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Abstract — Attosecond microscopy aims to record electron movement on its natural length and
time scale. It is a gateway to understanding the interaction of matter and light, the coupling be-
tween excitations in solids, and the resulting energy flow and decoherence behavior, but it demands
simultaneous temporal and spatial resolution. Modern science has conquered these scales indepen-
dently, with ultrafast light sources providing sub-femtosecond pulses and advanced microscopes
achieving sub-nanometer resolving power. In this perspective, we inspect the challenges raised
by combining extreme temporal and spatial resolution and then highlight how upcoming experi-
mental techniques overcome them to realize laboratory-scale attosecond microscopes. Referencing
proof-of-principle experiments, we delineate the techniques’ strengths and their applicability to
observing various ultrafast phenomena, materials, and sample geometries.
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Attoseconds (1 as = 10718 ) are often visualized as the
timescale of electron dynamics. Attosecond spectroscopy
provides a time-domain perspective on the interaction of
charge carriers with light in atoms, molecules, and solids.
Due to its superior temporal resolution, it can resolve
the build-up of light-induced excitation and distinguish
between effects stemming from the electromagnetic fields
making up a short light pulse and effects governed by the
light pulse’s intensity envelope [1]. By unraveling, and
later manipulating, the very start of energy flow from light
to charge carriers in a solid, and the subsequent transfer to
other charge carriers, excitons, and phonons, attosecond
science bears the potential to, e.g., elevate communication
and computation towards petahertz speeds or optimize the
efficiency of light harvesting devices.

(2) E-mail: marcus. ossiander@tugraz.at (corresponding author)

The energy of optoelectronically relevant charge carri-
ers rarely exceeds that of photons in the ultraviolet region,
i.e., ~ 6 electron volts (V). In a vacuum, an electron with
such kinetic energy moves at a speed of ~ 1.5nm/fs. In
solids, a charge carrier’s effective mass changes its (per-
ceived) speed by up to 10-fold. This dictates that at-
tosecond charge carrier dynamics occur on short length
scales, limits the dimensions of devices that can manipu-
late them, and suggests that recording real-space-movies
of attosecond electron dynamics requires high spatial res-
olution. Therefore, attosecond microscopy, i.e., spatially
resolving attosecond spectroscopy, is the key to enhancing
its information content and increasing the variety of ob-
servable samples, and will play a crucial role in applying
it to technologically relevant devices.

Experiments attain temporal resolution by illuminating
samples with a short photon or electron wave packet. The
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Fourier limit, 7,in AE > h/2, dictates the minimal dura-
tion Tmin of this wave packet and, thus, the best temporal
resolution. It demands a broad spectral bandwidth AFE,
e.g., at least AE = 2eV to obtain Ty, < 1fs. Addition-
ally, a wave packet’s group delay dispersion must be con-
trolled to keep a wave packet short. In cases, the shortness
of attosecond dynamics can be exploited to circumvent the
Fourier limit: the electric field of a visible light pulse oscil-
lates on the single-femtosecond scale, even if its envelope
is temporally long. Therefore, dynamics finished within
a single optical cycle or periodic with the light frequency
can be observed with a temporal resolution defined by the
optical cycle duration [2]. Experiments must simultane-
ously overcome the Abbe limit dmin > Ao/(2NA) which
measures the best attainable spatial resolution dyi,. It
demands a short vacuum wavelength A\ and a high nu-
merical aperture (NA). The NA is limited to, at most, the
refractive index of the medium surrounding a sample.

The key to an attosecond microscope is simultaneously
achieving a large spectral bandwidth, dispersion control,
a high NA, and (chromatic) aberration control. Concur-
rency requirements are simplified if short-pulse illumina-
tion before the sample provides temporal resolution and
imaging after the sample provides spatial resolution, split-
ting dispersion control from high-NA imaging. Because
the Fourier limit demands an absolute bandwidth AF for a
given temporal resolution, increasing the illumination en-
ergy E decreases the relative bandwidth AE/E required
for a short wave packet which relieves chromaticity and
dispersion compensation. Still, uniting nanometer-scale
spatial and sub-femtosecond temporal resolution stays
challenging and instruments must be tailored to the sam-
ple and process of interest. Here, we introduce selected
lab-scale strategies to realize an attosecond microscope.

