capable of imaging the vertical and lateral charge transfer
processes with nano-femto spatiotemporal resolution. In fact,
similar charge migration processes have already been reported
in bulk semiconductors,[325] molecular[326,327] and other van
der Waals heterostructures.[328–330] While literatures focus on
the intrinsic electronic properties of certain materials, it is in-
teresting to note that micron-sized layered materials with so-
phisticated gate structures can also be investigated in ultra-
fast PEEM. In this case, one can expand the problem space
into gate-controlled quantum states, such as strong correla-
tions and ferroelectricity that are observed in graphene and
TMD heterostructures.[331–336]

3.4.2. Electronic inhomogeneity

An important question in material science and device fab-
rication is the homogeneity of the electronic properties of the
materials being used. This is evidenced by the matureness
of the semiconductor industry nowadays, where high qual-
ity silicon and gallium arsenide are pursued. In the scien-
tific research community, the thin film samples under inves-
tigation can be produced in several ways, including thermal
evaporation, atomic layer deposition, photoinduced layer de-
position, molecular beam epitaxy, chemical vapor deposition
(CVD) and others. Among these techniques, CVD is one of
the most commonly used material growth techniques used in
research labs[337] because of its relatively simple growth en-
vironment and low cost. In addition, since the successful fab-
rication of graphene, scotch tape exfoliation is also becom-
ing a major method for preparing high-quality layered materi-
als. Such method, however, has limited potential in producing
wafer scale layered materials.[338]

Regarding CVD method, it is well known that a signif-
icant number of defects,[339] compared with tape-exfoliated
samples, can be introduced in the material. Therefore, it is
important to understand the inhomogeneity of electronic prop-
erties of CVD grown samples, which requires careful nano-
femto characterization other than the far field microscopic
probes. Using TR-PEEM, Wang et al.[76] reported the spa-
tially inhomogeneous carrier dynamics in CVD grown mono-
layer WSe2 on SiO2/Si substrate. In this experiment, a 46 fs,
2.41 eV pump pulse was used to generate hot electron dis-
tributions in WSe2. In addition, a probe pulse of 40 fs and
3.61 eV was used for photoionizing electrons near the Γ point
of the Brillouin zone for PEEM imaging. A representative
PEEM image under two-photon excitation is shown as the in-
set in Fig. 9(d). Clearly, the photoelectron intensity varies
within the triangle monolayer sample. When varying the inter-
pulse delay ∆t, one obtains a sequence of TR-PEEM images,
from which time-dependent photoemission yield can be ex-
tracted down to a single pixel level. Figure 9(d) shows four

photoelectron intensity evolution acquired at the correspond-
ing spots in the inset PEEM image. The photoelectron dy-
namics show a clear two-step behavior, with the characteristic
time constants to be around τ1 ∼ 30–130 fs and τ2 ∼ 1–3 ps.
This conclusively demonstrates that a strong inhomogeneity of
the electronic properties exists in the CVD grown monolayer.
Here, the faster and slower components of the time-dependent
photoelectron intensity are attributed to the intervalley scat-
tering and exciton–exciton annihilation, respectively. The for-
mer occurs on tens of femtosecond scale to cause electron mo-
mentum relaxation, i.e., redistributing the initially non-thermal
electrons to form a quasi-thermal equilibrium. The latter is a
many-body excitonic analog of the Auger process of highly
excited electrons. Specifically, in monolayer TMDs where
screening is reduced and many-body interaction is strong, the
electron and hole of an exciton can be easily destroyed and
transfer their energy to another exciton, such that their dynam-
ics has a quadratic dependence on the exciton density.

By fitting the electron dynamics in a pixel-wise fashion,
a spatial mapping of the obtained time constants of the two
electron relaxation channels can be extracted, as shown in
Fig. 9(e), along with the corresponding statistics in Fig. 9(f).
Importantly, the PEEM intensity, as well as the correspond-
ing electron dynamics, vary significantly from spot to spot.
Based on the non-Gaussian histogram of the extracted relax-
ation constants, different conclusions about the relaxation dy-
namics can be drawn, with a difference as large as a factor
of ten, indicating strong inhomogeneity of sample electronic
properties. Besides, the intervalley scattering process is ob-
served to be accelerated at the peripheral edges of the sample,
i.e., the edges have clear blue color contrast, which is because
of the stronger electron–phonon interaction assisted by struc-
tural disorder induced phonon modes. Correspondingly, such
disorders also reduce the exciton diffusion, resulting in larger
τ2, as shown in the right panel of Fig. 9(e). Therefore, the spa-
tiotemporal imaging of the hot electron dynamics not only pro-
vides quantitative understanding of the inhomogeneity of the
material electronic properties, but also emphasizes that care
must be taken when drawing conclusions about macroscopic
electronic properties. Research regarding the electronic in-
homogeneities is continuously growing based on TR-PEEM
technique.[74,77,80,328,340–342]

3.5. Magnetization dynamics

Magnetism is a major part of research of the modern con-
densed matter physics. Not only does it relate to the funda-
mental problems such as magnetic exchange interactions and
spin–orbit interaction of electrons,[343] it also pertains to key
technological applications including magnetic recording and
memory devices.[344] The later mostly rely on the nanoscale
spin reversal and spin canting, which have an intrinsic time
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scale on the order of nanoseconds in conventional ferromag-
netic materials.[345,346] Therefore, it is important to develop an
experimental technique that can resolve the spin and magneti-
zation dynamics on their intrinsic spatiotemporal scales.

