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1. Introduction

The last two decades have witnessed an 
explosion of research on van-der-Waals 
(vdW) materials—a wide class of solids 
in which planar crystal sheets are 
bonded together by vdW forces. Typically, 
these materials can be thinned down 
to just a few atomic layers, or even to a 
single atomic sheet, thereby realizing 
two-dimensional (2D) variants of their 
traditional bulk forms. Since the first exfo-
liation of a monolayer (1L) of graphene in 
the early 2000’s, a variety of vdW mate-
rials have been isolated and studied in 
their 2D limit including metals, wide-gap 
insulators, semiconductors, semi-metals, 
superconductors, magnetic materials, and 
more.[1] Among these, semi-metals, like 
graphene, and the class of 2D semicon-
ductors, often represented by the group VI 
transition-metal dichalcogenides (TMDC), 
have created exciting new opportunities in 
fundamental condensed matter physics, as 

well as applications in electronic, optoelectronic, and quantum 
technologies.[2-4] Due to the dramatic changes in optical interac-
tion and band-structure that can occur in transitioning from the 
few-layer to 1L limit, 2D semiconductors and semi-metals pro-
vide unique opportunities in 2D light-matter interactions and 
ultrathin optoelectronic devices. This merits the exploration of 
their light-induced physics leading to novel out-of-equilibrium 
quantum phenomena.

One of the key properties of 2D materials is the enhanced 
electron–electron Coulomb interactions arising from their 
reduced dielectric screening and low dimensionality. These 
interactions strongly modify not just the equilibrium band-
structure, but more so the (photo)excited band-structure.[5] For 
example, strongly bound excitons[6]—excited states composed 
of bound electrons and holes—dominate the optical response 
of 2D semiconductors, even at room temperature. These exci-
tons display a rich variety of species with different spins,[7] 
momenta,[8] and charge,[9] impacting the spectrum, dynamics, 
and applications of their light–matter interaction.

Another property of 2D materials is their ability to stack onto 
other 2D materials and substrates with almost no constraints.[10] 
The interlayer interactions in these structures facilitate a 
unique means for engineering the heterostructure properties 
and functionality beyond those of the constituent materials.[11,12] 
These properties include the momentum-dependent interlayer 

Van der Waals (vdW) materials at their 2D limit are diverse, flexible, and 
unique laboratories to study fundamental quantum phenomena and their 
future applications. Their novel properties rely on their pronounced Coulomb 
interactions, variety of crystal symmetries and spin-physics, and the ease of 
incorporation of different vdW materials to form sophisticated heterostruc-
tures. In particular, the excited state properties of many 2D semiconductors 
and semi-metals are relevant for their technological applications, particularly 
those that can be induced by light. In this paper, the recent advances made 
in studying out-of-equilibrium, light-induced, phenomena in these materials 
are reviewed using powerful, surface-sensitive, time-resolved photoemission-
based techniques, with a particular emphasis on the emerging multi-dimen-
sional photoemission spectroscopy technique of time-resolved momentum 
microscopy. The advances this technique has enabled in studying the nature 
and dynamics of occupied excited states in these materials are discussed. 
Then, the future research directions opened by these scientific and instru-
mental advancements are projected for studying the physics of 2D materials 
and the opportunities to engineer their band-structure and band-topology by 
laser fields.
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hybridization of electronic orbitals comprising the Bloch-
states,[13,14] dielectric influence on the excitonic spectrum 
of each layer,[15] and, in the case of 2D semiconductors, the 
emergence of excitonic states that are distributed between the 
layers, namely, interlayer excitons (ILX).[16] Furthermore, small 
mismatches in the lattice constant or orientation between 
two lattices stacked together lead to the formation of a moiré 
pattern—a superlattice structure emerging from the periodic 
offsets between the atomic positions of the two adjacent layers. 
These moiré patterns effectively create a spatial modulation of 
electronic and excitonic energies resulting in arrays of potential 
wells that can host single-photon emitters.[17] Complementarily, 
the moiré superlattices are manifested in momentum-space in 
the folding of electronic and excitonic bands of the constituent 
materials into mini-bands.[18–20] These mini-bands have highly 
tunable dispersion relations, and under certain conditions can 
even become flat. The flat-band limit of the moiré superlattices 
exhibits various exotic phenomena such as correlated electronic 
phases in twisted bilayers and trilayers of graphene,[21–24] as 
well as semiconducting hetero- and homobilayers.[25–27] Moiré 
superlattices have been predicted to support non-trivial topolo-
gies of the ILX bandstructure[17,18,28–30] and to simulate Hubbard 
model physics.[18,20]

Finally, the 2D TMDC semiconductors exhibit broken inver-
sion symmetry and strong spin-orbit coupling, which are essen-
tial for technological applications such as valleytronics,[31] and 
for inducing emergent topological phenomena, such as the 
quantum spin Hall effect.[32] Moreover, even in the absence of 
broken inversion symmetry or strong spin-orbit coupling in 
materials like graphene, topological phenomena can be exter-
nally induced by subjecting the material to a time-periodic 
electromagnetic field. This approach, known as ‘Floquet band 
engineering’ allows to design the bandstructure and topolog-
ical properties of a material ‘on demand’ by external periodic 
driving.

To study these and other novel properties, 2D materials have 
been probed using a variety of experimental techniques. Among 
these techniques, angle-resolved photoemission spectroscopy 
(ARPES) has been particularly successful in probing the impact 
of the above-mentioned enhanced Coulomb interactions, 
unique interfaces in stacked heterostructures, spin-valley, and 
topological physics of these materials. A major reason for the 
success of such photoemission techniques is that their “surface 
only” sensitivity is a perfect match for the “all surface” nature of 
2D materials. Over time, powerful variants of the ARPES tech-
nique, such as micron-scale ARPES (µARPES), spin-resolved 
ARPES (SR-ARPES), and time-resolved ARPES (TR-ARPES), 
also began providing powerful insights into the ground- and 
excited state physics of 2D materials and their heterostruc-
tures. Recently, the emergence of time-resolved momentum 
microscopy[33]—a multi-dimensional photoemission spectros-
copy platform with the potential to resolve photoemitted elec-
trons simultaneously in space, time, momentum, energy, and 
spin, has promised a new era in studying light-induced, out-of-
equilibrium, quantum phenomena and applications in 2D sem-
iconductors. On top of efficiently combining the capabilities 
of all of the above ARPES variants, time-resolved momentum-
microscopy techniques offer a 2D view of momentum-space 
that can be invaluable in understanding certain phenomena.

In this paper, we review the developments in ARPES and 
multi-dimensional momentum microscopy instrumenta-
tion and the scientific breakthroughs it has been supporting, 
including a projection toward the future explorations of 
quantum effects in 2D materials. We structure this review 
as follows. In Section  2, we survey the instrumentation, and 
associated developments in the field. Therein, we first briefly 
review the concept of band-structure characterization using 
the classical ARPES technique, and its capabilities and limita-
tions when applied to the exploration of 2D materials. We then 
introduce the ARPES variants: µARPES, SR-ARPES, and TR-
ARPES, including their unique virtues and constraints. Finally, 
we introduce the emerging platform of momentum microscopy 
and show how it can serve as an efficient tool to perform multi-
dimensional photoemission spectroscopy.

In Section 3, we discuss the progress in investigating photo-
excited states in 2D semiconductors. We begin from the inde-
pendent quasiparticle picture and continue to discuss two-body 
excitons. Then, we outline the directions for future study of 
other many-body phenomena. In the following Section  4, we 
move to the light-induced manipulation of the bandstructures 
using Floquet-engineering. Our main focus in this section is 
inducing topological phenomena by circularly polarized lasers. 
Throughout, we emphasize the opportunities that have been 
laid by multi-dimensional momentum-microscopy. We end the 
discussion with a brief outlook on the instrumental progress 
needed to support such research directions, in Section 5.

2. Advances in Instrumentation

2.1. Angle-Resolved Photoemission Spectroscopy

2.1.1. Measurement Concept

ARPES is a powerful technique that over the recent decades has 
been providing valuable information about the electronic band 
dispersions in a crystal and their interactions therein.

In a basic ARPES measurement,[34] the sample is irradi-
ated by high-energy photons, which then photoemit electrons 
from the sample based on the photoelectric effect. The kinetic 
energy (Ekin) of the photoemitted electron, and the angle θ at 
which it is emitted from the sample surface (Figure 1a), provide 
direct information about the electron’s energy (E) and lateral 
momentum (k||) in the sample:

kinE hv E= − Φ +  (1)

|| ||k kf =  (2)

2 sin( )|| 0 kink m Ef� θ=  (3)

where Φ is the workfunction of the material, hν is the photon 
energy, m0 is the mass of the free electron in vacuum, and 
E is the energy of the electron in the sample measured with 
respect to the Fermi level (E < 0 denotes states below the Fermi 
energy). The lateral momentum of the photoelectron, k||, is con-
served in the photoemission process (Equation (2)), allowing its 
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mapping to the photoemission angle via the free electron dis-
persion relation (Equation (3)). In the case of three dimensional 
(3D) bulk samples, one can also obtain the momentum perpen-
dicular to the sample surface, under additional constraints and 
measurements.[34]

2.1.2. Typical ARPES Setup

The measurement of Ekin and θ of the photoelectrons is influ-
enced by two central parts of an ARPES setup: the photon 
source and the energy analyzer.

Photon Source: Typically, ARPES experiments utilize photons 
in the energy range of a few eV to a few hundred eV. At the 
lower end of the photon energy, one needs to at least overcome 
the workfunction of materials, which tend to be in the 4–6 eV 
range. The photoemission horizon, or cutoff

0 /22
||
2

0k m hv E�≤ ≤ − Φ +  (4)

directly obtained from Equations  (1)–(3), dictates that higher 
photon energies (several tens of eV) are needed to photoemit 
valence electrons from the edges of the Brillouin Zone (BZ) of 
most materials (large k||), or from deep below the Fermi level 
(large |E|, with E  < 0). Even higher levels of photon energy, in 
the hundreds of eV range, allow one to perform core level spec-
troscopy,[38,39] or to map the atomic orbitals that comprise the 
bands.[40] In addition, the spectral bandwidth of the photon source, 
its polarization state, and frequency tunability, are also important 
to an ARPES measurement. They offer the ability to obtain high 
energy resolution, to compensate for the matrix elements that 
determine the efficiency of the photoemission process,[41] and to 
access the component of momentum perpendicular to the sur-
face in the study of bulk materials, respectively.[42]

Typically, four different kinds of light sources have been uti-
lized in ARPES measurements.[34] Synchrotrons are the most 
ubiquitous, providing a high flux, tunability, reasonably narrow 
bandwidths, and some polarization control. Gas discharge 
lamps are another common alternative that provides photons in 
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Figure 1. ARPES concept and its variants. a) The static ARPES concept. The photoemission pulse ejects electrons off the sample. These are collected 
and detected using a hemispherical analyzer measuring their kinetic energy, Ekin, and photoemission angle, θ. The conservation of energy and lateral 
momentum in the photoemission process (Equations (1)–(3)), enables to deduce the electronic band dispersions, E(k||), in the sample itself. Repro-
duced with permission.[35] Copyright 2019, Nature Publishing Group. b) The concept of µARPES. The photoemitting light is focused on a small region 
of the sample. The focusing of ultra-violet (UV) and X-ray light results in significant signal losses, requiring an intense light source, typically available 
in synchrotron facilities. Reproduced under the terms of the CC BY Creative Commons Attribution 4.0 iInternational license .[36] Copyright 2018, The 
authors, published by MDPI Journals. c) The concept of TR-ARPES. The sample (1L MoS2 on a gold substrate, in this case) is first excited by an optical 
pulse, and the photoemitting probe pulse follows at a controlled delay, to probe the excited band-structure. Reproduced with permission.[37] Copyright 
2015, ACS Publications.
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the few tens of eV with frequency bandwidths around 1 meV, yet 
without polarization control. Table-top laser-based sources can 
cover the low end of the energy scale (6–40 eV) using nonlinear 
optical techniques. They can provide full polarization control, as 
well as narrow linewidths at the low end of the photon energy 
range.[43,44] However, table-top laser-based sources lack bright-
ness compared to the other types of light sources, particularly at 
higher photon energies. In contrast, they easily provide the pos-
sibility of femtosecond temporal resolution, which makes them 
very useful to the time-resolved techniques discussed below. 
Finally, free electron lasers (FELs)[45] also act as very attractive 
light sources for ARPES measurements, wherein one could also 
obtain femtosecond time-resolution along with the other advan-
tages of synchrotron radiation, such as high flux and tunability 
in the soft-X-ray spectral domain. These energies (>100 eV) are 
necessary to reach photoemission horizons that encompass the 
entire momentum-support of atomic orbitals[40] in solids. As 
well, they offer photoemission from core-levels that may shed 
light on the dynamics of valence excitations in the material.[39,46] 
Thus, experiments conducted in FEL facilities have the poten-
tial for mapping electronic populations with atomic resolutions. 
Nonetheless, the high flux and timing structure of these pulses 
can result in substantial space-charge effects.[47]

Analyzer: The second central component of an ARPES setup 
is the energy analyzer, which is used to resolve the kinetic 
energy of the photoemitted electrons. The most common type 
of energy analyzer is the hemispherical analyzer (HA), which 
consists of two concentric metallic hemispheres at different 
voltages. Having chosen a particular high-symmetry line of the 
BZ of a material, electrons with different k|| along that line are 
mapped onto the entrance slit of the HA. These electrons then 
follow a curved trajectory between the two hemispheres, such 
that electrons of different energy are dispersed in a direction 
perpendicular to the entrance slit. A 2D camera at the exit slit of 
the HA then records k|| along one axis and Ekin along the other 
axis (see Figure  1a). By appropriately tilting and reorienting 
the sample, one can map out the energy-momentum disper-
sion along other high-symmetry axes of the BZ. The energy 
and momentum resolutions of this measurement are primarily 
determined by the widths of the entrance and exit slits, along 
with the pixel size of the detector. To date, the HA offers some 
of the best energy and momentum resolutions available.