Light-based attosecond microscopy approaches observe
the transmission or reflection of samples and operate in
the extreme ultraviolet (EUV) spectrum to achieve a
sufficiently small wavelength (Ag = 1239nm eV/E with
the photon energy E) for sub-100 nm spatial resolution.
They can leverage high-harmonic-generation (HHG) based
sources that reliably provide light pulses with high pho-
ton energy, sub-femtosecond duration, and broad band-
width [3]. Current pushes develop imaging techniques
and optics that can combine a high NA, diffraction-limited
imaging, and broadband operation.

Transient absorption spectroscopy. — Function in
electronic, spintronic, or the envisioned orbitronic appli-
cations rests on the deterministic change of the state of
matter and the use of the resulting final state as read-
able information carrier. For the canonical transistor, the
possible final states are non-conductive (electrons in the
immobile ground state) and conductive (electrons occupy
conduction band states and contribute to electric conduc-
tance) and the external stimulus switching the semicon-
ductor between the two states is an applied voltage. How
fast the stimulus can toggle between states is an active

Empty

Aabs states

Occupied +‘_L’
states

Fig. 1: Transient absorption spectroscopy: a laser pulse (red)
changes a material’s valence (green) and conduction (blue)
band occupation. The ensuing occupation evolution modulates
the absorption Aabs of an EUV pulse (purple) delayed by At
and matched to the energy difference between a core-level and
the investigated states.

field of research animated by findings that ultrafast laser
pulses allow to alter a band-gap material’s dielectric func-
tion at petahertz bandwidth, orders of magnitude faster
than electronics. These observations raised questions re-
garding the electronic system’s immediate response to the
stimulating electric field and how charge excitation (i.e.,
carriers gaining energy) and charge motion and currents
(i.e., carriers gaining momentum) evolve in time and space
to dictate the electronic response.

Transient absorption spectroscopy turned out to be
powerful in sampling the energy-dependent states avail-
able to charge carriers and following the temporal evolu-
tion of their occupation [4-8]. The large photon energy
of attosecond pulses generated by HHG can be tuned to
resonance with a core transition of the sample such that
the initial state of the transition is fixed in energy and the
final state is in the valence and conduction band of the
solid. As displayed in fig. 1, changes to the strength of
these transitions Aabs then become a sensitive probe to
changes of the occupancy caused by external stimuli via
transition bleaching when previously empty conduction
band states above the band-gap energy BG become occu-
pied or via enhanced absorption into states in the valence
band emptied by the stimulus. Scanning the arrival time
difference At between the attosecond probe pulse and the
stimulus (which is often an ultrashort optical waveform)
then maps electronic excitations between valence and con-
duction band onto changes of the energy-resolved EUV
absorbance. This allowed to time-track polarization re-
sponse, population build-up, charge-lattice coupling, and
early thermalization in several band-gap materials [4-9].

Though HHG-based transient absorption is not a mi-
croscopy technique providing direct spatial resolution (un-
til EUV optics with high NA become available, see below),
the element specificity of EUV transitions can be exploited
to obtain atomic-scale resolved spatial information pro-
vided the crystal structure of the material is known a pri-
ori. With the attosecond pulse photon energy tuned to the
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absorption edge of one of a material’s constituents, the lo-
cality of charge transfer can be explored. That allowed
time-tracking charge transfer and phase transitions in al-
loy materials including GaAs, TiSe, VO2 [10-12], charge
and spin transfer across material interfaces in ferromag-
netic and photocatalytic systems [13,14], and structural
changes in molecules [15].