Methods for characterizing magnetizations in real space
are mostly based on spin-dependent optical effect, such as
magneto-optical Kerr effect (MOKE) imaging where the po-
larization and intensity of light are modified,[347,348] or cir-
cular/linear dichroism (CD/LD) effects where absorption co-
efficients of photons of opposite helicities differ.[349] While
time resolved MOKE microscopy can resolve magnetization
domains on the ultrafast time scales depending on the pulse
duration, its spatial resolution is restricted by the Abbe limit
of the light source being used.[348] In the case of CD effect,
circularly polarized x-ray pulses can be used to show element-
specific magnetic contrast, especially with spatial resolutions
when combined with PEEM.[350–354] In the x-ray illuminated
PEEM, the number of the resulted secondary electrons from
circularly polarized excitation is proportional to the projec-
tion of magnetization along the spin of light (𝜎+/−), i.e.,
𝑀 ·𝜎+/−, where 𝑀 represents the magnetization. Therefore,
the analysis of photoelectron counts as a function of light po-
larization and k-vector offers a unique way of acquiring the
vectorial surface magnetizations with nanometer resolution.
Therefore, using x-ray CD effect to probe magnetism with
PEEM instrument is termed as XMCD-PEEM.

Conventional XMCD-PEEM experiments are conducted
in synchrotron facilities where high photon flux x-ray is read-
ily available.[355–358] To resolve the ultrafast spatiotemporal
evolutions of the magnetization, however, requires further
technological innovation in the pump–probe scheme. Partic-
ularly, unlike conventional pump–probe techniques where two
light pulses are used, a pulsed magnetic field of hundreds of
picoseconds is used to act as the pump source to initiate spin
precession.[67,70] With such ultrafast stimuli, important ques-
tions in magnetic materials, such as the evolution of magnetic
domain walls, vortices and spin textures, can be readily acces-
sible.

Figures 10(a)–10(c) show an example of time resolved
XMCD-PEEM imaging of magnetic vortices in a 2× 1 µm2

CoFe block of 20 nm thick.[67] A magnetic vortex is a 3D
magnetic structure that has curling in-plane magnetizations
around a nanometer-sized core, where the magnetization turns
out-of-plane [Fig. 10(a)]; the handedness of the vortex is de-
termined by the direction of the out-of-plane magnetization
at the core.[359,360] By applying an in-plane magnetic field
pulse [gray arrow in Fig. 10(a)], it initiates a vortex core
displacement, after which a gyration motion occurs due to
the magnetostatic field induced by imbalanced magnetization.
Clear visualization of the vortex core redistribution is shown
in Fig. 10(b) at different time delays, where the yellow ar-

rows mark the vortex locations. In these PEEM images, the
contrast around the core represents the projection of magne-
tization along the spin of the incident x-ray photons, reveal-
ing quantitatively the vectorial magnetization directions on the
surface. By varying the time-delay of the magnetic field pulse
and the probe x-ray, and analyzing the core locus in a time win-
dow spanning over 8 ns, one reveals the complete evolution
dynamics of the vortex core, as shown in Fig. 10(c). Therefore,
a quantitative determination of the vortex speed of ∼ 100 m/s
can be achieved, leading to the conclusion that the vortex core
region has considerably high magnetic field of ∼ 80 mT that
leads to the observed dynamical behavior.

An important question other than magnetic vortex core
is the domain wall evolution. We show an example of time
resolved XMCD-PEEM imaging of the domain and domain
wall dynamics in micron-sized permalloy square (Ni81Fe19)
of length and thickness of 6 µm and 30 nm, respectively.[70]

The three panels in Fig. 10(d) show the raw XMCD-PEEM
sequence, the net change in the PEEM intensity obtained by
subtracting the dynamical PEEM image from that at equilib-
rium, and the schematic of the magnetization dynamics, re-
spectively. Here, the pump magnetic field pulse was about
60 Oe with rise and fall times about 150 ps and 300 ps, and
the probe pulse is ∼ 70 ps x-ray produced by isolated electron
bunch. The directions of the pump and probe fields are shown
in Fig. 10(d) as 𝐻p and 𝑃 , respectively.

Firstly, the observed XMCD-PEEM images show clear
vortex-like magnetization configuration (top row), a charac-
teristic of the so-called Landau flux-closure pattern,[361] as
also shown in Fig. 10(b). Before magnetic field excitation,
the PEEM image [upper left of Fig. 10(d)] shows a clear curl-
ing of the magnetization distribution. When pumped out of
equilibrium, the domains having magnetization perpendicular
to 𝐻p are observed to have spin precession parallel to 𝐻p

due to the magnetic torque 𝑀 ×𝐻p, with a precession fre-
quency ∼ 1.9 and 2.4 GHz; at longer time, such precession
relaxes back to equilibrium based on a magnetic dipole inter-
action. Subsequently, the domain walls are distorted period-
ically with a frequency of ∼ 230 MHz, and the vortex core
starts to displace perpendicular to 𝐻p. Such dynamical be-
havior is more pronounced in the difference PEEM images
(middle row). The corresponding magnetization configura-
tions are shown in the bottom row of Fig. 10(d). We note
that a linear displacement of the vortex core, instead of gy-
ration is observed in this case, most likely because of the off-
resonant field excitation.[362,363] In this case, the stroboscopic
PEEM imaging of magnetic structure evolution allows precise
measurements of the speed of the vortex motion, as well as
the eigenmodes of the domain wall oscillations, providing fur-
ther understanding of the magnetic dipolar interactions on the
nanometer scale.
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Fig. 10. Ultrafast PEEM imaging of magnetization dynamics. (a) Schematic of the magnetic vortex structure. The magnetization directions, the spin
precession torque, the pump magnetic field direction and handedness are labeled by the white arrows, the blue arrows, the purple arrow and the hand
symbol, respectively. The central surface-normal spin is also shown by a green arrow. (b) XMCD-PEEM images of the vortex displacement in CoFe
block. Yellow arrows mark the locations of the vortex core. (c) Temporal evolution of the vortex core as a function of pump probe delay times, extracted
from a sequence of XMCD-PEEM images. (d) Top: sequence of XMCD-PEEM images of a square Ni81Fe19 block. Middle: difference intensity images
at the same time steps obtained by subtracting the corresponding XMCD-PEEM image in the top panel from the equilibrium image (left most in top
panel). Bottom: the schematic representation of the magnetization (arrows) configurations at each time step. The directions of the magnetic stimuli and
the probe pulse are shown in the middle panel. The displacement and distortion of the domain walls, as well as the vortex core, are mostly visible in the
difference intensity maps in the middle panel. Panels adapted with permission from: (a)–(e) Ref. [67]; (d) Ref. [70].