Recently, another type of energy analyzers has also been 
developed, known as the time-of-flight (ToF) analyzers.[48] These 
energy analyzers have the potential to offer higher throughput 
and faster data acquisition, and are well suited for MM, as fur-
ther discussed in Section 2.3.

2.1.3. ARPES and 2D Materials

Due to the relatively small escape depths of photoemitted elec-
trons from the sample, ARPES is essentially a surface-sensitive 
technique. This surface sensitivity creates some challenges 
while attempting to study bulk materials.[49] Alternatively, 
one can restrict oneself to studying just the surface states of 
a material, which leaves one with incomplete knowledge about 
its full electronic structure. In contrast, 2D materials are per-
fectly suited to the ARPES technique. The absence of the third 

dimension means that ARPES can provide rich and “complete” 
information about the material.

Nonetheless, despite this well-suited marriage between a 
“surface only” technique and an “all surface” class of materials, 
the union, like most well-suited unions, presents its own set 
of challenges. Most of the interesting physics for 2D materials 
happens at the edges of the BZ. For UV photons, these states 
lie outside the photoemission horizon due to their large k|| 
(Equation (4)). Instead, extreme UV (XUV) photons with ener-
gies of ≈20 eV or larger are required. This eliminates the pos-
sibility to use the more common UV-based table-top systems 
and has required one to rely on synchrotron sources for high-
quality measurements.

Furthermore, the unique properties of 2D TMDCs out-
lined earlier—novel heterostructures, unique spin physics, 
and excited state properties require certain enhancements to 
the standard ARPES capabilities. In the next sub-section, we 
describe the variants of the ARPES technique that aim to access 
these unique properties.

2.2. ARPES Variants

2.2.1. Spatially Resolved ARPES

2D material samples made by the standard techniques of 
mechanical exfoliation or chemical vapor deposition (CVD) 
growth tend to have only micron-scale regions with reasonable 
sample homogeneity, such as single-crystalline domains, uni-
form thickness, and dielectric environments. Heterostructures of 
2D materials that are made by overlapping such homogeneous 
regions are then even smaller in size. Since traditional ARPES 
measurements have spot sizes that range in the few hundred 
microns to mm range, one ends up integrating signals with large 
inhomogeneity, from multiple crystalline domains, and also 
background regions of the sample that do not contain the same 
number of layers. These issues are discussed in more detail in 
the specific context of measuring excitonic states in Section 3.3.2. 
In order to overcome these challenges, one needs to perform 
ARPES with a micron-scale resolution, dubbed µARPES.

The most successful approach for µARPES studies of 2D 
materials thus far has involved the tight focusing of XUV beams 
using specialized focusing elements in the XUV[36] (Figure 1b). 
Although these focusing elements tend to be very lossy, par-
ticularly for smaller spot sizes, the high flux generated by syn-
chrotrons can offset these losses. Currently, four specialized 
synchrotron beamlines around the world—Antares at Soleil in 
France, I05 at Diamond in the UK, Maestro at the ALS in the 
US, and the Spectromicroscopy beamline at Elettra in Italy[36]—
have successfully implemented the bulk of µARPES measure-
ments reported in the literature, with spatial resolutions going 
down to sub-microns.[36] Nonetheless, access to these special-
ized synchrotron beamlines remains a limiting factor.

2.2.2. SR-ARPES

As described previously, strong spin-orbit coupling and the lack 
of inversion symmetry in TMDCs lead to a unique valley-spin 
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locking. The spin texture in these materials is also intimately 
related to the topology of their band-structure. Thus, measuring 
the spin state of the photoemitted electron is critical in val-
leytronic and Floquet engineering applications. This requires 
SR-ARPES.

While some SR-ARPES measurements on 2D materials have 
been strikingly successful,[50] SR-APRES remains a very chal-
lenging experiment and has generally suffered from low detec-
tion efficiency. Conventional instrumentation resolves the spin 
of only one energy and momentum channel at a time, substan-
tially reducing the throughput of the experiments.[51] Recently, 
multi-channel spin-resolving techniques have emerged that can 
substantially improve the efficiency of spin detection. These 
spin-resolving techniques are well suited to the multi-channel 
detection techniques of ToF MM as discussed further below.[33]

2.2.3. TR-ARPES

Finally, light-induced phenomena are of fundamental and tech-
nological importance in 2D materials, ranging from the study 
of photoexcited states to Floquet engineering, as mentioned 
previously. For such studies, the timescale of photoexcited 
dynamics and the need for intense light fields necessitate the 
use of femtosecond light pulses and TR-ARPES measurements.

The basic idea of femtosecond TR-ARPES measurements 
is to utilize the stroboscopic pump-probe technique. Here, a 
femtosecond pump pulse first excites the sample and is then 
followed by a time-delayed femtosecond probe pulse that per-
forms the ARPES measurement described in Section  2.1.1 (as 
illustrated in Figure 1c). By assembling the ARPES spectra col-
lected at different delays, one obtains a “movie” of the dynamics 
after photoexcitation.

Of the ARPES-useful light sources discussed in Sec-
tion 2.1.2, table-top sources offer the most reliable, repeatable, 
and easily maneuvered femtosecond pulses. Yet, the need for 
XUV photons to access the edges of the BZ in 2D materials 
makes this a challenging experiment for table-top sources. 
While table-top TR-ARPES setups can utilize higher harmonic 
generation (HHG) techniques to generate femtosecond pulses 
in the XUV, the flux is usually quite low. Moreover, the need for 
high-flux, low repetition rate (kHz) lasers to implement HHG 
techniques also results in low throughput, and in space charge 
effects.[52] Recent developments in HHG with table-top sources 
have begun to realize high flux XUV generation into the MHz 
regime,[53–55] which is a promising development for TR-ARPES.

Even though these different variants of ARPES have indepen-
dently provided interesting knowledge about 2D materials, it is 
clear that their individual capabilities need to be combined to 
access and study the true potential of 2D materials. For example, 
given sample size considerations of heterostructures, both SR-
ARPES and TR-ARPES also require micron-scale spatial reso-
lutions. Moreover, given the general importance of spin to the 
photoexcited states, one would expect to gain by combining 
aspects of time- and spin-resolved photoemission techniques 
as well. However, combining all the above experimental tech-
niques of time-, spin-, and spatially-resolved ARPES is not prac-
tical. To begin with, the synchrotron sources that are capable of 
micron-scale resolution are not designed for femtosecond-scale 

temporal resolution. On the other hand, table-top sources of 
XUV light, which easily provide femtosecond-scale resolu-
tions, have barely been able to provide the required flux, and 
have not been able to focus the XUV light to a few microns 
spot size. Adding inefficient spin-resolution schemes to these 
experiments makes the measurements increasingly complex. 
Nonetheless, multidimensional photoemission spectroscopy 
remains a highly sought-after goal.[36]

In recent years, alternate attempts to efficiently perform 
time-, space-, spin-, and angle-resolved photoemission spectros-
copy have led to the development of a substantially different 
experimental platform called MM. We describe this emerging 
technique next.

2.3. Momentum Microscopy

MM is a type of cathode lens or immersion lens microscopy. In 
this technique, the sample forms a part of the imaging system, 
by applying various shapes of electrostatic fields between it and 
the objective lens. This supports various lens modes, such as 
the standard extractor mode (with positive anode voltage), the 
zero-field mode (advantageous for 3D structured samples), and 
the space-charge-suppression mode (repels the large amount 
of slow background electrons that may be photoemitted simul-
taneously). In the standard mode, photoemitted electrons are 
accelerated by a strong, uniform electric field (extractor field) 
toward the anode (Figure 2). Exploiting a general principle of 
microscopy, the reciprocal image or momentum-space image 
is formed in the Fourier plane of the objective lens, which is 
then magnified and projected onto a 2D detector. This concept 
provides some key capabilities and advantages for MM over tra-
ditional ARPES instrumentation as follows.

2.3.1. Capabilities and Advantages of MM

Imaging the Full 2D Momentum-Space: Due to the large 
extractor field between sample and objective, the photoemitted 
electrons follow a parabolic trajectory, as illustrated in the top 
left diagram in Figure  2. This results in the acceptance of a 
larger angle of photoelectrons into the aperture of the anode, 
compared to the case of no extractor field, as done in traditional 
ARPES measurements. For anode voltages on the order of sev-
eral thousand volts, and sample-objective distances on the order 
of a few mm, the effective acceptance angle can be 2π, the solid 
angle describing a full hemisphere. Thus, all photoemitted elec-
trons from the surface can be collected by the objective lens 
and imaged onto the detector in the reciprocal space, giving 
the technique its name—momentum microscopy. Unlike tra-
ditional ARPES instrumentation, one is not restricted to meas-
uring just a limited region of the BZ in a given measurement. 
This has the potential to provide a more complete view of the 
electronic structure, without requiring a priori knowledge about 
the electronic structure.

Speed and Ease of Measurement: The ability of a cathode lens 
microscope to image the entire 2D reciprocal space in a single 
shot eliminates the need to tilt the sample or scan different 
axes to measure multiple high-symmetry axes of the BZ. This 
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results in a much faster measurement which is well suited for 
delicate samples.

Furthermore, in the reciprocal space image, the position on 
the detector linearly corresponds to k|| and is independent of the 
kinetic energy (to within chromatic aberrations). Thus, unlike 
in ARPES using HA, the detector calibration and k||-resolution 
in MM do not change as a function of Ekin and k||.[56,57]

Spatial Resolution: As a type of cathode lens microscopy, spa-
tial resolution is inherent to MM. The objective lens not only 
forms a reciprocal image in the Fourier plane but also a real-
space image in the image plane. Utilizing this intermediate 
real-space image, MMs can operate in three different powerful 
modes:

µARPES Mode: By placing an aperture (field aperture in 
Figure  2) in the image plane, one can selectively choose the 
region of the sample one wants to investigate. The aperture 
transmits only the photoelectrons from the selected sample 
area, without impacting the subsequent magnification and pro-
jection of the reciprocal image onto the detector. With aperture 
sizes on the micron scale, this allows one to perform µARPES 
measurements on the sample.

PEEM Mode: Alternately, instead of placing the field aper-
ture in the image plane and projecting the reciprocal image on 
the detector, one can project the magnified real-space image 
itself on the detector. This allows the MM to operate as a pho-
toemission electron microscope (PEEM), another powerful 
and versatile materials characterization technique that images 
photoelectrons with nanometer-scale spatial resolution. In 
fact, the technological basis for MM essentially is derived from 
PEEM, with microscope parameters optimized slightly toward 
the µARPES mode rather than PEEM. Thus, one can expect a 
similar level of versatility from an MM, as from a PEEM, albeit 
with potentially weaker spatial resolution, but likely higher 
energy resolution.

Dark Field PEEM Mode: Another powerful capability of PEEM 
that carries over to MM is dark-field imaging. In this mode, 
prior to acquiring the PEEM image above, one places an aper-
ture in the Fourier plane to select a particular region of k-space. 
One can also choose a specific energy by spectral filtering. The 
image that is then formed on the detector derives only from 
that region in energy and k-space defined by the filter and aper-
ture. In this mode, care needs to be taken regarding spherical 

and chromatic aberrations in the imaging that increase when 
imaging photoelectrons away from the BZ center.

From the above discussion, it follows that MM, like PEEM, 
provides one of the key elements in studying 2D materials: the 
spatial resolution in a photoemission measurement. In the next 
section, we explain how MM provides a very attractive platform 
to include spin and time-resolution, thereby providing the ideal 
multidimensional photoemission spectrometer to study light-
induced phenomena in 2D materials.

2.4. Multidimensional Photoemission Spectroscopy with MM

The earliest MM was demonstrated using an energy retarding 
filter, which succeeded in only mapping the Fermi surface 
of a sample.[56] Subsequently, MM was demonstrated with 
double HA,[58] which provided high energy- and momentum-
resolution, along with spatial resolution. Here, we describe the 
operation of an MM utilizing a ToF spectrometer.[59] Though 
double HA MMs have their own advantages of imaging the 2D 
momentum-space, the nature of the ToF spectrometer allows 
one to take full advantage of the MM’s capability of imaging the 
full 3D energy-momentum (energy + 2D momentum) param-
eter-space as described below.

2.4.1. ToF-MM

In a ToF analyzer, to resolve the kinetic energy of the photoe-
mitted electrons, they are allowed to drift through a suitably 
long, field-free section—the drift tube of the ToF detector—
prior to arriving at the detector. Thereby, electrons of different 
kinetic energy arrive at different times at the 2D detector. By 
using such an appropriate delay-line-detector (DLD), one is able 
to discriminate between the arrival times of different electrons 
and thereby resolve their kinetic energy. The best reported 
resolution of such an apparatus is 9 meV[60] (compared with  
4.2 meV for single-HA MM), whereas with common drift tube 
lengths (≈1 m) and time resolutions of the DLD (≈150 ps), one 
can achieve energy resolutions on the order of a few tens of 
meV. An important point to note for DLDs is the dead time 
between two measurements. This leads to a maximum inte-

Adv. Mater. 2022, 2204120

Figure 2. Schematic cross-section of a ToF-MM. The objective lens is biased with respect to the sample (far left of the scheme), collecting the photoe-
mitted electrons from a wide angular aperture. Next in the MM, the back focal plane of the objective is imaged onto the detector using zoom optics 
1 and 2. A real-space field aperture is introduced between the zoom optics. Then the electrons traverse a field-free drift section, before being detected 
in the Delay-line-detector (DLD). Their kinetic energy translates to time delays when arriving at the DLD, thus allowing to generate energy-resolved 
images of the impinging electrons as shown in the right edge of the scheme. Reproduced with permission.[59] Copyright 2017, Nature Publishing Group.
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grable count rate, which is ≈8 Mcps in commercially available 
ToF-MMs.[33]

Using a DLD to discriminate between the arrival time of 
electrons to resolve their kinetic energy, a ToF-MM necessarily 
needs a pulsed source that allows one to set the “start” time 
of the measurement. While a variety of pulsed sources can be 
used, this aspect makes ultrafast pulsed lasers very natural part-
ners for ToF-MM. Their ability to bring in femtosecond time-
resolution then makes time-resolved µARPES a natural possi-
bility in MMs, as discussed in Section 2.4.3.