Broadband diffractive imaging. — One approach
that can elegantly add spatial resolution to broadband at-
tosecond spectroscopy without the need for novel optics is
coherent diffractive imaging (CDI) [16-18], where a coher-
ent wave illuminates a sample and the diffracted intensity
is directly recorded. An iterative phase retrieval algorithm
is then used to reconstruct both the phase and amplitude
images of the sample and the illumination beam, with a
resolution limited only by the wavelength and the NA of
the setup. A powerful CDI method, called ptychography,
achieves high-fidelity image reconstruction by acquiring
diffraction patterns from many overlapping regions, with
the large redundancy in the measured data ensuring con-
vergence [19,20]. Although initial implementations of CDI
assumed narrow spectral bandwidths to reduce the uncer-
tainty in phase retrieval [16,21,22], recent developments
have enabled significant increases in the highly spatially
and temporally coherent bandwidth of HHG light [23-26]
and new CDI methods are enabling accurate image recon-
structions using broadband illumination [27-33].

One novel method, termed atto-CDI [32], used sim-
ulated attosecond pulses with a broad bandwidth HHG
spectrum ranging from 4.1 to 12.4 nm to create a confined
probe. The probe was scanned across a sample with large
overlaps, producing a series of diffraction patterns. A flux
of 107 photons per scan position was simulated, which
can be achieved with HHG in this spectral region [23].
An advanced algorithm, called Spectrum, Probe, and Im-
age REconstruction (SPIRE), was developed to simulta-
neously reconstruct the spectrum, 17 probe beams, and 17
spectral images of the sample [32]. Figures 2(a)—(f) show
three representative probes and spectral images of a sam-
ple —a letter pattern with “atto” made of 200 nm thick
aluminum and “CDI” of 200 nm thick boron. Boron was
chosen because its K-absorption edge at 6.6 nm is within
the simulated spectrum, providing a contrast difference to
assess the reconstruction quality of the spectrum and spec-
tral images (figs. 2(d)—(f)). The principle and feasibility
of the method were further validated by conducting a pty-
chographic CDI experiment using a light-emitting diode
with a broad spectrum (AE/FE ~ 50%) [32].

The continued development of atto-CDI could unify at-
tosecond science and coherent diffractive imaging (CDI) to
achieve high spatial and temporal resolution imaging (sub-
10nm, sub-fs) above and below characteristic absorption
edges in materials. Such methods can leverage the broad
spectrum of EUV attosecond pulse trains, and isolated
attosecond soft x-ray pulses (fig. 2(g)), enhancing imag-
ing efficiency and throughput. This new capability has
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Fig. 2: Potential of attosecond CDI. Absorption images of a
letter pattern at 7.75, 6.72, and 6.2nm. Three representative
probes (a)—(c) and spectral images (d)—(f) of, show how the im-
age contrast of the “CDI” letters changes across the absorption
edge of the material [32]. Scale bar: 2mm. (g) Experimental
HHG spectrum demonstrating that phase matching of HHG
uniquely enables broadband laser-like beams from the EUV to
the keV region [23] (Reprinted with permission from AAAS.),
which is ideal for atto-CDI.

the potential to be transformational for functional imag-
ing. Applications range from 3D imaging for nanoelec-
tronics to supporting the development and integration of
materials and interfaces for next-generation devices with
optimized charge, spin, and phonon transport and energy
efficiency [34]. Additionally, it can enhance understanding
of spintronic [35] and quantum systems [36].

Optics and metaoptics for EUV light pulses.
— In contrast to lensless techniques, direct light mi-
croscopy depends on large-magnification imaging systems
and high-NA optics. But also transient absorption spec-
troscopy, diffractive imaging, photoelectron microscopy,
and scanning-tunneling microscopy require (focusing) op-
tics to route light to the sample and benefit from concen-
trating light on a small area of interest.