The applications of XMCD-PEEM so far have been
mostly conducted based on a magnetic field pump source of
∼ 100 ps long, which prevents the extraction of the many-body
interactions among charge, lattice, spin, and orbital degrees of
freedom that occur on much shorter time scales. By employ-
ing femtosecond pump pulses and a spin-polarized electron
detector,[364,365] one can in principle significantly boost the
time resolution of detecting spin dynamics using TR-PEEM
technique. Another promising aspect lies in the develop-
ment of the high repetition rate, high photon flux table-top
x-ray sources based on HHG processes.[366,367] These photon
sources not only offer tunable photon energy of tens of eV, but
also ultrashort pulse duration down to ∼ 10 fs. When com-
bined with fs circularly polarized pump light, they can serve as
an excellent tool in studying ultrafast (de-)magnetization dy-
namics with nano-femto resolutions. Therefore, the concept
of time resolved XMCD-PEEM, along with the instrumen-
tal technical developments, is an excellent platform to study
spin and magnetization physics on the nanometer spatial scale,
and nanosecond to femtosecond temporal scale, exploring new
spin-based functional applications beyond ferromagnetic spin-
tronic devices.[368,369]

4. Imaging electrons in momentum space
While the majority of the ultrafast PEEM studies have fo-

cused on the real space imaging of excited states phenomena,
the development of the PEEM electron optics, particularly in
improving electron energy and momentum resolution, has ma-
tured the imaging of photoelectrons in the momentum space,
turning PEEM into a momentum microscope. Together with
ultrafast light sources and the PEEM objective lens, it essen-
tially serves as an ideal tool to probe unoccupied electronic
structures of atomically thin, microscale samples.[43]

A model problem in time-resolved momentum space
imaging is the visualization of excited atomic or molec-

ular orbitals in the momentum space, such as in crys-
talline molecular films of 3,4,9,10-perylene-tetracarboxylic-
dianhydride (PTCDA),[91] pentacene[89,370] and C60.[371] This
is because molecular orbitals, and particularly the highest oc-
cupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbitals (LUMO) are key elements in determining
the electronic properties in bond forming and breaking, and
chemical reactions.[372] Moreover, with the large momentum
space accessibility, ultrafast MM can also be applied mostly
in visualizing the charge and excitonic properties of transi-
tion metal dichalcogenides,[32,81,83,86,88,164,373–377] These stud-
ies provide unique information in the many-body excited state
physics, including momentum-forbidden dark excitons, inter-
layer moiré excitons, exciton momentum and effective mass,
etc., all of which are inaccessible from conventional ultra-
fast optical spectroscopies. Finally, with the success of the
TR-MM, broader material systems are being investigated, in-
cluding Dirac materials, such as graphene,[182] topological
materials,[87] correlated materials possessing charge density
wave orders,[33,378–380] and others.[90,381] It thus makes TR-
MM a technique that can be widely applicable in the con-
densed matter research community for studying full Brillouin
zone electronic properties in both steady and excited states.

4.1. Molecular orbitals

Molecular orbitals naturally bridge the momentum space
electronic properties of molecules with their electronic wave
function distribution in real space, making them attractive for
chemists and physicists for the study of many-body interac-
tions on the single molecule level. One promising technique in
resolving the frontier orbitals is steady state ARPES, because
the momentum space distribution of photoelectrons is essen-
tially a Fourier transformation of the real space wave function
of the corresponding molecular orbital, contingent on a few
symmetry and energy restrictions being satisfied; such tech-
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nique is termed as the orbital tomography, or photoemission
tomography.[382–384]

While conventional photoemission tomography can only
acquire occupied molecular orbitals, leaving the study of
LUMO inaccessible. The imaging of LUMO and their fem-
tosecond dynamics can be achieved by the EUV probed ul-
trafast ToF-MM. Wallauer et al.[91] first demonstrated the ex-
cited electron distributions in the LUMO of PTCDA molecules
grown on oxygen-covered Cu(001) substrate. The molecules
are aligned both along and perpendicular to the lattice ori-
entations of the substrate, such that the adsorbed PTCDA
molecules have two orthogonal orientations along (110) and
(1̄10) axes. In this experiment, the pump and probe pulses
have photon energies of 2.3 eV and 21.7 eV, with incident
directions indicated by the green and purple arrows, respec-
tively, in the top right of Fig. 11(c). The MM imaging of
the LUMO and HOMO electron distributions at three selected
pump–probe delay times ∆t are shown in Figs. 11(a) and 11(b),
respectively. At ∆t = −46 fs, the one-photon photoemis-
sion reveals the HOMO electron momentum distribution at
−2.18 eV below the Fermi level, while photoelectron signal
0.45 eV above the Fermi level is within the noise level. At
∆t = 93 fs, pronounced electron distribution is observed in the
LUMO of PTCDA, featuring a distinct four-fold symmetry in
the constant energy map. Such electron signal exists for about
200 fs before the system relaxes to the ground state.

To gain further insights into the observed time-dependent
orbitals, the real space Kohn–Sham orbitals of the corre-
sponding LUMO and HOMO were calculated and shown in
Figs. 11(c) and 11(d), for two different molecular orientations,
along with their momentum space distributions. Because of
the grazing incidence, clear asymmetry is observed in the elec-
tron distribution. The superposition of the molecular orbitals

of the orthogonally distributed molecules are shown on the
right, which has a clear four-fold symmetry, with the inten-
sity amplified at the top left corner of the momentum space.
This agrees well with the experimental findings in the TR-
MM spectra. We note that this observation does not involve
the phase information of the molecular orbital, which is an es-
sential ingredient for extracting the electronic wave function in
real space, as has been discussed in detail in steady state pho-
toemission tomography literatures.[82] By tuning the direction
of light incidence and polarization, it was demonstrated that
excitation of molecules of certain orientations can be achieved,
allowing the extraction of different real space photoemission
pathways for PTCDA molecules. Besides, an unexpectedly
long coherence time was also observed between the LUMO–
HOMO states, which can be attributed to the direct HOMO–
LUMO transition aided by the electron-induced polarization
field along the molecular long axis.