2.4.2. SR-ToF-MM

Given the simultaneous 3D (2D k-space and energy) detection 
capabilities of ToF-MM, the recently developed multi-channel 
spin polarimeters become a natural choice for SR-ToF-MM. 
These polarimeters utilize the preservation of the 2D electron 
distribution in spin-polarized, low energy, electron diffrac-
tion, upon specular reflection from the surface of a high-Z 
crystal, such as Ir (001) and Ir (001) × Au (1 × 1). As shown in 
Figure  3, the spin analyzer crystal is placed to allow specular 
reflection into a second ToF branch which measures the spin-
filtered image. The spin analyzer crystal is retractable, allowing 
rapid switching between the spin-integrated and spin-filtered 
image.[33] This can be used to resolve both the spin “up” and 
“down” images. These schemes have recently enabled rapid 
acquisition of spin-filtered images on the order of a few min-
utes per image.[33,61]

2.4.3. Time and Spin Resolved-ToF-MM

The scheme to incorporate femtosecond time-resolution into 
ToF-MM instruments remains essentially identical to conven-
tional TR-ARPES measurements: a pump pulse excites the 

sample, which is then probed by a time-delayed pulse that pho-
toemits the electrons. While early TR-ARPES experiments with 
XUV photons utilized mJ-kHz class laser systems, TR-ToF-MM 
is well suited to take advantage of the newly appearing MHz 
class XUV generation systems. With their ability to eliminate 
space charge, and by operating close to the Mcps operational 
thresholds of ToF-MM, the MHz class lasers driving TR-ToF-
MM measure electrons as efficiently as possible.

In the near future, one expects these time-resolved systems 
to combine with existing SR-ToF-MM (schematically shown in 
Figure 3), creating SR-TR-ToF-MM to provide a near-complete 
picture of the energy-momentum landscape of 2D materials 
and their heterostructures.

3. Exploring the Photo-Excited States with 
Momentum-Resolution: From Single- to  
Many-Particle Excitations

Having presented the evolution of the ARPES and ToF-MM 
instrumentation, we now turn to survey the discoveries these 
techniques have heralded in the excited state physics of 2D 
materials. In this section, we study the dominant photo-excited 
phenomena in TMDCs, including single-particle excitations, 
two-particle excitonic bound states, and collective phenomena. 
Traditionally, mapping the excited states of semiconductors 
and their dynamics has been realized using optical spectros-
copy. However, since light carries a negligible momentum, it 
can only probe momentum-direct electronic transitions. There-
fore, optical experiments can at best follow the dynamics of a 
sparse set of excited states. A wide variety of excitations in the 
BZ that are inaccessible to light remains literally in the dark. In 
contrast, time- and momentum-resolved characterization of the 
excited electronic band-structure can shed light on these excited 
states and their dynamics. Below, we discuss in more detail 

Adv. Mater. 2022, 2204120

Figure 3. Schematic cross-section of an SR-TR-ToF MM. A spin filter (marked red) inserted at the entrance to the ToF detector deflects the photoemitted 
electrons of only one spin character onto a separate ToF detector. This gains an image of the sample band-structure with a specific spin component. 
Reproduced with permission.[33] Copyright 2015, Elsevier B.V. The time-resolution can be implemented by the table-top apparatus depicted in the left 
part of the figure: A tunable optical pulse is generated from a pulsed laser source by optical parametric amplification. The delayed XUV probe (pho-
toemission) pulse is generated based on the same source using high-harmonic generation.
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the rich physics that one accesses with a momentum resolved 
probe.

3.1. Virtues of Momentum-Resolved Versus Optical  
Characterization of Excited States in 2D Materials

In 2D materials specifically, the enhanced Coulomb interac-
tions lead to strong renormalization of the single-particle band-
structure, to the dominance of excitons in photoexcitation, and 
to pronounced many-body correlation effects.

The rich physics associated with the renormalization of the 
conduction band (CB) states, such as changes in the effective 
mass due to dense excited state populations, is challenging to 
study with optics or other measurements like scanning tun-
neling spectroscopy.[62–64] Instead, momentum resolution is 
needed to directly observe these many-body effects as they 
extend over the momentum-space. Likewise, momentum-
resolving techniques are necessary for understanding and 
accessing the different regions of the BZ that photoexcited free 
carriers might scatter to, which is important for various opto-
electronic applications.

The dominance of excitons in 2D materials creates previ-
ously unavailable opportunities—from their many-body inter-
actions to their application and impact in photovoltaic cells, 
optical information storage, and other atomically thin optoelec-
tronic devices. This promise merits the detailed study of these 
two-particle bosonic states. In particular, momentum-resolved 
investigations can reveal a wealth of information about the 
excitons that is inaccessible by their traditional optical spec-
troscopy and other techniques. To start with, light can only 
induce spin- and momentum-preserving electronic transitions, 
thus accessing only the so-called “bright” excitons with zero 
center-of-mass (COM) momentum, and zero net spin (such 
that the constituent CB and valence band (VB) states have co-
aligned spins). In TMDCs, for example, optical measurements 
access efficiently the so-called K-K bright excitons, coupling 
spin-aligned electrons and holes that are both at the K (or both 
at the K′) valleys in the BZ. Excitons with significant COM 
momentum, with the electrons and holes in different valleys 
across the BZ (e.g., K-Q excitons corresponding to holes at the 
K valley and electrons in the Q valley, or at Γ-K excitons with 
holes at the BZ center and electrons at the K points), or with a 
finite net spin (e.g., spin-flip or anti-aligned-spin excitons), are 
dubbed “dark” as they are much harder to access optically.[8] For 
example, the spin-flip excitons were optically evidenced either 
indirectly,[7,65] or by using means like strong magnetic field,[66,67] 
and unusual experimental geometries.[68] From the perspective 
of dynamics, the ability of optical spectroscopy to probe only 
bright transitions leads to sparse mapping in momentum-
space of various scattering processes of charge-carriers and 
excitons (e.g., two bright excitons that are perturbed at the 
beginning and the end of charge-transfer process,[69] or some 
internal excitations of these excitons[70]). Figure  4a illustrates 
the distributions of these various excitonic states across the BZ 
and highlights the distributions and dynamic processes that 
momentum-resolved spectroscopy can effectively investigate.

Momentum-resolved techniques can also access the internal 
structure of excitons—bright or dark, in unique ways. As 

described in further detail in Section  3.3.1, at low intensities 
and low temperatures, the momentum resolved distribution of 
the photoemitted exciton-bound electron directly measures the 
distribution of the relative coordinate between the electron and 
hole in the momentum-space. The Fourier transform of this 
distribution to the real-space provides the spatial distributions 
of the electron and the hole relative to each other, that is, the 
exciton shape and size.

At higher temperatures, or for spatially confined excitons, 
momentum-resolved measurements of the exciton-bound elec-
tron and hole can also access the finite COM momentum of the 
exciton (see Section  3.3.1 for further details). With this access 
to the relative and COM coordinates of the excitonic wavefunc-
tions, one can obtain a nearly holistic picture of this photoex-
cited particle.

Observing these relative and COM coordinate distributions 
of the excitons, and the exciton dynamics in the momentum-
space, is valuable for many scientific and technological reasons. 
The use of bright excitons for communication and informa-
tion applications requires knowing their formation process and 
their decay channels to momentum- or spin-dark excitons. As 
well, the full spatial structure, spin, and COM information on 
excitons can reveal their temperature, transport properties, and 
possible interactions with other excitons (e.g., by Auger pro-
cesses[71–73]) or with electrons in the lattice. Such knowledge is 
necessary to guide the generation of condensed exciton phases, 
and impact excitonic-induced phase transitions which may be 
useful for quantum applications of 2D materials.

Altogether, these overall virtues motivated the momentum-
resolved characterization of photoexcited states in 2D materials 
(summarized in Figure 4b in comparison to the more traditional 
optical spectroscopy). We survey these efforts below, beginning 
with the early efforts that measured free charge-carriers.

3.2. Single Particle Excitations and Dynamics

Early TR-ARPES studies of 2D materials focused on the anal-
ysis of single-particle photoexcited charge-carriers. These 
experiments mainly explored the scattering dynamics of pho-
toexcited electrons across the BZ in graphene[74–76] or TMDCs 
in the bulk form.[52,77–80] Subsequently, through the use of inno-
vative sample growth techniques to make large-area 1L TMDC 
samples, a few pioneering TR-ARPES studies also began to be 
reported on them too.[37,81,82]

A recurring theme in these studies was the rapid scattering 
(over a few tens of femtoseconds) of electrons away from the 
K valley, in which they were generated (Figure 5a–c). The elec-
trons were either scattered to other valleys in the BZ, or to 
the (often metallic) substrate, by the charge-transfer process 
(Figure 5b). Other experiments have directly mapped the scat-
tering processes of photoexcited electrons and holes between 
the K and K′ valleys in 1L[82,83] and bulk[84] TMDCs. There, 
circularly polarized light was used to initiate the K-valley 
polarization of electrons and holes. Then, the populations 
of the photoexcitations at the K or K′ valleys were probed by 
integrating the signal over the relevant momenta and ener-
gies around the CB or VB edges. these measurements show 
the correspondence between the valley index and circular 

Adv. Mater. 2022, 2204120
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polarization of the excitation (Figure 5d), as well as the valley 
lifetimes. Once more, electron scattering away from the K 
points was directly revealed as responsible for the rapid loss 
(<100 fs) of their valley polarization,[84] as opposed to the holes 
that showed much slower depolarization.[82,83] Further studies 
highlighted the role of momentum-scattering from the K and 
K′ valleys across the BZ in the efficient process of charge-
transfer to the substrate, specifically to 1L TMDCs[78,85] or gra-
phene[86,87] that serve as the substrates in these experiments. 
These observations support the explanation of the interlayer 
charge-transfer robustness to layer misalignment,[69,88] as fol-
lows. By phonon emission, the charge-carriers scatter from 
the K/K′ valleys localized in one layer to other valleys in 
the BZ, where interlayer band hybridization is prominent 
and is weakly dependent on the layer alignment (Figure  6). 

Additional phonon emission leads to further momentum and 
energy relaxation to the band edges at the K/K′ points local-
ized in the second layer, completing the charge-transfer pro-
cess. Thus, the charge-transfer rate depends mostly on the 
momentum-scattering time scales.[89]

Finally, TR-ARPES was also used to study many-body inter-
actions between photoexcited free carriers and their manifesta-
tion in the band-structure of 2D materials. A few papers report 
the impact of Coulomb interactions leading to bandgap renor-
malization in 1L MoS2

[90] and graphene/MoS2 heterobilayers.[91] 
Another effect is the change in the lattice structure mediated 
by electron–phonon interactions.[92] Such interactions can also 
result in an electronic phase transition without modifying 
the lattice, such as insulator–metal transition[93] or the loss of 
charge order in specific materials.[94,95]

Adv. Mater. 2022, 2204120

Figure 4. a) Schematic of various exciton states, conduction electron states, and their interactions and scattering pathways in monolayered TMDCs, 
demonstrating the optically accessible and inaccessible phenomena which could all be observed with TR-ARPES and TR-ToF-MM techniques. The bands 
spin near the K and K′ points is indicated by short vertical arrows. While the spin-aligned K-K (and K′-K′) excitons can be optically probed, the indirect 
K-Q and K-K′ excitons, mixing holes and electrons of different valleys, and the spin-flip excitons, are inaccessible to light. Inset: Top view schematic 
of the hexagonal BZ of TMDCs with the K, K′, Q, and BZ center (Γ) points marked. b) The virtues of momentum-resolved spectroscopy over optical 
spectroscopy in the study of monolayered semiconductors and the excitons they host.
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3.3. Momentum-Space Manifestation of Excitons

3.3.1. Predicted Signatures

The prevalence of excitons in the excited states of 2D materials 
has motivated their study in momentum-space with photoemis-
sion tools. This led to recent theoretical studies,[96–100] seeking 
to understand the signatures of excitons in the momentum-
resolved photoemission measurements and their interpreta-
tion in terms of the excitonic wavefunction structure, excitonic 
momentum distribution, etc.

We begin by noting that an excitonic state is made up of a 
superposition of Bloch electrons and holes in the CB and VB, 
respectively. For example, the wavefunction of a bright exciton 
at rest with zero COM momentum, |ψX〉, is given by

| | 0†A c cX

k

k ck vk∑ψ 〉 = 〉  (5)

where †cck(cvk) represent the creation (annihilation) operators 
in the CB (VB) with wave-vector k = (kx,ky,0), |0〉 is the ground 
state of the system with empty CB and filled VB, and the super-
position coefficients, Ak, determine the momentum-space enve-
lope function of the exciton. In the photoemission process, |Ak|2 
provides the probability of photoemitting an electron from the 
exciton with wave-vector k. Thus, the momentum distribution 
of the photoemitted electron from the exciton corresponds to 
the distribution of Ak. The Fourier transform of Ak to the real-
space, A(re−h), then defines the spatial distributions of the elec-
tron and the hole relative to each other. For example, the spatial 
extent of |A(re−h)|2 defines the size of the exciton.