Reflective optics can efficiently guide EUV light beams
incident grazingly over a broad spectral range. Impressive
resolutions can be achieved in x-ray microscopes employ-
ing ellipsoidal, Kirkpatrick—Baez, or Wolter mirrors [37].
However, due to their aspherical shape and strict re-
quirements for surface quality, implementing such se-
tups with high NA and diffraction-limited performance
is challenging and expensive. Toroidal mirrors, the cur-
rent workhorse of EUV beamlines, only approximate el-
lipsoids and thus introduce coma when not used in a
relay-imaging configuration, which presumes unity magni-
fication [38,39]. Bragg-condition multilayer coatings can
achieve high reflectivities at normal incidence for radiation
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around a design wavelength [40]. Combined with spher-
ical substrates, they can realize magnification. However,
such mirrors introduce spherical aberrations and astigma-
tism due to an angle of incidence necessary to separate
incoming and outgoing light. Using a Schwarzschild ge-
ometry circumvents astigmatism at the cost of reduced
transmission.

Transmissive optics are desirable for realizing large
(de)magnifications because they require no deflection from
the optical axis. However, absorption prevents refractive
optics (e.g., lenses) in the EUV. Diffractive optics (e.g.,
Fresnel zone plates) can focus EUV radiation [41] and in-
troduce optical angular momentum [42,43].

Tennm large nanostructures, smaller than the wave-
length of EUV radiation, are now manufacturable. This
opens the ability to create metasurfaces (two-dimensional
metamaterials). Such surfaces consist of wavelength-scale
nanostructures, called meta-atoms, whose optical proper-
ties are defined by their material and shape. Ie., the
transmission phase of each meta-atom can be determined
during nanofabrication. An array of such meta-atoms im-
prints a spatially varying phase profile on a transmitted
wavefront. Metasurfaces can use absorbing materials and
still achieve viable transmission holograms because they
are thin.

A first demonstration of the efficacy of this concept
in the EUV used circular holes with varying diameters,
drilled through a free-standing, 220 nm thick silicon mem-
brane, to focus 50 nm wavelength light [44]. Because the
refractive index of silicon (7 = 0.77+0.02¢) is smaller than
that of vacuum (72 = 1), the perforations guide the EUV
light, increasing the lens’ transmission. The demonstrator
lens with a 1 mm diameter and a 10 mm focal length fo-
cused incident light down to a 0.7 um wide waist which is
1.6 times the diffraction limit.

Exciting is the ability to create EUV phase holograms,
and thus the possibility to introduce optical angular mo-
mentum, influence the polarization of light, and combine
the function of multiple optics (e.g., lenses, beamsplitters,
axicons, Bragg gratings) in a single device.

Metalenses, as diffractive optics, are chromatic, and
their focal length scales with the ratio of the de-
sign wavelength over the actual wavelength f(\g) ~
F(AJesien) \desien s\ However, due to the small relative
bandwidth necessary to achieve short EUV pulses, we
are confident they provide a route to direct-imaging mi-
croscopy with sub-femtosecond resolution. Interestingly,
phase-shifting structures are also successfully applied to
enhance the performance of 13.5nm wavelength optical
lithography masks [45]. This indicates that metasurface
technology can be pushed towards the short-wave EUV
spectrum with improved nanofabrication which would fur-
ther relieve relative bandwidth requirements.

The spatial resolution of microscopes observing elec-
trons benefits from their (at typical kinetic energies
Eyin) small wavelength (Ao = 1.226 nm \/e_V/\/Ekin) and

Momentum space Spin Electron detection

Kinetic energy  Real space

Synchrotrons Lasers

Optical excitation

Conductive sample

Electric fields

Sensitivity Work function

Chemical composition Geometry

Fig. 3: Photoemission electron microscopy. Optical excitation
followed by photoelectron spectromicroscopy of (conductive)
samples is a flexible and sensitive technique as it allows inde-
pendent optimization of the light source, electron microscope,
and sample.

mature electron optics. However, vacuum dispersion ag-
gravates synthesizing short electron wave packets.

Photoemission electron microscopy. — PhotoEmis-
sion Electron Microscopy (PEEM) images photoelectrons
emitted from a surface with a lateral resolution down to a
few tens of nanometers (see fig. 3). It can retrieve chem-
ical composition, electronic structure, and local field dis-
tributions [46,47] as used in combination with a range of
advanced light sources including synchrotrons and lasers.
PEEM microscopes have seen significant improvements in
terms of spatial, energy, and momentum resolution in re-
cent years [48]. Achieving simultaneous high space and
time resolution is possible because the temporal (light)
part of an experiment ends with photoemission where the
spatial (electron) imaging part starts.