Beyond the LUMO–HOMO electronic transition in a
model molecular system, TR-MM is also sensitive to a vari-
ety of electronic phenomena in molecular solids. For example,
the molecular exciton doubling process due to singlet fission
in pentacene molecules has been visualized both by EUV and
free-electron laser probed TR-MM microscopes, revealing the
ultrafast evolution of the exciton orbitals and their localiza-
tion in space.[89,370] Moreover, the multi-orbital character of
C60 orbitals, as well as the associated electron and exciton dy-
namics have also been reported.[371] Therefore, despite the fact
that TR-MM applications are still in infancy, one can already
expect it to be largely employed to surface chemistry and sur-
face physics in the near future, focusing on a broader range
of scientific problems including, but not limited to intra- and
inter-molecular charge and energy transfer, molecular orbital-
vibrational mode coupling and beyond.[385]

Fig. 11. Ultrafast momentum microscopy imaging of molecular frontier orbitals. (a) and (b) Time-resolved MM images of LUMO and HOMO of
PTCDA molecules in the momentum space at constant energies of 0.45 eV and −2.18 eV from the Fermi level, respectively. Clear four-fold symmetry
due to the surface molecule orientations is observed. The intensity asymmetry is due to the grazing incidence angle of photons, with their incidence
directions shown in (c). (c) and (d) Calculated Kohn–Sham orbitals of the LUMO and HOMO in both real (left) and momentum spaces (right). The real
space orbitals are considered for molecules of both surface orientations, and the momentum space imaging is the superposition of both. The directions
of the pump and probe pulses are indicated by color coded arrows in (c). All panels are adapted with permission from Ref. [91].
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4.2. Exciton in van der Waals materials

Excitons are neutral composite quasiparticles composed
of an electron and a hole.[386,387] They usually exist in mate-
rials with moderate bandgaps, or energy gaps, and small di-
electric screening, such that the strong Coulomb interaction
between the electron and hole is sufficient to create a new
bound state that is against thermal fluctuations. Because of
their neutral and bosonic character, excitons have great poten-
tial in coupling with electromagnetic fields, serving as effi-
cient sources of quantum light.[388–390] Typically, bright exci-
tonic emission is based on the fact that the electron and hole
composing the exciton have the same quasi-momenta, making
direct transition and coupling to photons efficient. Regard-
ing material systems that host interesting exciton physics, a
renowned category is the layered TMDs.[391,392] They are fea-
tured by the strong quantum confinement effect and reduced
screening, which can lead to direct excitons with large bind-
ing energies in the monolayer form. Therefore, photolumines-
cence and absorption spectroscopies are ideal tools to probe
the associated direct exciton emission. There is, however, a
variety of other excitonic species, such as momentum-indirect
(electron and hole have different quasi-momenta) dark exci-
tons, charged excitons, and others, which also play major roles
in the many body physics of the associated materials. Study-
ing these excitonic species with momentum resolution, unfor-
tunately, cannot be easily achieved by optical probes, mostly
because the photon momentum is too small to allow the access
of electrons in the entire Brillouin zone.

To gain insight into the exciton physics spanning the
entire momentum space, TR-ARPES is the to-go technique,
which can probe excited electron-hole pairs with superior
time, energy, and momentum resolutions. In conventional
TR-ARPES experiments, macroscopic samples are required,
which are either bulk, or monolayers produced by epitax-
ial growth on gold or graphene substrate. For bulk samples,
the layer dependent electronic structures and efficient screen-
ing prevents the detection of the intrinsic excitonic response
of monolayer TMDs.[84,375,393–395] In the case of epitaxially
grown samples, TR-ARPES has been applied to study their
charge carrier and exciton dynamics,[396–400] but the control of
crystal (valley) orientations remains challenging. In addition,
large scale TMD monolayers produced by gold exfoliations
have also been achieved, but its sample inhomogeneity results
in significant spectroscopic broadening.[401,402] Regarding the
study of high quality tape-exfoliated samples, a microscopic
time resolved ARPES is required, bringing TR-MM to the
forefront.

The full-momentum imaging of ultrafast exciton forma-
tion and relaxation dynamics using TR-ToF-MM was demon-
strated by Madéo et al. in monolayer WSe2.[81] In this ex-
periment, the high quality WSe2 monolayer (1L) was placed