For the photoemitted electron from the exciton, the conser-
vation of energy and momentum in the photoemission process 
dictates an unusual energy-momentum dispersion. Consider an 
electron emitted from an exciton with zero COM momentum 
(energy 0EX

Q = ), by a photon of energy hν, arriving in a free elec-
tron state with momentum k and kinetic energy (Ee). Such a 
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Figure 5. Charge-carrier scattering across the BZ. a) Differential TR-ARPES images of 1L-MoS2 on Au(111) substrate, subtracting the unperturbed ARPES 
measurement from the data at increasing time delays, 2.0 eV excitation. Photoexcited unbound electrons (red clusters) and unbound holes (blue clus-
ters) are generated at the K point and decay rapidly on a 50 fs timescale. b) Dynamic picture deduced from the observed transients. Charge-carriers 
scatter away from the K point, transfer to the gold substrate, and recombine. Panels (a) and (b) reproduced with permission.[37] Copyright 2015, ACS 
Publications. c) Differential ARPES spectra of bulk MoS2, at zero- and >150 fs time delays, when exciting at two different energies. In either case, the 
excitation results in photoexcited electron accumulation at the Q point (here referred to as Σ). Reproduced with permission.[78] Copyright 2020, APS 
Publications. d) Valley control of the excited holes, indicated by an energy-integrated hole count around the K valley, when exciting with σ− polarization 
(magenta diamonds) showing more holes than for σ+ excitation (brown triangles). Reproduced with permission.[82] Copyright 2017, APS Publications.
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process leaves behind a hole in the VB with momentum k and 

energy | |

2

2 2

h

k

m

� . Here, the VB edge energy is set as a reference 

to 0. Via the conservation of energy, the photoemitted exciton-
bound electrons will show the following dispersion[96,98,99]
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with Φ being the workfunction of the material.
This dispersion peaks at k = 0 wave-vector, at 0E hX

Q ν+ − Φ= , 
 which is red-shifted by the binding energy with respect to the 
measured CB edge energy, EC + hν − Φ. For k ≠ 0 the energy 

of the photoemitted electron is reduced by | |

2

2 2

h

kk

m

�− , since more 

energy is retained by the recoiled hole. This dispersion, rather 
than mimicking the CB dispersion as expected for unbound 
electrons, looks like that of the VB, including the VB effective 
mass. This negative dispersion from the photoemitted electron 
is the hallmark of an exciton-bound electron.

The photoemission signatures for an exciton at finite 
temperature are more complex, and require taking into 
account the finite COM momentum—ħQ, into the excitonic 
wavefunction

| | 0QQ
QQ

QQ QQ, ,
†

,A c cX

k

k c k v k∑ψ 〉 = 〉α β+ −  (7)

As in the case of a classical two-body composite particle, the 
COM momentum is divided between the electron and hole 
according to α = me/M and β = mh/M, with M = me + mh, mh 
and me are effective masses of the VB and CB, respectively. 
Deriving the photoemission signatures of these excitons, a 
similar energy and momentum conservation analysis as above 
can be performed. However, this time one sums over excitons 
of different COM momenta, whose energies are given by the 
excitonic dispersion, QQ

2M
QQ QQ0 0

2 2

E EX X

�= +≠ = . Thus, the entire energy-

momentum distribution of the photoemitted electron displays 
the above negatively curved dispersion, but mixed with the pos-
itively curved excitonic dispersion (See Figure 7b, comparing its  
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Figure 6. Charge-transfer pathways across the BZ. a) ARPES spectra taken without (top row) and with (bottom row) excitation around different points 
in the BZ of a MoS2/WS2 heterobilayer. Direct excitation at K is circled by a green dash. Transient populations at the Q, M, and M/2 points are circled 
with yellow dashes. b) The given interpretation of scattering from the K valley to the Q and M/2 valleys that allows hybridization-based transfer between 
the layers, thus being twist-angle robust. Both panels are reproduced with permission.[85] Copyright 2020, APS Publications. c) Unexcited ARPES spec-
trum (left) and differential ARPES spectrum 200 fs after the excitation of a 1L-WS2/graphene heterostructure. The differential spectrum shows excited 
electrons and holes in the graphene bands (marked (2) and (3) respectively), while WS2 VB shows energy-shift signatures (marked (4)). There is a faint 
sign for photoexcited electrons in WS2 (marked (1)). d) Interpretation schematics, showing the rapid hole transfer from WS2 to graphene (left cartoon) 
whereas the electron transfer to graphene is slower. In either case, the charge-carriers scatter over the momentum-space to allow these transients. 
Panels (c) and (d) are reproduced with permission.[86] Copyright 2020, AAAS.
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left and right panels). This makes it more challenging to dis-
tinguish the hallmark exciton photoemission signature from 
that of the free CB electrons. Exciton–exciton interactions 
due to high photoexcitation densities, or rapid dynamical pro-
cesses such as exciton–phonon scattering may also obscure 
the negative dispersion of the electron photoemitted from the 
exciton.

3.3.2. Experimental Requirements for the Detection  
and Identification of Excitonic Signatures

The above theoretical predictions provide a guide for the experi-
mental conditions necessary to observe excitons and to distin-
guish them from free carriers. First, to observe the hallmark 
negative dispersion of the electron photoemitted from an 

Adv. Mater. 2022, 2204120

Figure 7. Predicted excitonic signatures in ARPES. a) The photoemission spectral function near the CB edge, calculated in ref. [96], showing the higher-
energy band feature, and the lower-energy, exciton-bound electron feature. The latter appears at lower energies when the binding energy increases. 
Reproduced with permission.[96] Copyright 2016, APS Publications. b) The anomalous dispersion of the exciton-bound electron signal (left), will be 
obscured by a thermal broadening (right). Reproduced with permission.[98] Copyright 2018, APS Publications. c) The excitonic signature interferes with 
a replica of the VB. Thus, it is emphasized that to avoid such interferences, the examination of an excitonic signature must be at long time delays. 
Reproduced with permission.[100] Copyright 2019, APS Publications.
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exciton, and to measure the intrinsic distribution of the rela-
tive electron-hole coordinate, one must probe a reasonably low 
density of excitons to avoid nonlinear exciton interactions. 
Additionally, low probe pulse intensities are important to avoid 
the effect of space-charge—the broadening in measured energy 
and momentum resolution caused by the Coulomb repulsion 
between the multiple electrons photoemitted by the same probe 
pulse (This effect is particularly serious in cathode-lens instru-
ments like momentum-microscopes, as the extractor field pulls 
all the slow electrons into the microscope optics[101]). One must 
also probe the excitonic population at a reasonable time delay 
after photoexcitation, so that a quasi-equilibrium state at a low 
enough temperature is achieved. Such a long time delay also 
helps to avoid the optically driven Floquet and Volkov rep-
licas of the VB, which occur at zero time-delay[96,97,100,102,103] 
(Figure 7c). Finally, the entire apparatus (measurement system 
and sample), must allow sufficient spectral resolution to reli-
ably measure the anomalous negative dispersion, and to sepa-
rate the photoemission signal of excitons from that of unbound 
electrons in the CB. With state-of-the-art detection setups, the 
bottleneck for achieving these resolutions is the inhomogeneity 
in the sample itself.

These requirements dictate experimental constraints on the 
sample size, its supporting substrate, the measurement spot 
size, and the laser repetition rate, as discussed below.

Sample Size: Typically, the larger a 1L 2D material flake is, 
the less uniform it is. Depending on its fabrication procedure, 
it may show polycrystalline domains, variable strain profiles, 
and inhomogeneous charge environments, together with 
chemical residues and impurities. Thus, to obtain as narrow 
a photoemission linewidth as possible, it is desired to employ 
small flakes, of high-quality crystals, typically no more than a 
few tens of microns across. Using such high-quality crystals 
also reduces the defect-related non-radiative recombination of 
excitons, prolonging their lifetime.

Measurement Spot Size: Measuring the photoemission signal 
from a small sample, or from just the small region of homo-
geneity in a sample, requires spatial resolution, often on the 
micron-scale, corresponding to typical sizes of the high quality 
exfoliated samples. This allows one to ensure that photoemitted 
electrons from background regions of the sample, containing 
inhomogeneities, bilayer regions, etc. do not contribute to the 
measurement.

Sample Substrate: In a photoemission measurement, the 
substrate of the sample acts as a charge reservoir, replen-
ishing the electrons collected from the sample by the detection 
apparatus. As such, most samples interrogated to date have 
been supported directly by conductive substrates, like metals, 
highly doped silicon, or graphene.[37,81,91] However, while effi-
ciently replenishing the charge of the sample, the efficient 
charge-transfer also results in rapid excitonic decay times on 
the scale of tens of femtoseconds,[69] making their observation 
challenging. Moreover, the metallic substrate screens the Cou-
lomb interactions in the sample, reducing the excitonic binding 
energy, and quenching their optical signature.[104] This obscures 
the benchmarking of the exciton photoemission with respect to 
its well-studied optical signatures (luminescence, absorption). 
Mitigating this problem can be done by introducing layers of 
insulating hBN between the semiconducting sample and the 

conductive substrate. Furthermore, once hit by the XUV pulse, 
the photoexcited hBN provides a photoconductive path to the 
sample. More importantly, it allows a clear comparison of exci-
tonic features without compromising their binding energies 
or lifetimes. Additionally, the flat interface with hBN offers 
improved homogeneity for the sample, as well as spacing it 
from the rough substrate and its potential charge puddles 
which can be a source of inhomogeneity.[105]

Laser Repetition Rate: The immediate consequence of the 
desire to work with low pump and probe fluences is lower 
signal-to-noise levels. In order to recover or obtain a higher 
signal-to-noise ratio, one increases the repetition rate of the 
experiment beyond the common kHz domain. In a typical 
pump-probe based time-resolved experiment this rate is deter-
mined by the laser repetition rate.

The above constraints provide some insight into the ina-
bility of early TR-ARPES experiments on 2D semiconductors 
to observe clear excitonic signatures, given their lack of spa-
tial resolution, corresponding use of large, inhomogeneous 
samples which needed to be grown on conductive substrates, 
and finally low signal-to-noise ratio due to kHz laser repeti-
tion rates. In contrast, multi-dimensional TR-ToF-MM is tailor-
made to address these challenges. The platform inherently 
offers micron-scale spatial resolution, allowing the measure-
ment of small homogeneous regions in high-quality samples. 
The spatial resolution and exfoliation technique also allow the 
easy incorporation of thin layers of insulating hBN between the 
sample and the conducting substrates. Finally, the MHz detec-
tion rates of the TR-ToF-MM became an ideal match for the 
recent developments in higher harmonic generation (HHG), 
which allowed MHZ-rate generation of a reasonably high flux 
of XUV photons. Additionally, TR-ToF-MM offers a simulta-
neous and complete image of the full two-dimensional BZ of 
the sample, including a complete image of any excitonic fea-
tures it stores. This provides more data for improved analysis of 
the observed features. Furthermore, it speeds up the measure-
ment process (compared with mapping along high symmetry 
lines only as in TR-ARPES), avoiding drifts and damage to the 
sample. Together, this series of improvements led to the recent 
identification of the excitonic features in the momentum-space 
of TMDCs, heralding a chain of discoveries,[106–110] as presented 
in the next section.

3.3.3. TR-ToF-MM Observations of Excitons

The first observation of excitons in exfoliated 1L WSe2 sup-
ported by hBN substrate was achieved by Madéo et  al., using 
a TR-ToF-MM apparatus.[106] Photoexciting the sample exactly 
at its lowest-energy free-exciton resonance (so-called the 
A-exciton), well below the electronic bandgap, the authors 
observed excitonic features 1.73 eV above the VB edge around 
the K points (1.26 Å−1 away from the BZ center). A short 
time delay later, they also observed the appearance of the 
momentum-indirect dark excitons in the Q-valley (0.75 Å−1 
away from the BZ center toward the K points, see Figure 8a–c),  
nearly degenerate with the K-valley signatures. These sig-
nals were associated with excitons based on the match to the 
exciton energy from photo luminescence and photoabsorption 
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spectroscopy (regarding the K-K exciton), along with the fact 
that sub-bandgap excitation at the A-exciton resonance, that 
cannot excite free charge-carriers, was used. Further cor-
roboration was obtained through a photoemission excitation 
measurement—the photoemission analogue of a photolumi-
nescence excitation (PLE) experiment. The resulting excitation 
spectrum produced exactly the exciton peaks and the onset of 
free carrier absorption that one obtains from an optical absorp-
tion measurement or PLE experiment.

The authors then followed the dynamics of formation, inter-
valley scattering, and subsequent decay for both the K-K and the 
K-Q excitons. With a temporal resolution of 180 fs, it was found 
that upon resonant excitation of the K-K exciton, the signal at 
the K point shows up seemingly instantaneously, while the K-Q 
exciton forms after ≈400 fs delay. In contrast, following excita-
tion above the electronic bandgap, at 2.48 eV, both excitonic fea-
tures appeared instantaneously, consistently with the sub-100 
fs intervalley scattering timescales obtained for uncorrelated 
charge-carriers.[37,81] The binding energies of both types of exci-
tons were also estimated based on an ab-initio calculation of the 
CB edges at the K and Q points, in comparison to the observed 
excited signal energies. The binding energies were found 
to be 390 meV for the K-K exciton, and 480 meV for the K-Q 
exciton. This indicates that the observation of almost resonant 
photoemission features at the K and the Q points in the BZ is 
another fingerprint of their excitonic origins, different from the 
possible signal of CB electrons, which should have shown sig-
nificantly different energies at the K and the Q points.