Many significant results on ultrafast local charge carrier
and field dynamics have been achieved by imaging photo-
electrons resulting from the simultaneous absorption of n
photons. The PEEM image will then depend on the lo-
cal light intensity on the surface raised to the power of n.
This direct visualization of field dynamics with attosecond
phase and nanometer space resolution has led to a deeper
understanding of plasmon dynamics and the exploration
of spectacular plasmon effects [49-51].

Using spectrally narrow (~ 100 meV) IR to EUV pulses,
PEEM can follow the band structure dynamics of photoex-
cited electrons. Emitted photoelectrons are spectrally dif-
ferentiated in PEEM which can, e.g., be used to directly
image hot carrier relaxation and transport in nanostruc-
tures [52]. HHG is currently used by many groups to cre-
ate high-energy photons that have a narrow spectral dis-
tribution in the 20-30eV range [53,54]. With a temporal
duration from ~ 10 to ~ 100 fs, the electronic structure
in a wide energy range around the Fermi level can be ex-
plored. By setting the PEEM to image the electron mo-
mentum, charge transfer processes in reciprocal space can
be recorded, e.g., in two-dimensional materials [53].

With higher photon energies, electronic structure dy-
namics can be imaged simultaneously with chemical
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composition via nanoscale core-level spectroscopy. Using
spectrally broader HHG pulses (width of ~ 2eV) with
durations in the sub-femtosecond range, attosecond pho-
toelectron dynamics can be studied. However, spectrally
isolated features like (shallow) core levels must be targeted
due to the reduced spectral resolution (see also transient
absorption spectroscopy). Optical electric fields at the
surface, synchronously excited with a second pulse, can
accelerate the photoelectrons and thus imprint their cur-
rent state with attosecond precision in the momentum of
the photoelectrons [55,56]. Thus, experiments with ele-
mental contrast and resolving the field dynamics around
nanostructures are now within reach.

Scanning tunneling microscopy. — A way to image
frontier orbitals of a single molecule with sub-Angstrém
scale spatial resolution is scanning tunneling microscopy
(STM). Immediately after STMs became operational in
laboratories around the world, attempts were made to in-
tegrate the high temporal resolution of ultrashort laser
pulses with the high space-resolving capability of an STM.
Nevertheless, thermal artifacts induced at the apex of an
STM nanotip by the high-energy laser pulses plagued these
efforts. Recently it was shown that very low-energy laser
pulses in the visible to near-infrared (NIR) frequencies
coming at high repetition rates can maintain stable con-
ditions in an STM junction, and laser-driven tunneling
currents from single molecules can be measured without
the presence of thermal artifacts [57,58].

The unison of NIR laser pulses with an STM can drive
laser-induced tunneling currents in the field-driven and
the photon-driven tunneling regimes (fig. 4). In the field-
driven tunneling regime, the potential barrier in the STM
tunnel junction is distorted on ultrafast timescales, in-
evitably leading to an uncontrolled shaking of electronic
and vibrational states of the molecules [57]. In the photon-
driven tunneling regime, photons gently excite electrons
from selective electronic states of the molecule, which can
then tunnel to the other side of the STM junction [59].
This perturbative approach is ideally suited to investigate
dynamics in single molecules.

Coherent control of electron tunneling current in the
STM junction by tuning the carrier-envelope—phase (CEP)
of two-cycle-long NIR laser pulses was demonstrated on
timescales as short as two-hundred attoseconds [57]. Co-
herent oscillations of electronic motion between frontier
orbitals of a complex molecule triggered by resonant laser
pulses were directly imaged with ~300 attosecond time
and sub-Angstrém spatial resolution [58]. Extreme con-
finement of laser pulses over a molecule in the picocavity
formed between the nanotip of the STM, a molecule, and
the underlying substrate enables very high spatial resolu-
tion in the imaging of molecular orbitals. A static bias in
the STM junction enables selective excitation and tunnel-
ing of electrons from specific molecular orbitals [59].