on highly doped silicon substrate with a thin insulating h-BN
layer to prevent charge transfer between WSe2 and the sub-
strate. The pump pulses are tunable in the visible regime,
and the probe pulses are EUV light of 21.7 eV generated
from gas-phase HHG; both light pulses are of ∼ 200 fs. The
sample under investigation was at 90 K. In 1L-WSe2, two
types of exciton species can be formed, 1) the direct exciton
at the K (K′) point of the Brillouin zone corner, and 2) the
momentum-indirect K–Q exciton that have large momentum
difference in their electron and hole constituents. When us-
ing above bandgap excitations (2.48 eV), both excitons can
be generated, as shown by the time-dependent MM image
in Fig. 12(a). Specifically, before time zero, only the 6-fold
symmetric VBM signal is visible (grey contrast in Fig. 12(a)).
When pump and probe pulses are temporally overlapped, elec-
trons are both populated in the K and Q valleys of the con-
duction band (blue and red regions), which evolve to be more
pronounced after 0.5 ps. Clearer visualizations of the pho-
toemission spectra parallel to the K–Q direction for selected
time steps are shown in Fig. 12(b), along with the calculated
band structures overlaid on the E–k map. The observed pho-
toelectrons mostly reside in the K and Q valleys, with their
energies ∼ 400 meV below the CBM at ∆t ≥ 0.3 ps. This
confirms their excitonic nature rather than electron plasma in
the conduction bands. To quantify the exciton formation dy-
namics, Fig. 12(c) shows the evolution of the exciton density
(top) and the average electron energy (bottom) in the K and Q
valleys. Immediately after photoexcitation, electrons in both
valleys have energy ∼ 1.9 eV above the VBM, which indicates
that these signals come from hot electron plasma, and excitons
have yet to be formed on such short time scale. As the pump
and probe delay time increases, the hot electrons cool down
by ∼ 0.15 eV to form the corresponding exciton bound states
on ∼ 0.3 ps scale, which are ∼ 390 meV and 480 meV below
the corresponding conduction band minima. Correspondingly,
the exciton density also reaches a maximum on a similar time
scale. Subsequently, both direct and indirect excitons decay
and form a quasi-static distribution before being fully recom-
bined at longer time delays. The full photoelectron energy
spectra as a function of delay times of the K and Q valleys
are shown in Fig. 12(d), where distinct energy relaxation pro-
cesses are visible, representing the ultrafast formation of the
direct and indirect excitons.

When the material is under resonant pumping (1.72 eV),
the K-valley direct exciton dominates the photoemission spec-
tra at zero delay. With increasing ∆t, the nearly degenerated
Q-exciton gets populated after ∼ 400 fs due to the phonon-
assisted intervalley scattering from K to Q point. Subse-
quently, the indirect Q exciton serves as an electron reser-
voir for the K exciton, prolonging relaxation times of direct
and indirect excitons to be ∼ 1.7 ps and ∼ 2.5 ps, respec-
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tively. We note that such conclusion can only be drawn in-
directly based on optical measurements, because the Q exci-
ton is not detectable. Further studies by Wallauer et al. in
the case of WS2 monolayers at room temperature revealed
even faster electron scattering from K to Q valley,[83] mostly
because of the enhanced electron–phonon scatterings at el-
evated temperature. Similar to molecular orbital tomogra-
phy, by Fourier transforming the momentum space exciton
signal, one obtains the real space exciton wave function that
has a radius of ∼ 1.4 nm, agreeing well with the literature,
except that the substrate screening may cause slight modifi-
cation of the radius.[403] Observations in bulk measurements
showed slightly larger exciton radius, which can be attributed
to reduced screening in the bulk form.[84] We note that under
quasi-equilibrium conditions, when the inter-exciton distance
is larger than the intrinsic exciton wavelength, the intrinsic ex-
citon dispersion follows that of the VBM.[373]

Besides the intrinsic excitons in monolayer TMDs, ex-
otic excitonic species can be created in TMD heterostructures
by stacking two monolayers under the condition of type-II
band alignment. In this case, the electron and hole are sep-
arated, and reside in different layers, respectively, forming the
so-called interlayer exciton.[404] Because of the charge sepa-
ration, the interlayer exciton has orders of magnitude longer
lifetime, at a cost of exciton oscillator strength. Interest-
ingly, when a small twist angle exists between the mono-
layers in forming the heterostructure, a new potential land-
scape can be induced via the moiré superlattice. Consequently,
excitons can be localized by such artificial moiré potential
landscape,[405–408] inducing strong correlation physics that is
absent in natural TMDs.[409] Therefore, it is of great interest
to understand the formation, evolution and recombination dy-
namics of these intricate excitonic species in both real and re-
ciprocal spaces.

Fig. 12. Ultrafast momentum microscopy imaging of dark-excitons in monolayer transition metal dichalcogenides. (a) 3D view of the momentum space
photoelectron distribution in monolayer WSe2. Before the pump pulse arrives, pronounced six-fold photoelectron signals at the Brillouin zone corners
are observed. When pump illuminates the sample, clear photoexcitation in the conduction bands occurs at the K (blue) and Q (red) points, which relax
together on ∼ 1 ps time scale. (b) 2D slices of the E–k dispersion relation showing the dynamics of the K and Q excitons. The calculated conduction bands
are overlaid as dashed curves. The horizontal dashed lines indicate the exciton energy (Ex), which reduces over time along with an intensity reduction.
(c) Exciton density and energy as a function of time, extracted from the TR-MM spectra. (d) Pseudocolor plot of the photoelectron spectra at K and Q points
as a function of delay times. The time window for the exciton formation is labeled. All panels are adapted with permission from Ref. [81].
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Using the same TR-MM setup, Karni et al.[88] first re-
ported the photoemission signatures of the interlayer exci-
tons in MoS2/WSe2 heterostructures. The demonstration was
based on the observations of both electron and hole dynam-
ics, as well as the exciton center of mass momentum, in the
2.2±0.8∘ twisted MoS2/WSe2 heterostructure. The direct vi-
sualization of the moiré electron distribution in momentum
space, i.e., electronic structures in the moiré mini-Brillouin
zone, however, is still lacking.

Direct evidence of moiré excitons in momentum space
was reported by Schmitt et al. in MoS2/WSe2 heterostructure,
but with a twist angle of 9.8∘±0.8∘.[86] The large twist angle
suppresses the center-of-mass effect of the interlayer exciton,
and provides a larger mini Brillouin zone due to the smaller
moiré unit cell, allowing clear separation of the moiré exci-
ton distributions. Here, the pump pulse energy can be tuned
from 1.7 eV to 2.4 eV, and with a pulse duration of ∼ 50 fs.
The probe EUV pulse is generated by performing HHG of
the 515 nm pulse, which features an energy ∼ 26.5 eV and
pulse duration of 21 fs. The MM instrument is based on the
ToF-MM. Figures 13(a)–13(c) show the full momentum space
imaging of the single particle spectra of the A exciton, Σ dark
exciton and moiré excitons in the heterostructure sample, re-
spectively, at selected time delays. The lower panel shows the
zoom-in images of the corresponding excitonic species within
specific momentum regions of interest. The hexagonal Bril-
louin zones of the monolayers and the moiré mini zone struc-
ture are also overlaid. Clearly, while the momentum distri-
bution of the intralayer A and Σ excitons resemble the well-
known hexagonal distributions, the interlayer moiré excitons
show additional three-fold symmetric distribution around the
MoS2 K-point. Such observation is rather intriguing because
one would expect the moiré landscape can spatially modulate