Two reports then followed up on this breakthrough of meas-
uring exciton dynamics. Wallauer et  al. studied the intervalley 
scattering dynamics of excitons in a 1L WS2 with finer tem-
poral resolution.[109] The signatures of both the K-K and K-Q 
excitons were identified based on arguments similar to the 
previous report. Shorter excitation and photoemission pulses 
(≈50 fs resolution) were used to access the sub 100 fs dynamics 
of the observed excitons, shown in Figure 8d. Consistent with 
the measurements on 1L WSe2, a difference in the formation 
time-scales was found between resonant excitation of the K-K 
exciton and above-bandgap excitation. However, in the reso-
nant excitation case, the formation of K-Q excitons was delayed 
by only 16 fs, much shorter time than in the 1L WSe2 experi-
ment, stemming from the temperature difference between the 
two experiments. The WSe2 experiment was performed at 90 
K, and the latter, WS2 experiment, was done at room tempera-
ture, allowing for more efficient phonon-mediated intervalley 
scattering.[8]

In parallel to the work by Wallauer et al., Dong, Puppin et al. 
used TR-ARPES and TR-ToF-MM to characterize the dynamics 
of excitons in WSe2 in the bulk form.[108] Such a measure-
ment of a bulk sample benefits from increased signal strength, 
larger sample size, improved sample quality and no restrictions 
related to substrate. Yet, the electronic structure of the bulk dif-
fers from the 1L in critical ways. In particular, the electronic 
bandgap of the bulk material is indirect, it exhibits inversion 
symmetry that is not present in the 1L (thereby removing the 
spin/valley locking), and the Coulomb interactions in bulk 
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Figure 8. TR-ToF-MM identification of excitons in momentum-space and their dynamics. a–c) TR-ToF-MM spectra of the entire BZ of 1L-WSe2 at dif-
ferent time delays with respect to the above-bandgap excitation. Within the experimental temporal resolution, excitons are formed at both the K (blue) 
and Q (red) valleys. Reproduced with permission.[106] Copyright 2020, AAAS. d) High temporal resolution dynamics of excitons in the K and Q valleys 
of WS2 showing the delay in the formation and accumulation of the Q-excitons with respect to the K-excitons, deducing a 16 fs scattering timescale 
at room temperature. Reproduced with permission.[109] Copyright 2021, ACS Publications. e–g) Time-series of TR-ToF-MM spectra from a bulk WSe2, 
showing the excitation of excitons at K and their subsequent relaxation to the Q valley. Reproduced with permission.[108] Copyright 2021, Wiley. h) Sum-
mary of the observed exciton dynamics: excitation at K-K, dominant scattering to K-Q, and additional scattering channel to a K-K′ exciton. Reproduced 
with permission.[109] Copyright 2021, ACS Publications.



www.advmat.dewww.advancedsciencenews.com

2204120 (15 of 31) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

are reduced. Nevertheless, the bulk measurement can provide 
some important insights into the behavior of the 1L TMDCs. 
Similar to the 1L reports, the bulk measurements revealed the 
transient nature of the K-K excitons, that scatter rapidly, within 
≈50 fs, in favor of the longer-lived K-Q excitons, as shown in 
Figure 8e–g. The signatures near the K points were identified 
as excitons by their appearance on resonance with a 1.55  eV 
excitation, whilst the CB signatures appeared at higher energies 
for above the bandgap, 3.1  eV, excitation. This difference was 
used to extract the excitonic binding energy. Figure  8h, taken 
from Ref. [109], illustrates the discussed scattering processes 
that were evident in this cluster of works.

Beyond the relaxation dynamics of excitons, the previously 
discussed theoretical studies elucidated a wealth of informa-
tion that could be obtained from the momentum-resolved pho-
toemission experiments on the two-body excitonic state. The 
high signal-to-noise of the TR-ToF-MM driven by MHz class 
table-top XUV generation capabilities now allowed a closer look 
at these predictions.[107] Examination of the excitonic signa-
tures at long time delays (after a few picoseconds) allowed one 

to study excitonic distributions that have thermalized to a low 
enough lattice temperature, such that intrinsic excitonic effects 
were not dominated by thermal broadening effects. Addition-
ally, the effects of exciton-exciton interactions were avoided by 
reducing the excitation fluence to an estimated exciton density 
of ≈1011 cm−2, such that the estimated inter-exciton distance 
is much larger than their estimated radius. These conditions 
resulted in the first observation of the hallmark feature of exci-
tons in a photoemission experiment: the anomalous disper-
sion of the exciton-bound electrons, shown in Figure 9a. Fur-
thermore, by analyzing the excitonic envelope wavefunction in 
momentum-space (Figure  9b) and in real-space, an excitonic 
root-mean-square (RMS) radius was estimated by 1.4  nm (the 
real-space envelope function is imaged in Figure 9c). This value 
is consistent with the radius obtained by previous magneto-
optical measurements[111] with the differences explained by the 
differences in the dielectric screening between the samples.[6,15] 
The subsequent measurements by Dong, Puppin et al. on the 
K-K exciton in bulk TMDCs obtained a Bohr radius of 1.74 nm, 
translating to an RMS radius of 2.13 nm,[108] consistent with the 
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Figure 9. TR-ToF-MM studies of the exciton envelope function. a) A closer look at the fitted dispersion of the exciton-bound electron signatures around 
the K point of 1L WSe2. The measured excitonic dispersion (yellow surface) mimics VB dispersion (blue surface) and is red-shifted by the exciton binding 
energy with respect to the calculated CB edge (red surface). b) The momentum distribution of the excitonic signature. Its width offers to deduce the 
real-space shape of the excitonic envelope function (modulus-squared). c) Real-space image of the excitonic envelope function. Panels (a)–(c) are 
reproduced with permission.[107] Copyright 2021, AAAS. d) The energy-momentum cut of TR-ToF-MM measurement on a WSe2/MoS2 heterobilayer, 
revealing both the ILX-bound electrons and holes. e) Momentum-space image over the BZ of the VB edge energies, as marked by the blue brackets 
in (d). The holes are evident as ‘punctures’ in the band edge photoemission signal near the K points. f) Momentum-space image at the energy of the 
ILX, showing the clusters of the exciton-bound electrons near the K points. Panel (d)–(f) are reproduced with permission.[110] Copyright 2022, Nature 
Publishing Group.
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expectation of increased dielectric screening in bulk samples, 
which results in weaker excitonic binding.

Recently, TR-ToF-MM measurements enabled another break-
through in excitonic studies,[110] going beyond the existing 
theoretical predictions that describe only the exciton-bound 
electron photoemission.[96–100] In these recent measurements, 
performed on the ILX of a heterobilayer of WSe2 and MoS2, the 
momentum distribution of both the exciton-bound electrons 
and the exciton-bound holes were resolved (See Figure  9d–f). 
The momentum resolved distribution of the holes was mani-
fested by the absence of electrons at the top of the VB, as con-
firmed by an accompanying theoretical derivation. This meas-
urement was enabled thanks to significant improvements in 
sample quality, and the ability to study the long-lived ILX.

The ability to measure the momentum distributions of both 
the constituent particles of the composite exciton accessed 
several key properties. Most importantly, it allowed the extrac-
tion of both the length scales that define the exciton: its rela-
tive electron-hole separation (i.e., its size), and the distribution 
of their common coordinate (i.e., localization of its COM). For 
the ILX, the measurement revealed the surprisingly tight COM 
confinement by the short-period moiré pattern of the heterobi-
layer. This suggested a resolution to an important conundrum 
in the technological application of ILXs such as arrays of single-
photon emitters and correlated excitonic phases: It was believed 
that to confine large ILXs, large moiré unit-cells are needed. 
However, moiré lattices with large unit cells are inherently 
unstable and nonuniform, thus undermining the proposed 
applications that require uniform and stable arrays of confined 
moiré excitons. By showing that moiré lattices with small unit 
cells, that are more stable and uniform, can also tightly con-
fine large ILXs, the work provided an important alternate path 
toward moiré exciton technologies.

In addition to size and COM localization, the simultaneous 
measurement of both the constituent particles of the exciton 
can provide a wealth of other information. A measurement 
of the momentum resolved distribution of the exciton-bound 
holes also directly provides the exciton density by comparing 
the VB photoemission signals before and after photoexcita-
tion. One also directly obtains the valley configuration of the 
exciton-bound electron and hole in the BZ—an issue that 
remains under debate in many other TMDC heterobilayer sys-
tems.[13,112,113] Finally, the measurement of the COM degree of 
freedom can reveal the temperature of the excitonic ensemble, 
as referred to in Section 3.4.

Similar to the work on intralayer excitons in 1L WSe2, in the 
ILX work care was taken to ensure that thermal excitation and 
exciton–exciton interactions were negligible by performing the 
measurement in the low-density limit, at low temperatures, and 
at long time-delays. On increasing the photoexcitation inten-
sity, an onset of exciton-exciton interactions was observed cor-
responding to a density of about one exciton per moiré unit 
cell, similar to the behavior of recently reported ILX complexes 
localized near defects.[114,115] This points the way forward in 
exploring those many-exciton interactions, especially in the ILX 
context, due to their strong electric dipole fields and large sizes, 
that enhance the interaction with their surroundings.

Finally, Schmitt  et  al. studied the formation dynamics of 
ILXs in a twisted MoS2/WSe2 heterostructure, and showed the 

modulation of the exciton-bound electron by the short-period 
moiré potential in that sample.[116] This was enabled by the large 
twist angle in the examined sample (9.5°), translating to a large 
period of modulation in momentum-space (≈0.2 Å−1), resolv-
able by the instrumentation. This report also followed the for-
mation dynamics of such ILXs. Consistent with previous work 
surveyed here, it shows a charge-transfer process involving the 
Q (Σ) valleys in the BZ.

One property of the excitons that was missed in the above 
measurements is the phase profile of their wavefunction. The 
momentum- and real-space phase profiles are key for under-
standing the coupling of excitons from different localities, like 
neighboring moiré-trapped excitons, or hybridized excitons, 
that are coherent superpositions of intralayer excitons and 
ILXs. This information can be useful for manipulating those 
coupling mechanisms with light pulses. Furthermore, it is nec-
essary for assessing the topological character of the excitonic 
transport. Recent work by Schüler et al.[117] proposed a route for 
such characterization and demonstrated it on the Bloch (band) 
electronic states by modulating the polarization of the XUV 
probe pulse. Information on the orbital character and phase at 
each k-state is extracted from this measurement in combina-
tion with tight-binding models.

Another missing excitonic property in these measurements 
is the spin and valley character of the observed excitons. Due to 
the lack of spin-sensitivity in the above measurements, and the 
>100 meV linewidth broadening due to sample inhomogeneity, 
the signatures of the spin-aligned K-K and K-K′ excitons and 
their spin-anti-aligned counterparts could not be distinguished 
from each other. To resolve these, future measurements will 
need to integrate spin resolution into the above capabilities 
(SR-TR-ToF-MM), use improved sample linewidths and higher 
spectral resolution (<10  meV), and utilize the dichroism in 
the photoemission matrix elements of different valleys (see 
for example refs. [117–119]). They will help address important 
aspects of spin and valley physics, such as spin-valley scat-
tering, their transfer between the layers of a heterostructure, 
their utility as information carriers, and the role they may play 
in many-body exciton–exciton and exciton–free carrier interac-
tions, which are discussed next.

3.4. Future Directions: Many-Body Effects Manifested  
in the Momentum-Space

Beyond the appearance of tightly bound two-body excitons, the 
enhanced Coulomb interactions in 2D materials also result in 
the formation of the next level of complexity in a few-particle 
bound excitonic states, such as the three-particle trions and four-
particle bi-excitons.[9,114,115,120,121] With increasing the exciton 
and free-carrier densities, one can generate increasingly com-
plex multi-exciton states and exciton condensed phases,[122,123] 
and corresponding multi-exciton phenomena such as exciton–
exciton annihilation[71,72] and Mott dissociation.[124,125] These 
have been explored extensively, mostly from the viewpoint of 
optical experiments. These states and processes are important 
for fundamental studies, as well as for their varied applications, 
ranging from excitonic transistors,[126] through photovoltaic 
cells,[4] to quantum information processing.[3] However, their 
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momentum degree of freedom has thus far remained largely 
inaccessible.

In going to momentum-resolved measurements of these 
phenomena with TR-ToF-MM, one can literally bring a new 
dimension to these important studies. Figure 10 represents some 
of the potential directions to which TR-ToF-MM can contribute, 
starting from the completion of exciton species characterization 
and their dynamical interplay, followed by various manifestations 
of exciton-exciton interactions, and finishing with the impact of 
excitons and photoexcitations on the electronic band-structure 

that may produce interesting quantum effects. As explained 
in Section  3.3.3, an important point to note about TR-ToF-MM 
measurements is their ability to quantitatively access the density 
and temperature of the photoexcited excitonic complexes—two 
parameters that are critical in understanding phase diagrams 
and many-body physics—both of which can only be crudely 
approximated in optical experiments.

In studying the momentum-space characterization of the 
few-particle exciton complexes like bi-excitons, trions,[9,120,121] 
or their moiré equivalents,[114,115,127] one can directly unveil the 
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Figure 10. Prospective questions featuring excitons and their interactions. Top row: Excitonic wavefunctions for different excitonic species—single 
excitons, interlayer excitons, charged excitons. Middle row: Manifestations of many-exciton interactions—exciton complexes (e.g., bi-excitons), exciton 
liquids and condensed phases, and exciton dissociation processes. Bottom row: Excitons and quantum phases—excitonic perturbation of correlated 
electronic phases (Wigner Crystals), transient exciton insulator, and excitation-induced topological effects. Green rubrics indicate issues that have been 
recently addressed in experiments.



www.advmat.dewww.advancedsciencenews.com

2204120 (18 of 31) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

valley configuration of the constituent electrons and holes, as 
well as deducing their spatial distribution relative to each other. 
Moreover, one can follow their formation, decay, and dissocia-
tion dynamics, and address questions regarding the interac-
tions leading to their stable formation, as opposed to the pro-
cesses of screening, dissociation, or Auger-type recombination.

In studying larger exciton ensembles that form condensed 
phases, like exciton liquids, and nonequilibrium exciton insu-
lators, using MM, one can provide powerful complementary 
insight to the recent studies by electro-optical[122] and capaci-
tance measurements.[123] TR-ToF-MM can directly charac-
terize the excitonic states in such phases in both momentum- 
and in real-spaces, including valley/spin configurations of 
the constituent electrons and holes, spatial extent, and the 
impact of defects/domain boundaries on them. Additionally, 
the momentum-space perspective offers to clearly describe 
the band-structure of new materials with interaction-driven 
band gaps and nontrivial topologies, such as TMDC-based 
exciton insulators,[128,129] superconductors,[130] and general-
ized Wigner (and Mott) crystals reported in different stacks 
of graphene[21,23] and in monolayers,[131] homobilayers,[25] and 
heterobilayers[27,132–135] of TMDCs. In that context, TR-ToF-MM 
can assist the study of the excitonic impact on correlations in 
2D materials. For example, given sufficient spectral resolution,  
TR-ToF-MM can follow the impact of excitonic populations on 
the band-structure in the presence of Wigner crystals. It can 
reveal the band-structure origins of recent excitation-based 
magnetism reported in a moiré system.[136] Using the TR-PEEM 
mode of the TR-ToF-MM can reveal the spatio-temporal evolu-
tion of such effects, revealing the spatial extent of the correlations  
that lead to Wigner crystals formation, their properties, their 
kinetics, and their domain structure. Naturally, imaging the 
spin texture of these phases is essential for determining 
their nature, as has been suggested by various theoretical 
predictions.[17,137]

Combining TR-ToF-MM with soft-X-ray energies in FEL 
facilities has the potential to reveal further information on 
excitation-driven property and phase tuning. For example, pho-
toemission from the atomic core-levels can shed light on the 
Coulomb screening they experience from valence electrons 
as opposed to excitons,[39] or identify charge-transfer between 
atomic sites in a lattice, to explain the emergence of excitation-
induced magnetism.[46]. Adding the momentum-resolution, 
MM with soft-X-ray probe energies can describe the shape of 
the orbitals that make up the photoexcited states, as has been 
recently demonstrated for molecular compounds.[40,138,139] It 
was shown, that even using XUV probe energies in combina-
tion with novel phase retrieval algorithms can already portray 
the orbitals of molecules.[138,139] Higher energies, in the FEL 
range, can offer more complete coverage of the momentum-
spread of such orbitals in 2D solids. With such a tool in hand, it 
will be possible to confirm the theoretical prediction about the 
character of the band states (e.g., whether they originate from p 
or d orbitals of some atom in the lattice). As well, upon excita-
tion, it will be possible to correlate the band-structure modifica-
tions with population of electrons around different atomic sites, 
or with shape modifications of specific orbitals. These will give 
atomic-scale resolution in tracing the pathways of charge- and 
energy-transfer processes, or the formation of electronic order 

in the lattice[46] (producing effects like excitation induced mag-
netism, transient charge-density waves, etc.).

Finally, the temporal resolution of TR-ToF-MM measure-
ments is advantageous for following the coherent dynamics of 
excitonic condensed phases and correlated phases in 2D mate-
rials. For example, coherent, spatio-temporal perturbations 
of exciton condensates may be explored by looking for their 
manifestations as satellite-replica (in momentum) of various 
features in the TR-ToF-MM data. The prospect of manipulating 
the band-structure, with or without generating excitations, is on 
its own a very attractive route for band-structure and topology 
engineering for quantum-computing applications. We dedi-
cate Section 4 to fundamentally introduce the concepts of band 
topology and its coherent manipulation by light and photoex-
cited states, in the framework of Floquet band engineering.

4. Coherent Manipulation of the Band-Structure 
with Periodic Drives
4.1. Introduction

So far, we discussed transient quantum phenomena in 2D 
solids excited by short laser pulses, and how these phenomena 
can be observed using momentum imaging techniques. The 
external fields in this approach are used to drive the system into 
a transient excited state of the material and to probe it. Such 
pumping and probing techniques enable the mapping of the 
many-body spectrum of the static system and resolving the 
momentum, space, and spin structure of the excited states.

In this section, we outline an approach in which strong 
laser fields are employed to induce quasi-steady states that do 
not exist in the static spectrum of the system. This approach, 
often coined “Floquet band engineering,”[140–143] gives rise to a 
fascinating possibility of designing and controlling electronic 
phases “on-demand.”[144] It can be used for modification and 
fast switching of the fundamental characteristics of the mate-
rial such as transport,[145–148] magnetic,[149–152] and optical prop-
erties.[153–155] Furthermore, a periodic drive can induce non-
equilibrium phenomena with no equilibrium counterpart, such 
as time crystals[156–160] and anomalous phases defying edge-to-
bulk correspondence.[161–165]

Floquet phases are often associated with quasi-steady-state 
phenomena in the momentum-space. Therefore, imaging 
the momentum-space using TR-ToF-MM techniques can be 
invaluable for studying the underlying structure of these Flo-
quet phases. Furthermore, the energy, momentum, and spatial 
resolutions of the TR-ToF-MM provide access to microscopic 
degrees of freedom and allow to study non-equilibrium phe-
nomena, such as induced topological phases and thermaliza-
tion and heating mechanisms.

Atomically thin vdW materials are particularly advantageous 
for Floquet engineering due to their 2D layout that allows for uni-
form illumination of the entire thickness of the material. Such a 
possibility is lacking in bulk 3D solids where external fields can 
only interact with states within a penetration depth that is often 
small. Another advantage of vdW materials is their versatility and 
variety of band-structures they feature, further extended by het-
erostacking.[1,10] In such heterostructures, the modification of the 
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static band-structure of the constituent vdW materials combined 
with Floquet engineering gives rise to a wide variety of dynamical 
and static phases, known as the moiré-Floquet engineering.[166]

4.1.1. Theoretical Model

We introduce a simple theoretical model, describing either a 
gapped or a gapless 2D system, which we use to demonstrate 
Floquet physics. While in the previous sections we focused 
mostly on TMDCs, in which the CB and VB are separated by 
a gap, in this section, we also consider semi-metallic (gapless) 
materials such as graphene. We include semi-metals in the 
discussion to demonstrate the unique topological phenomena 
that these materials exhibit under the application of the peri-
odic drives. Furthermore, some of the recent solid-state Floquet 
experiments studied gapless systems such as graphene and sur-
faces of 3D topological insulators.[102,103,167]

We consider a tight-binding model, minimally describing 
the low-energy spectrum of TMDCs or graphene, near the band 
edge in one of the valleys, located at k = K. Here, k = (kx,ky,0) 
denotes the in-plane crystal momentum defined in the first BZ. 
Our model assumes a single degree of freedom for each crystal 
momentum, represented by the pseudospin states |↑〉 and 
|↓〉.[31,168–170] The pseudospin states may denote orbital or sublat-
tice indices, for example, in graphene,[169] or a magnetic spin, 
such as for the surface states of Bi2Se3.[171,172] The single-particle 
Hamiltonian for the crystal momentum k is given by

( ) ( )·0 �H k v k K mF
zσ σ= − +  (8)

where σ = (σx,σy,σz) is the Pauli vector acting in the pseudospin 
basis (e.g., σx|↑〉 =  |↓〉), and vF and m are effective parameters 
respectively describing the group velocity and the mass gap of 
the electronic states. For m ≠ 0, Equation (8) describes the CB 
and VB of a semiconductor with an energy gap of 2|m|, whereas 
for m  = 0, Equation  (8) describes a semi-metal, exhibiting a 
gapless band-structure with a vanishing density of states at 
the band touching point, see Figure  11c for an illustration of 
the bandstructure. We note that the full band-structure of the 
vdW materials may host more than one valley, dictated by the 
crystal symmetries. Here, we assume an additional valley at 
k K= ′, related to the valley at k = K by time-reversal symmetry, 
see Figure 11a.

4.1.2. The Floquet Spectrum

To demonstrate the Floquet spectrum induced in the system by 
an optical drive, we first derive the Hamiltonian of the material 
in the presence of an external electromagnetic field. For con-
creteness, we assume illumination by right-handed circularly 
polarized electromagnetic field normally incident on the surface 
of the material, see illustration in Figure 11b. Such a field cou-
ples to electrons through the vector potential A(t) = A0(cos (Ωt), 
sin (Ωt), 0), where 0

0A
E=
Ω

 with E0 the amplitude of the inci-

dent electric field, Ω = 2π/T is the angular frequency and T is 
the period of oscillations in time. The Hamiltonian describing 
electrons interacting with the electromagnetic field, H(k, t), 

can be then constructed by the minimal coupling, through a 

substitution 
e

( )k k A t
�

→ +  in H0(k), yielding ( , ) ( ( ))0H k t H k
e

A t
�

= + .  

This Hamiltonian is explicitly time-dependent due to the 
time dependence of the vector potential. Furthermore, it has 
the same periodicity in time, T, as the laser field, satisfying  
H(k, t) = H(k, t + T).

An explicit time periodicity in the Hamiltonian gives rise 
to non-equilibrium dynamics that cannot be generated by any 
static Hamiltonian. This dynamics is encoded in the Floquet–
Bloch states,[173] |Ψ(k, t)〉, that are the solutions to the time-peri-
odic Schrödinger equation

| ( , ) ( , ) | ( , )i k t H k t k tt�∂ Ψ 〉 = Ψ 〉  (9)

Following the Floquet theorem,[174] the Floquet–Bloch states 
can be expanded as a sum of harmonic terms oscillating in 
time with integer multiples of Ω,

| ( , ) | ( )
kk

k t e k e
i t

n

n
in t� ∑Ψ 〉 = Φ 〉

ε− − Ω  (10)

Here εk and |Φn(k)〉 are respectively the global phase factor 
and the partial wave of the n-th harmonic of the Floquet–Bloch 
wavefunction. Substitution of Equation  (10) in Equation  (9) 
results in a new eigenvalue problem that can be solved by a set 
of eigenstates |Ψα(k,t)〉, enumerated by the Floquet-band index, 
α, and eigenvalues εk,α, that are often denoted as the Floquet 
quasi energies. As follows from Equation (10), the Floquet quasi 
energy spectrum is periodic with a period of ħΩ. Figure  11e 
demonstrates the Floquet quasi energy spectrum of H(k, t), for 
m = 0, along a cut in momentum ky = 0, as a function of kx. The 
black frame indicates a single replica of the Floquet spectrum 
in the energy range 

2
,

2

� �ε ∈ − Ω Ω
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4.1.3. Detection of the Floquet Spectrum in Photoemission 
Experiments

The Floquet spectrum can be observed in photoemission exper-
iments[175–177] through the appearance of sidebands at the ener-
gies εk,α + nħΩ. The intensity of the sidebands is proportional 
to the overlap of the wavefunction of the probe and the partial 
waves |Φn,α(k)〉 defined in Equation  (10). The amplitude of the 
partial waves rapidly decreases as a function of |n|, in the limit 
of a weak drive evF|A0| ≪ ħΩ, such that only a few sidebands are 
usually visible in the photoemission signal. Figure  11d shows 
the calculated time-averaged density of states of kkH t( ), ,[178]  
demonstrating sidebands with intensity proportional to 
~〈Φn,α(k)|Φn,α(k)〉. The actual photoemission signal from these 
bands is additionally weighted by the band occupation.[179,180]

The first observation of the Floquet spectrum of a driven 
solid was obtained using the TR-ARPES technique, on the sur-
face of Bi2Se3 illuminated by midinfrared (MIR) light.[103] The 
bulk of this material is a 3D topological insulator, hosting gap-
less surface states whose low energy physics can be described 
by Equation  (8) with m  = 0. The ARPES measurement of the 
surface before the pulse is shown in the leftmost panel of 
Figure 11f. During the pulse, new replicas of the original bands, 
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shifted by the driving photon energy, ħΩ  = 120 meV, were 
observed (see the central panel of Figure  11f). For the electric 
field amplitude of 2.5 × 107 m−1 the measured Floquet spectrum 
exhibited dynamical gaps of Δ0  = 53 meV around ε  = 0 and 
Δ1 = 62 meV around ε = ±ħΩ/2 (see Figure 11d and discussion 
below).

Besides the Floquet spectrum, a closely related effect, known 
as the Volkov states, has similar spectroscopic signatures in 
photoemission measurements. The Volkov states are eigen-
states of free-electrons in a vacuum interacting with the elec-
tromagnetic field, hence exhibiting replicas of the free-electron 
spectrum, shifted by the same energy offsets as the Floquet 
bands. These states are distinct from the Floquet bands as they 
arise from the free states and thus do not depend on the sym-
metries of the crystal. In general, both the Floquet and Volkov 
states can appear in a spectroscopic experiment. Therefore, it 

is important to be able to discriminate between them. The dis-
crimination between the Floquet and Volkov states has been 
demonstrated by Mahmood et al.,[102] by measuring the depend-
ence of the measured spectrum on the polarization of the drive.

4.2. Floquet Engineering: Driving Topology with Periodic Fields

Having established the Floquet–Bloch states and the Flo-
quet spectrum, we are in a position to discuss the properties 
and implications of the induced spectrum. One of the key 
motivations in the field of Floquet engineering is the per-
spective of inducing topological phenomena in trivial-band 
materials.[146,147,181–186] This is an exciting perspective that ena-
bles controlling and fast switching of topological properties of 
the material by illuminating it with laser light.