all excitonic species. To clarify the origin of the extra mo-
mentum structure of interlayer excitons, it is worth noting that
the exciton center of mass broadening, reported by Karni et
al.,[88] is not observed in heterostructure with large twist an-
gle. This indicates that the exciton wave function is spread
over more than one moiré unit cell, in contrast to the exciton
localization effect that induces strong exciton correlation. In
addition, the fact that the three-fold modulation is only present
for interlayer exciton rules out the electron final state effect in
the photoemission process, as it would imprint similar struc-
tures to all other species. Moreover, because the moiré struc-
ture of the observed photoelectrons can be well reproduced by
an electron Umklapp process,[410] it is thus expected that the
Umklapp process can be transferred to the hole after electron
being ionized. Therefore, it is essential for the electron and
the hole of an exciton to reside in different layers, such that
both lattice periodicities can be experienced by the exciton.
In fact, the three-fold photoemission spots are nicely located
at the corners (κ points) of the moiré mini-Brillouin zones,
demonstrating these additional momentum structures of inter-
layer excitons to be associated with the moiré potential land-
scape.

Finally, via Fourier analysis, it allows the extraction of the
real space imaging of the interlayer excitons modulated by the
moiré superlattice, which has an exciton radius of ∼ 1.6 nm
[Fig. 13(d)]. Although the size of the moiré cell is ∼ 1.8 nm,
the moiré exciton wavefunction has a broad spatial spread that
extends over one moiré unit cell, indicating the interlayer ex-
citons are not confined by the moiré landscape. In contrast,
Fig. 13(e) also shows the real space wavefunction distribution
of the intralayer A exciton. Clearly, it is much smaller than
that of the interlayer exciton, showing that the coulomb force
is reduced when forming the interlayer exciton.

Fig. 13. Ultrafast momentum microscopy imaging of moiré excitons in the MoS2/WSe2 heterostructure. (a)–(c) TR-MM imaging of intralayer bright A
exciton, Σ dark exciton, and interlayer moiré excitons, respectively. The corresponding constant energy and time delay are labeled in the top panel. The
bottom panel gives the zoom-in image of the regions enclosed by the dashed circle. The intrinsic and the moiré mini Brillouin zones are also plotted. The
moiré excitons are featured by the three-fold photoelectron distribution that coincides with the corners (κ points) of the mini Brillouin zone shown in (c). (d)
and (e) Extracted real space wavefunctions of the interlayer and intralayer A excitons. Their corresponding momentum space images are shown as insets.
Clearly, the interlayer exciton has much larger spatial spread, resulting in reduced Coulomb screening. All panels adapted with permission from Ref. [86].
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Along the line of studies of excitons in TMDs, fur-
ther reports on the dark-field real space imaging of moiré
excitons, electron–hole correlations in interlayer excitons,
were reported.[32,376] Excitingly, there remains a large amount
of interesting problems waiting to be explored by TR-
MM, and also TR-PEEM. For example, with the devel-
opment of heterostructure engineering of layered materials
(graphene, TMDs, etc.), one is allowed to look into more ex-
otic physics, including twist-induced ferroelectricity,[334–336]

correlated excitonic states,[392,411] and others, to unravel
how quasiparticle, and many-body interactions take place
in the presence of spatially modulated potential landscapes.
Moreover, beyond layered materials, copper, iron, and
nikel based superconductors,[412] kagome materials with spin
frustrations,[413] in the bulk or thin film forms are also of
great interest in TR-MM/PEEM studies. Because they can
potentially demonstrate how competing quantum phases of
matter, such as superconductivity and charge density waves,
are formed or destroyed, with superior spatiotemporal resolu-
tion. Therefore, one can envision the spatiotemporal probe of
a broad scope of physics with nano-femto resolutions could
revolutionize our understanding of the excited states in many-
body physics on the quantum scale.

5. Summary & perspective
In this review, we surveyed several major, and rapidly

growing research directions carried out using TR-PEEM and
TR-MM. Regarding the TR-PEEM imaging, the material sys-
tems that have been extensively investigated in the literature
mostly belong to metallic systems with strong photoemission
signals, such as plasmonic materials, where the photon en-
ergies of the illumination light sources mostly reside in the
near infrared to visible to ultraviolet regime. While steady
state and ultrafast properties of plasmons have been stud-
ied for decades, the employment of ultrafast lasers neverthe-
less showed exotic physics on the nano-femto scales, includ-
ing plasmon–plasmon coupling,[59,210,213,214,217] plasmonic
vortices,[55,261,263,268] plasmonic spin–orbit angular momen-
tum conversion,[58] and plasmonic field and spin topological
quasiparticles.[14,15,61,262] In addition, because of the strong
field enhancement, the application of these nano plasmonic
sources for strongly nonlinear light–matter interactions is also
emerging.[62,414] More interestingly, the blossom of 2D mate-
rials has opened a large variety of plasmonic, and in general,
polaritonic materials,[415–417] including metallic graphene,
semiconducting black phosphorus, and even insulating h-BN,
or a combination of these systems. While some of these have
been reported in steady state PEEM measurements,[169,418–420]

the capability in resolving related polariton physics in the time
domain will provide deeper understanding of the quasiparticle
and many-body interactions in these layered materials.