Adv. Mater. 2022, 2204120

Figure 11. The Floquet spectrum in a semi-metal. a) An illustration of the BZ of a semi-metal like graphene. The BZ hosts Dirac cones (see Equation (8)) 
at K and K′ points (Reproduced with permission.[1] Copyright 2016, American Institute of Physics ). b) Illustration of the setup, where a circularly polar-
ized drive incident on the 2D material is used as an external drive, generating a Floquet spectrum. c) A single Dirac cone described by Equation (8) 
with m = 0, as a function of the in-plane momentum (kx, ky). The yellow curves indicate the resonance rings describing states connected by a single 
photon of the drive with energy ℏΩ. d) The period averaged density of state of the Dirac cone driven with a circularly polarized light, exhibiting the 
Floquet bands separated by the resonant gaps at ε = ±ℏΩ/2 of magnitude Δ1 and an off-resonant gap at ε = 0, of magnitude Δ0. e) Floquet spectrum 
in (c) as a function of kx, for ky = 0. The Floquet spectrum has a periodic structure, with a period of ℏΩ. The black box indicates a single replica of the 
Floquet bands which repeats itself. f) TR-ARPES measurements of the spectrum of the surface of Bi2Se3 illuminated by a midinfrared (MIR) light, at 
different time-delays before and after the pulse (Reproduced with permission.[103] Copyright 2013, AAAS). During the pulse (at 0 fs), one can observe 
the well pronounced Floquet replicas of the static band shifted by the multiples of the drive frequency.
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4.2.1. Band Topology of the Floquet Systems

The topology of the Floquet bands[146,147,187] can be classified by 
integer invariants called Chern numbers, which we define below. 
For concreteness, we focus on the model described by Equa-
tion  (8) and Section  4.1.1 with Floquet bands εk,α and Floquet–
Bloch states |Ψα(k,t)〉, denoted by the index α. We assume that the 
Floquet bands are separated by an energy gap, whose existence is 
crucial for defining the Chern numbers. It is convenient to define 
the Chern numbers through unit vectors pointing in the direc-
tion of the pseudospin of the Floquet–Bloch state of momentum 
k and Floquet band α, nα(k,t) =  〈Ψα(k,t)|σ|Ψα(k,t)〉. The unit 
vectors nα(k,t) form a pattern as a function of k in the BZ and 
a given band index α, which can correspond to either trivial or 
non-trivial topology. Different types of patterns are classified by 

the Chern numbers, with a zero Chern number corresponding 
to a trivial pattern and non-zero integers otherwise. Figure  12a 
shows examples of pseudospin patterns on a square BZ for three 
distinct topological phases with Chern numbers zero, one, and 
two. A precise mathematical definition of the Chern number can 
be obtained in terms of the Berry curvature, measuring the solid 
angle covered by nα per unit of area in the momentum-space,

( , ) ( , )·[ ( , ) ( , )]kk nn kk nn kk nn kkB t t t tk kx y
= ∂ ×∂α α α α  (11)

The Chern number of the Floquet band α, is defined as 
1

4
( , )2kk kkC d B t

kk BZ

∫π
=α α

∈

.

By this definition, the integral of Bα(k,t) over the BZ must be an 
integer multiplied by 4π for any analytic nα(k,t).
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Figure 12. Pseudospin patterns in the topological and trivial bands. a) Illustrations of pseudospin patterns in the quadratic BZ corresponding to a 
trivial phase with a zero Chern number (left) and topological phases with Chern numbers 1 (center) and 2 (right). b) An interface of a system with 
topological bands with Chern numbers 1 and −1 and trivial bands with all Chern numbers zeros. To smoothly connect the Chern numbers on the left 
and right, the gap must host subgap states with a wavefunction localized at the interface. c) The pseudospin texture induced by the periodic drive 
(for a fixed gauge) near the K-point in the Floquet band indicated by the box on the left. Black arrows indicate the pseudospin texture of the states far 
from the resonance ring and the k = 0 point. The pseudospins indicated by black arrows in the inner ring correspond to CB, whereas the pseudospins 
indicated by black arrows in the outer ring correspond to the  replica of the VB (RVB). Colored arrows indicate the pseudospins at the resonance ring, 
resulting from the hybridization of the pseudospins in CB and RVB. The blue arrow in the center indicates the pseudospin direction induced by the 
off-resonant effect of the drive. d) The BZ of graphene. Blue and red curves indicate the resonance rings around the K and K′ valleys, each contributing 
1 to the Chern number. Green and orange points indicate the momenta where the off-resonant transitions are dominant, each dot contributes ½ to the 
Chern number. The overall contribution to the Chern number of the band sums up to C = 3.
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Classification of the band topology by integer invariants 
suggests the robustness of these phases to small local pertur-
bations. To change the topological invariant of the band, the 
perturbation must be sufficient to close the bandgap (given 
the perturbation does not break the symmetries protecting the 
topological phase). An important consequence of this fact is the 
emergence of subgap states at the interface between a system 
with nontrivial Floquet bands and a trivial system. The only 
way to connect the nonzero integer Chern number on the topo-
logical side and the zero Chern number on the trivial side is 
by the closing the bandgap at the interface between them. The 
gap closing is associated with the appearance of subgap states 
localized at the interface with exponentially decaying tails, see 
Figure  12b. These interface states are characterized by well-
defined chirality,[188] and give rise to unique transport proper-
ties such as the quantized anomalous Hall effect,[189] quantized 
edge conductance, and the lack of backscattering.[190]

Having established the notion of topology in the Floquet 
bands, based on the pseudospin patterns in the BZ, we can 
discuss how non-trivial pseudospin patterns can be induced 
by the periodic electromagnetic drive. We consider two main 
mechanisms for regulating the pseudospin textures in driven 
materials: the resonant and off-resonant topological transi-
tions. These two types of transitions occur at different locations 
in the BZ: The resonant transitions occur in semi-metals and 
insulators near the curve in the momentum-space where the 
resonance conditions are satisfied. The off-resonant transitions 
occur only in semi-metals, at the gap closing point. To capture 
both resonant and off-resonant effects in the same model, we 
will focus on a driven semi-metal, described by Equation  (8) 
with m = 0. Considering a semi-metal is also motivated by the 
recent experiment by McIver  et  al.,[167] which demonstrated 
signatures of the drive-induced topology in MIR-illuminated 
graphene.

4.2.2. Resonant Floquet Topological Transitions

We begin by discussing resonant topological transitions, 
that occur when the drive is in resonance with transitions 
from CB to VB. Such resonances exist when the energy of 
the driving photon is smaller than the full bandwidth of the 
undriven system and larger than its bandgap (The second 
condition is always satisfied in semi-metals). For a resonant 
drive, the CB and the replica of the VB (RVB), shifted by ħΩ, 
intersect, forming a curve in the BZ, which we denote as the 
resonance curve. For the band-structure in Equation  (8), the 
resonance curve is a ring of radius kR, encircling k  = K (see 
the yellow curve in Figure  11c), which we parametrize by an 
angle θ ∈ [0, 2π), such that the resonance curve is given by the 
momentum coordinates kR(θ) = (kRcos θ,kRsin θ) + K.

In addition to creating the replica band, the drive also opens 
a gap at the intersection of the CB and RVB, which is denoted as 
the Floquet gap (indicated by Δ1in Figure 11c). The eigenstates 
near the Floquet gap are superpositions of the states in the CB 
and the RVB. Importantly, the superposition states have a dif-
ferent pseudospin texture than the pseudospin textures of the 
CB or RVB alone, see Figure 12c. Furthermore, the pseudospin 
texture of the hybridized bands may have a different topology, 

meaning that the drive induced a topological transition. To find 
the topological invariant of the induced pseudospin texture, 
we examine the effective Hamiltonian describing the CB-RVB 
intersection at the resonance curve, k = kR, given in the basis 
of the non-hybridized CB and RVB wavefunctions, |ψCB(k)〉 and 
|ψRVB(k)〉,

( ( ))
0 ( )

( ) 0RRR
R

R
†kkH

V

V
θ

θ
θ
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  (12)

Here we shifted the energy to zero at the level crossing 
point for clarity. It can be shown that the off-diagonal term is 
given by the first frequency harmonic of the full Hamiltonian, 

VR(θ) = 〈ψCB(kR)|H(1)(kR)|ψVB(kR)〉, where ( )
1

( , )( )
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kk kkH
T
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and |ψVB(kR)〉 is the wavefunction of the VB. Notice that VR(θ) is 
linearly proportional to the electric field of the driving beam, E0, 
as follows from the definition of H(k, t) in Section 4.1.2.

A diagonalization of HR(kR), yields the Floquet gap Δ1 = |VR(θ)| 
and the Floquet–Bloch states at k = kR. The term VR(θ) = |VR|eiϕ(θ), 
determines the amplitudes and the relative phase of the CB and 
RVB wavefunctions constituting the Floquet–Bloch states. In 
particular, the complex phase, ϕ(θ), determines the orientation 
of the pseudospin nα(kR) of the Floquet–Bloch states as a func-
tion of θ along the resonance curve. It can be shown that for the 
model described in Section  4.1.2, ϕ(θ) ∝ θ, corresponding to a 
single winding of the pseudospin along the resonance curve. As 
a result, the contribution to the Chern number from the pseu-
dospin winding around the valley K is 1. We note that a similar 
effect occurs in the valley K ′, resulting in a total contribution of  
2 to the Chern number for a circularly polarized drive.

To resolve the topological structure in the experiments, the 
gap Δ1 should be larger than the inverse characteristic lifetime 
of the Floquet–Bloch states in the material. This lower bound 
on the Floquet gap sets the lower bound on the intensity that 
can be used in the experiments, due to the dependence of Δ1 in 
the driving field. In this context, the limitations on the visibility 
of the Floquet–Bloch states in the presence of scattering were 
studied in WSe2 and graphene.[191]

4.2.3. Off-Resonant Floquet Topological Transitions

Next, we consider the off-resonant topological transitions, 
occurring in semi-metals driven by circularly polarized light. 
The primary effect of the off-resonant phenomenon is the 
opening of a gap Δ0 at the momentum where the undriven 
material has a gap-closing point (at k = K in the model in Equa-
tion  (8)), see Figure  11d. The gap opening is crucial for the 
topological classification of the CB and VB because the Chern 
number can be only defined in fully gapped bands. Further-
more, due to the spin-momentum locking of the non-driven 
system, the pseudospin texture induced by the drive is non-
trivial, contributing 1/2 to the band’s Chern number. In addi-
tion, the gap opening at k  = K, aligns the pseudospin in the 
z-direction, see Figure 12c.

The off-resonant process can be intuitively understood as 
the emission and reabsorption of the drive photon, which cor-
responds to a second-order effect in the electrons-drive cou-
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pling. Mathematically, the gap opening can be understood by 
an effective Hamiltonian written in the basis of |ψCB(K)〉, and 
|ψVB(K)〉, evaluated at k  = K. This Hamiltonian has the same 
form as in Equation  (12), yet with the off-diagonal term given 
by[192] ( ) |

1
[ ( ), ( )] | ( )OR CB

(1) ( 1)
VBV K H K H K K

�
ψ ψ= 〈

Ω
〉−  (Recall the defini-

tion of H(m)(k) below Equation  (12)). The contribution to the 
Chern number from the K′ point, leads to the same value of 
1/2, giving rise to a total contribution of one from both valleys.

4.2.4. Dynamical Topological Transition in a Resonantly Driven 
Graphene Sheet

Both resonant and off-resonant topological transitions come 
into play in graphene driven by circularly polarized light in the 
MIR range.[147,193,194] The topological Floquet bands give rise to 
topological edge states at the edges of the system. Figure  13a 
shows the band-structure of graphene driven by a circularly 
polarized light on a strip with zigzag edges, projected on the 
momentum k∥ along the strip. The intensity indicates the time-
averaged density of states, with bands of lower intensity cor-
responding to the Floquet sidebands. The spectrum exhibits 
three dynamically opened topological gaps, Δ0 at ε = 0 and Δ1 
at ε  =  ±ħΩ/2 with two linearly dispersed subgap states corre-
sponding to topological edge states localized at the opposite 
edges, with opposite chiralities. The branches colored red and 
blue denote the states localized at the same edges as indicated 
in the inset of this figure.

The edge states near one of the edges are related to the 
Chern numbers of the bulk bands by the following relation: the 
Chern number of a band equals the difference between the net 
chirality of edge states in the gap above this band, and the net 
chirality in the gap below it.[161,195] For example, consider the 
Floquet band in the range 0 < ε < ħΩ/2 in Figure 13a. The gap 

Δ1, lying around ε = ħΩ/2 hosts two edge states with right chi-
rality on the right edge of the sample. In turn, the gap Δ0, lying 
around ε = 0, hosts a single edge with left chirality on the right  
edge of the sample. Using the formula above, we obtain the 
Chern number of the corresponding Floquet band yielding  
C = 3, for each physical spin. This value agrees with Sections 4.2.2 
and  4.2.3, where we concluded that each valley contributed 
one to the Chern number from the resonant transitions and 
another 1/2 from the off-resonant transitions. A total contribu-
tion from both K and K’ valleys amounts to C = 3.

Signatures of the induced non-trivial topology of driven 
graphene were observed in a time-resolved transport experi-
ment by McIver et al.[167] In this experiment, 1L graphene was 
illuminated by a circularly polarized light with a frequency of  
46 THz and peak electric field strength of 4 × 107  V  m−1. For 
these parameters, the induced gap at the Dirac point is esti-
mated by Δ0  ≈ 69  meV and the resonant gap is estimated by 
Δ1 ≈ 56 meV, see Figure 13b.

The system is probed by an ultra-fast transport measure-
ment of the Hall conductance (Gxy) in a four-probe measure-
ment geometry. The Hall conductance showed a plateau with a 
width of ≈60 meV, where Gxy = (1.8 ± 0.4)e2/h when the chem-
ical potential is tuned close to the Dirac point, see Figure 13b, 
right panel. The transport measurement of Hall conduct-
ance provides indirect evidence of the band topology in the 
system.[145,196–199] The signal consists of contributions of the 
bulk and the topological edge states,[200,201] where the bulk con-
tribution arises from the Berry curvature (see Equation (11)) of 
the occupied states.