Beyond photonic/polaritonic modes, real space imaging
of the electronic properties enabled by TR-PEEM can be fur-
ther employed to low-dimensional quantum materials. For ex-
ample, topologically protected surface and edge states are ex-
pected to show enhanced density of states at the Fermi level
of the supporting materials, and thus it is expected to see
these quasiparticles in real space using surface sensitive TR-
PEEM.[24,421–425] Therefore, the creation, propagation, and
annihilation of quasiparticles in these topological states, which
reflect the dynamical properties of quantum spin Hall effect
or quantum anomalous Hall effect,[426,427] may be revealed.
What’s more, material systems hosting strong electron corre-
lations are also of great interest for TR-PEEM imaging. It
is known that the superconducting channels in high tempera-
ture superconductors, as well as the charge density wave and
antiferromagnetic order distributions, are inhomogeneous in
space.[321,322,428] It is thus of importance to have the capabil-
ity to resolve these electronic properties with nano-femto res-
olutions, to gain insight into the local electronic properties on
the scale that can bridge the resolution of optical microscopies
and scanning tunnelling electron microscopy or transmission
electron microscopy.

On the spectroscopic side, TR-MM, equipped with PEEM
objective lens and EUV probe light, has significantly advanced
the understanding of carrier and exciton physics in graphene,
TMDs and others.[43] With the matureness of the TR-MM
instrument, for example incorporating liquid helium sample
temperature and electron spin detection, a large amount of
exciting physics problems,[18,20,21,24,424,425,429,430] including
many-body excitations in TMDs, strongly correlated elec-
tronic states in superconductors and antiferromagnets, topo-
logical edge and surface states physics in topological mate-
rials, as well as non-equilibrium phases of matter, are thus
awaiting to be explored. In fact, some of these problems are al-
ready being attempted with state-of-the-art (TR-)MM/PEEM
methods.[10,33,431] While the ultimate energy and momentum
resolutions may be limited by the PEEM objective lens due to
the uncertainty principle, it certainly shows excellent perfor-
mance in studying micron sized samples with superior imag-
ing efficiency.

One challenge in better resolving electronic structures in
the momentum space is the number of photoelectrons col-
lected, and thus the signal to noise ratio, of one measure-
ment. Currently, a reasonable time-series measurements may
take tens of hours to a few days, depending on the laser rep-
etition rate and temporal sampling points. It is therefore ur-
gent to develop light sources, especially EUV probe pulses, of
high brightness, high repetition rate, and tunable photon en-
ergy and polarization states. More interestingly, because EUV
pulses are essentially attosecond pulse trains, it is therefore
critical to mature the technique to generate isolated attosceond
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pulse, to push the limiting temporal resolution down to sub-
femtosecond.[192,193] While these techniques have been mostly
applied in the atomic or molecular systems, their implementa-
tion to TR-PEEM/MM will certainly embrace exciting prob-
lems and bring new challenges.

Ultimately, one could expect TR-PEEM/TR-MM will
assist the understanding of more excited states physics in
condensed matter materials in a multidimensional parameter
space, with superior time, energy, space, momentum, and spin
resolutions that can hardly be achieved by other techniques.
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and Schmidt-Böcking H 2001 Surf. Sci. 480 180

[137] Oelsner A, Rohmer M, Schneider C, Bayer D, Schönhense G and
Aeschlimann M 2010 J. Electron. Spectrosc. 178 317

038703-30

https://doi.org/10.1038/s41567-022-01912-5
https://doi.org/10.1038/s41567-022-01912-5
https://doi.org/10.1063/1.5110705
https://doi.org/10.1063/1.1564876
https://doi.org/10.1063/1.1564876
https://doi.org/10.1007/s00339-002-1965-8
https://doi.org/10.1126/science.1095068
https://doi.org/10.1103/PhysRevLett.96.067205
https://doi.org/10.1103/PhysRevLett.96.067205
https://doi.org/10.1088/0953-8984/21/49/496001
https://doi.org/10.1088/0953-8984/21/49/496001
https://doi.org/10.1103/PhysRevLett.94.217204
https://doi.org/10.1063/1.4893484
https://doi.org/10.1063/1.4864279
https://doi.org/10.1063/1.4864279
https://doi.org/10.1038/nnano.2016.183
https://doi.org/10.1038/s41586-020-2184-1
https://doi.org/10.1038/s41586-020-2184-1
https://doi.org/10.1038/s41586-022-04872-1
https://doi.org/10.1021/acs.nanolett.8b02103
https://doi.org/10.1021/acs.nanolett.0c00742
https://doi.org/10.1021/acsnano.6b04914
https://doi.org/10.1021/acsnano.6b04914
https://doi.org/10.1038/s41467-020-15232-w
https://doi.org/10.1021/acsnano.0c08101
https://doi.org/10.1126/science.aba1029
https://doi.org/10.1088/1367-2630/ab8aae
https://doi.org/10.1021/acs.nanolett.1c01839
https://doi.org/10.1002/ntls.10010
https://doi.org/10.1002/ntls.10010
https://doi.org/10.1021/acsnano.1c06586
https://doi.org/10.1038/s41586-022-04977-7
https://doi.org/10.1038/s41586-022-04977-7
https://doi.org/10.1021/acs.nanolett.2c01462
https://doi.org/10.1038/s41586-021-04360-y
https://doi.org/10.1038/s41467-022-30404-6
https://doi.org/10.1038/s41467-022-30404-6
https://doi.org/10.1103/PhysRevB.105.075105
https://doi.org/10.1103/PhysRevB.105.075105
https://doi.org/10.1126/science.abf3286
https://doi.org/10.1088/1361-648X/abfe21
https://doi.org/10.1088/1361-648X/abfe21
https://doi.org/10.1103/RevModPhys.93.041002
https://doi.org/10.1016/j.progsurf.2023.100705
https://doi.org/10.1038/s41586-022-04726-w
https://doi.org/10.1038/s41586-022-04726-w
https://doi.org/10.1126/science.1197294
https://doi.org/10.1038/s41567-020-01148-1
https://doi.org/10.1038/nature16522
https://doi.org/10.1038/s41567-019-0705-3
https://doi.org/10.1126/science.aaw4911
https://doi.org/10.1126/science.aaw4913
https://doi.org/10.1038/nphys2055
https://doi.org/10.1038/nphys3609
https://doi.org/10.1126/science.1239834
https://doi.org/10.1126/science.1239834
https://doi.org/10.1103/RevModPhys.92.025003
https://doi.org/10.1103/PhysRev.38.45
https://doi.org/10.1103/PhysRev.43.727
https://doi.org/10.1070/PU1977v020n06ABEH005404
https://doi.org/10.1070/PU1977v020n06ABEH005404
https://doi.org/10.1103/PhysRevB.106.035422
https://doi.org/10.1088/0022-3719/15/10/029
https://doi.org/10.1063/1.323329
https://doi.org/10.1103/PhysRevLett.100.126803
https://doi.org/10.1103/PhysRevLett.100.126803
https://doi.org/10.1103/PhysRevB.9.5099
https://doi.org/10.1063/1.92863
https://doi.org/10.1016/0022-3697(59)90215-X
https://doi.org/10.1016/S0079-6816(01)00029-6
https://doi.org/10.1016/0079-6816(89)90015-4
https://doi.org/10.1002/9780470139233
https://doi.org/10.1002/9780470139233
https://doi.org/10.1103/PhysRevB.51.240
https://doi.org/10.1088/0034-4885/60/11/002
https://doi.org/10.1238/Physica.Topical.109a00089
https://doi.org/10.1142/S0218625X02003093
https://doi.org/10.1142/S0218625X02003093
https://doi.org/10.1063/1.1150023
https://doi.org/10.1063/1.1150023
https://doi.org/10.1016/S0304-8853(98)00042-0
https://doi.org/10.1103/PhysRevLett.98.226601
https://doi.org/10.1080/0950034042000275360
https://doi.org/10.1038/nature10878
https://doi.org/10.1103/PhysRevLett.105.147601
https://doi.org/10.1103/PhysRevLett.105.147601
https://doi.org/10.1007/978-1-4939-0935-3
https://doi.org/10.1007/BF01668875
https://doi.org/10.1016/0304-3991(85)90176-7
https://doi.org/10.1016/j.ultramic.2011.09.011
https://doi.org/10.1016/S0168-9002(97)01215-1
https://doi.org/10.1016/S0168-9002(97)01215-1
https://doi.org/10.1016/S0039-6028(01)00833-0
https://doi.org/10.1016/j.elspec.2009.10.008


Chin. Phys. B 33, 038703 (2024)

[138] Oelsner A, Schmidt O, Schicketanz M, Klais M, Schönhense G, Mergel
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[175] Frietsch B, Carley R, Döbrich K, Gahl C, Teichmann M, Schwarzkopf
O, Wernet P and Weinelt M 2013 Rev. Sci. Instrum. 84 075106

[176] Puppin M, Deng Y, Prochnow O, Ahrens J, Binhammer T, Morgner U,
Krenz M, Wolf M and Ernstorfer R 2015 Opt. Express 23 1491

[177] Rohde G, Hendel A, Stange A, Hanff K, Oloff L P, Yang L X, Ross-
nagel K and Bauer M 2016 Rev. Sci. Instrum. 87 103102

[178] Corder C, Zhao P, Bakalis J, Li X, Kershis M D, Muraca A R, White
M G and Allison T K 2018 Struct. Dyn. 5 054301

[179] Sie E J, Rohwer T, Lee C and Gedik N 2019 Nat. Commun. 10 3535
[180] Buss J H, Wang H, Xu Y, Maklar J, Joucken F, Zeng L, Stoll S, Jozwiak

C, Pepper J and Chuang Y D 2019 Rev. Sci. Instrum. 90 023105
[181] Mills A, Zhdanovich S, Na M, Boschini F, Razzoli E, Michiardi M,

Sheyerman A, Schneider M, Hammond T and Süss V 2019 Rev. Sci.
Instrum. 90 083001
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A 2012 Science 336 1287

[186] Midorikawa K 2022 Nat. Photonics 16 267
[187] Lewenstein M, Balcou P, Ivanov M Y, L’Huillier A and Corkum P B

1994 Phys. Rev. A 49 2117
[188] Cucini R, Pincelli T, Panaccione G, et al. 2020 Struct. Dyn. 7 014303
[189] Lee C, Rohwer T, Sie E J, Zong A, Baldini E, Straquadine J, Walmsley

P, Gardner D, Lee Y S, Fisher I R and Gedik N 2020 Rev. Sci. Instrum.
91 043102

[190] Peli S, Puntel D, Kopic D, Sockol B, Parmigiani F and Cilento F 2020
J. Electron. Spectrosc. 243 146978

[191] Sansone G, Benedetti E, Calegari F, Vozzi C, Avaldi L, Flammini R,
Poletto L, Villoresi P, Altucci C and Velotta R 2006 Science 314 443
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[216] Mårsell E, Svärd R, Miranda M, Guo C, Harth A, Lorek E, Maurits-
son J, Arnold C L, Xu H and L’Huillier A 2015 Appl. Phys. Lett. 107
201111

[217] Ueno K, Yang J, Sun Q, Aoyo D, Yu H, Oshikiri T, Kubo A, Matsuo Y,
Gong Q and Misawa H 2019 Appl. Mater. Today 14 159

[218] Hrelescu C, Sau T K, Rogach A L, Jäckel F, Laurent G, Douillard L
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[396] Ulstrup S, Čabo A G, Biswas D, Riley J M, Dendzik M, Sanders C E,
Bianchi M, Cacho C, Matselyukh D and Chapman R T 2017 Phys. Rev.
B 95 041405

[397] Ulstrup S, Cabo A G, Miwa J A, Riley J M, Grønborg S S, Johannsen
J C, Cacho C, Alexander O, Chapman R T and Springate E 2016 ACS
Nano 10 6315
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