To fully appreciate this result, a better understanding of 
the electronic distribution is needed. Recent theoretical works 
have obtained electronic distributions in graphene, based on 
phenomenological models of electron relaxation rates, giving 
rise to a transport signal that agrees with the experimental 
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Figure 13. Graphene driven by a circularly polarized light. a) Numerically calculated band-structure of a periodically driven graphene defined on a strip 
with zigzag edges (as shown off-scale in the inset), projected on the momentum parallel to the strip, k∥. The intensity indicates the period-averaged 
density of states. The spectrum exhibits resonant Floquet gaps at ε = ±ℏΩ/2 and an off-resonant gap at ε = 0. The in-gap states with a linear dispersion 
indicate edge states localized at the two edges of the strip, where the red- and blue-colored states are localized at the right and left edges, respectively, 
as indicated in the inset by the same colors. Reproduced with permission.[140] Copyright 2020, Nature Publishing Group. b) The theoretical spectrum 
(left) and measured anomalous conductivity Gxy as a function of the filling EF (right), in graphene illuminated by the circularly polarized light. The 
anomalous conductivity exhibits approximate plateaus when the filling corresponds to the full Floquet bands (it is more pronounced in the central 
plateau for EF = 0). Reproduced with permission.[167] Copyright 2020, Nature Publishing Group.
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results.[202–204] Going beyond this demonstration of the topo-
logical character of the bands, it is desired to gain a direct 
measure of the Floquet bands, their topological character, and 
their subsequent edge effects. The induced topology of the bulk 
bands can be performed by measuring circular dichroism of 
the spectroscopic signal.[205,206] This challenging quest in 2D 
materials has the potential to thrive with the development of 
multi-dimensional TR-ToF-MM, as discussed in the following.

4.3. Probing Floquet Band-Topologies with Multi-Dimensional 
TR-MM

The direct observation of the Floquet band-structure, its popula-
tion, and its topological character in a 2D sample and its edges 
can supply unequivocal evidence for the coherent band engi-
neering, unmasked by any additional process that is manifested 
by it. Indeed, TR-ARPES has been used to visualize the effect of 
Floquet engineering of the surface band-structure of a 3D topo-
logical insulator,[103] or a dense ensemble of one-dimensional 
edge states over the top surface of a Bismuthene, a layered 
equilibrium topological insulator.[207] However, capturing the 
one-dimensional edge states in a 2D sample is more chal-
lenging, as it requires nanometric spatial resolutions to sepa-
rate the edge states signals from the bulk band-structure. For 
example, scanning probe techniques with high-spatial resolu-
tions have been used to image the presence of one-dimensional 
edge states at the edges of 1L WTe2, a topological insulator in 
equilibrium.[33] Therefore, obtaining momentum-space insight 
into Floquet band engineering and its topology would gain sig-
nificantly by the simultaneous resolution of several dimensions 
of the studied electronic structures. It is a natural fit with the 
opportunities offered by SR-TR-ToF-MM, as follows.

First, the driven nature of the Floquet bands requires pulsed 
excitations, allowing to effectively drive the material with strong 
fields for short times to not damage them. Thus, it naturally 
requires a temporal resolution of the order of tens of femtosec-
onds, enabling probing of the structure while it is being driven.

Second, the microscopic scale of high-quality monolayered 
flakes, and more so the nanometric widths of the domain of the 
topological edge states require fine spatial resolution. This can 
be achieved either in the TR-PEEM mode of the M or by oth-
erwise clever filtering (using dark-field MM) of the edge states 
from the overwhelming bulk band-structure.

Third, the 2D image that is captured by the ToF detector is 
essential for full visualization of the momentum-space char-
acter of the edge states in the 2D BZ. Floquet band-crossings, 
hybridizations of band replica, and the edge modes, may not lie 
on specific high-symmetry axes of the BZ and are expected to 
span over more than just a few points in the momentum-space. 
Thus, an instant 2D image of the entire BZ should acquire the 
signal from these effects more efficiently than a single dimen-
sion of characterization (as in ARPES and its variants).

Fourth, analyzing the topology of the bands calls for sensing 
their pseudospin textures. This, in many cases, involves map-
ping the spin texture of the bands. Once again, the facile com-
bination of spin-filtering into SR-TR-ToF-MM is advantageous 
for this task. On top of that, the ability to control the drive field 
circular polarization is essential for controlling the valley degree 

of freedom in 2D materials or observing the Berry curvature[205] 
of the Floquet bands.

4.4. Perspectives on Floquet Engineering

Floquet engineering of vdW materials expands beyond band 
topology.[141–143] It can be used to control the optical properties 
of materials and facilitate the emergence of new correlated 
states.[208–213] In a recent experiment, Shan et al.[155] has demon-
strated that a periodic electric field pulse shone on manganese 
phosphorus trisulfide, suppressed the second-harmonic gen-
eration by about 90%. During the pulse, the second harmonic 
signal was suppressed and then rapidly restored once the pulse 
has decayed. This effect was explained by the Floquet hybridi-
zation of the atomic orbitals giving rise to unusual optical 
properties.

Another promising direction is moiré-Floquet engi-
neering,[166] in which the properties of layered materials are 
altered by controlling the moiré pattern that forms in artificial 
stacks of two or more layers[2,155,205,214–220] (e.g., by changing the 
twist angle between the layers) and by controlling the Floquet 
spectrum by an external drive.

The central interest of the moiré-Floquet approach is the 
generation and dynamical control of flat bands. The drive has 
been shown to induce flat bands over a wide range of twist 
angles.[217,218] Furthermore, circularly polarized light induces 
topology in the flat bands through the mechanism of off-resonant 
transitions,[219] as discussed in Section 4.2.3. For example, placing 
a sample of twisted bilayer graphene in a waveguide can modu-
late interlayer hopping through Floquet engineering.[220]

4.5. Population Dynamics, Heating, and Many-Body Effects

Flouqet engineering of materials is a powerful tool, that can 
induce a wide range of nonequilibrium phenomena in 2D 
materials, by dynamically modifying the band-structure of the 
material. However, illumination of the material by a strong con-
tinuous drive affects also the electronic population by creating 
excitations (see Section 3) and inducing non-equilibrium elec-
tronic dynamics. Electronic dynamics induced by an external 
drive is a complex phenomenon involving electron-electron 
scattering, interaction with phonons, and collisions with other 
quasiparticles and impurities in the solid.[221,222] These pro-
cesses often result in the heating of the material and the decay 
of order in the system.[223,224] Mitigation of the heating effects 
and controlling the many-body dynamics is thus a substantial 
challenge in Floquet experiments. Driving the system with a 
far off-resonant drive may induce a prethermal state[225–228] in 
which the heating is strongly suppressed.[192,229–231] Further-
more, coupling the system to a cold bath, for example, via 
acoustic phonons in semiconducting layers can slow down the 
heating processes and even stabilize electronic steady states 
in the system with exotic phase.[232–238] Time-resolved spectro-
scopic techniques can be applied to image the steady states 
and heating dynamics in the momentum-space. A recent 
experiment employed the time-resolved X-ray photoelectron 
spectroscopy technique to probe the effective temperature of 
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the transiently excited hot electron gas in graphene.[239] These 
results have been gained using the TR-ToF-MM at the free-
electron laser FLASH.

High-resolution measurements performed using the MM 
technique can shed new light on the heating and cooling mech-
anisms in solids and help separate the effects originating from 
the Floquet induced spectrum and photoexcitations.

5. Desired Advances in Experimental Capabilities

Concluding this review and perspective, we bring here a 
roadmap for the development of MM-based instrumenta-
tion that is needed to promote the scientific agenda discussed 
in Sections  3.4 and  4. This is categorized into four sectors: 
accessing higher probe energies, improving the energy resolu-
tion of the experiment, improved control over sample tempera-
ture, and control of sample electrostatics:

5.1. Probe Energy

As mentioned earlier, photoemission pulses in the 100  eV 
energy range can yield rich additional information beyond that 
of the VB and CB structures. Reaching such energies has so far 
only been possible in FEL facilities. Therefore it is required to 
set-up of TR-ToF-MM systems in FEL facilities, as is currently 
being done in several locations worldwide. Such high energy 
experiments will nevertheless have to overcome issues of space-
charge (due to the intensity of the pulses), and of energy and 
momentum resolution, as referred to in the next point.

5.2. Energy Resolution

As with any ARPES instrumentation, improvements in energy 
resolution enable one to see finer spectral features and fragile 
correlated states. Currently, the limits to the measured energy 
resolution come from sample inhomogeneity, which is likely 
due to sample fabrication processes. Such improvements in the 
sample will follow the recent improvements in energy resolu-
tion TR-ToF-MM instrumentation, that uses efficient MHz-rate 
XUV generation techniques with picosecond pulses, so as to 
not limit the energy resolution via the XUV probe pulses.[60] 
We note that in such a setup, the goal would not be to study 
the rapid dynamics of photoexcited states, but the correlated 
nature of long-lived photoexcited states that have achieved 
quasi-equilibrium with the lattice temperatures at long time-
delays after photoexcitation.

5.3. Sample Temperature

Cooling the sample to lower temperatures will serve to both 
improve the measured band-structure linewidths and also 
ensure the survival of fragile correlated states. For example, 
many of the electronic Wigner crystals melt at tempera-
tures below 50 K,[132,240] and excitonic condensed phases have 
also been reported in that temperature range.[122,123] Lower 

temperatures in the few Kelvin range may also access hitherto 
unknown physics. Achieving such low sample temperatures 
requires further developments in the sample stage engineering 
and cooling in an MM.

5.4. Sample Electrostatics

To express various condensed and correlated electronic and 
excitonic phases in 2D samples it is necessary to carefully con-
trol their charge density. Graphite gate electrodes or metallic 
contacts deposited on the sample[241] could serve as electrostatic 
gates, on top of being charge reservoirs for the photoemis-
sion process. However, the geometry and structure of these 
gates need to be compatible with MM, where the requirements 
of uniformity and strength of the large extraction voltage can 
make this quite challenging. When accessing higher electronic 
kinetic energies (e.g., by using FEL sources), novel multi-mode 
front lens allows operating the ToF-MM with zero extractor 
field,[242] such that gate electrodes required for operando studies 
do not deteriorate the instrument performance.

6. Summary

In this paper, we reviewed the decades-long evolution of 
momentum-resolved photoemission experiments, and the 
scientific breakthroughs they have been driving through the 
study of 2D, vdW, materials. Steady-state ARPES character-
izes the unperturbed band-structure of solids by resolving 
photoemitted electrons in angle (momentum) and energy. In 
TR-ARPES the material is photoexcited, or driven, prior to 
the photoemission, such that the driven band-structure and 
previously unoccupied states can be studied. Alternatively, 
SR-ARPES and µARPES offer spin or spatial selectivity, respec-
tively, of ARPES experiments. The advent of TR-ToF-MM 
allowed enjoying the best of all worlds, combining temporal 
resolution, spatial selectivity (and agile reconfiguration to 
PEEM), easy incorporation of spin-measurement, a complete 
2D imaging of momentum-space, with enhanced repetition 
rates to avoid space-charge effects without compromising on 
signal levels.

We focused on the scientific fruits of this advancement in 
the context of 2D materials since their few-atoms thickness 
allows to directly probe their native band-structure, as opposed 
to bulk materials where only the surface properties are probed. 
Moreover, we have laid-down the benefits of using TR-ToF-
MM for their study, accessing small, yet homogeneous and 
high-quality, samples supported by insulating substrates. Our 
attention was divided into two facets: the physics of excitations 
(excited charge-carriers and excitons) in 2D materials, and com-
plementarily the physics of the driven, but not excited, band-
structure, leading to Floquet band engineering.

Surveying the work on excited state characterization, we 
found many TR-ARPES studies of the dynamics of electrons 
in the CB of 2D semiconductors like TMDCs and graphene, 
showing various processes of scattering from one valley to 
another, charge-transfer, etc. Employing TR-ToF-MM, along-
side improvements in the sample quality, allowed to see, for 
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the first time, excitonic signatures in momentum-space, which 
were so far inaccessible along decades of their optical explora-
tion. It then allowed exploring their wavefunction character-
istics and their dynamics. The characteristic theoretical and 
experimental fingerprints of an excitonic state in momentum-
space are described as well, highlighting the advantages of this 
momentum-space viewpoint on excitons compared with the 
more traditional optical spectroscopy. Furthermore, we discuss 
the ongoing effort to characterize the wavefunctions of a variety 
of excitonic states in 2D materials, and the impact of exciton–
exciton and exciton–charge interactions on them. Following 
up on this line of research, we envision the possibilities of 
exploring the photoexcitation-induced dynamics of more exotic 
states, were many excitons and charge-carriers participate in 
highly correlated phases.

As an alternative route for light-driven modifications in 
the material properties, we turn to cover the facet of Floquet 
band engineering, that is, tuning the band-structure and cre-
ating new material properties using an oscillating light field. 
One important example is altering the band-topology and the 
creation of electronic edge states by closing the bandgap of 
the material with the Floquet replica of the original bands. 
We discuss the possibilities of examining these effects in 2D 
materials using TR-ToF-MM and compare that to existing 
evidence for edge-state emergence. We dwell upon the oppor-
tunities of combining moiré band-engineering with Floquet 
engineering. We finish this section discussing the combina-
tion of Floquet band engineering with photoexcited popula-
tions of charges and excitons, from many-body interactions, 
through heating of the sample and electron(exciton)–phonon 
interactions, etc.

Finally, we equip the research outlook with the desired exper-
imental TR-ToF-MM improvements we envision as cardinal for 
its execution.

Overall, we conclude that the improvements in instrumen-
tation and samples created a wide range of opportunities in 
the study of 2D materials band-structure, excited states, and 
driven phenomena, that can yield not only the fundamental 
physical knowledge about these systems, but also many applica-
tions of 2D materials in quantum computation, photonics, and 
electronics.
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