Significant efforts during the last several years have also
focused on combining long-wavelength terahertz (THz)

Fig. 4: Attosecond scanning tunneling microscopy. Schematic
illustration of a single-cycle NIR laser pulse illuminating a pic-
ocavity formed between nanotip of an STM, a single molecule,
and a metallic surface.

pulses with an STM which can give picosecond time and
Angstrom-scale resolutions in imaging dynamics [60-63].
Nevertheless, the time resolution achievable by THz pulses
is not sufficient to probe electron dynamics.

All photoexcited dynamics, e.g., chemical transforma-
tion, charge, and energy transfer in nature evolve by a
conspicuous coupling of electronic and atomic motion in
a molecule. Laser-induced tunneling currents in the STM
junction dominantly provide information about electron
dynamics and little insight into atomic dynamics. Real-
izing broadband four-wave-mixing spectroscopy (FWM),
e.g., coherent anti-Stokes Raman scattering (CARS) spec-
troscopy in an STM has enabled direct real space-time
imaging of motion of atoms inside a single molecule [64,65].
Atomic motion in a single graphene nanoribbon evolv-
ing on timescales as short as ~ 70fs was probed with
Angstrom-scale spatial resolution. The realization of
FWM in an STM opens the possibility to track electronic
and atomic motions simultaneously with a time resolution
as high as a few fs, faster than Raman variations of FWM
(such as CARS).

These proof-of-concept demonstrations resolving elec-
tronic and atomic motion in a single molecule with atomic-
scale resolution in space, time, and energy [64] open new
possibilities to address fundamental questions in chem-
istry. Real space-time imaging of a chemical transforma-
tion in a single molecule is within reach and will hopefully
resolve open questions related to conical intersection dy-
namics and transition state spectroscopy.

Transmission electron microscopy. — Instead of
with light, transmission electron microscopy (TEM) illu-
minates samples with energetic electrons with de Broglie
wavelengths of only a few picometers. It usually re-
covers the spatially varying Aharonov-Bohm phase im-
printed on the electron wave function transmitted through
a sample via phase-contrast imaging. TEMs routinely
offer quantitative insights with atomic-scale spatial res-
olution into lattice structures, as well as electric and
magnetic fields. Beyond the microscopy of static poten-
tials, analyzing inelastic electron scattering reveals optical
excitations and electronic (e.g., core-level) transitions, in
the form of cathodoluminescence or electron-energy loss
spectroscopy [66].
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Ultrafast TEMs are capable of tracing non-equilibrium
phenomena, such as the evolution of structural phase
transformations, the generation and propagation of strain
waves, and laser- and current-induced magnetization
dynamics by pulsing the probing electron beam. In
particular, photoemission electron sources enable laser-
pump/electron-probe TEM experiments on the femtosec-
ond scale, primarily limited by electron pulse dispersion
and Coulomb interactions. Reaching attosecond resolu-
tions, i.e., capturing dynamics within the cycle of visi-
ble light, requires advanced electron pulse structuring and
readout techniques, which have recently been realized.

Specifically, temporal bunching of electrons to form an
attosecond pulse train was accomplished by periodic phase
modulation [67-69]. Using either stimulated inelastic elec-
tron light interaction (IELS) [70,71] or ponderomotive po-
tentials [69], the periodic phase modulation of the electron
beam and subsequent dispersive propagation produces a
bunching of the electron density within each optical pe-
riod, see fig. 5(a). A second, phase-locked action on this
attosecond electron pulse train reveals its sub-cycle struc-
ture via measurements of the final electron energy [67,69]
or transverse deflection [68]. In analogy to the method of
spatially separated fields in atomic clocks, Ramsey-type
oscillations in the final-state populations are found as a
function of the relative phase of both interactions [72,73].
Energy filtering of electrons having gained (or lost) energy
then yields phase-resolved representations of the optical
response of materials and nanostructures, with a recent
application in imaging near fields at a metallic taper [74]
and polaritons on a boron nitride membrane [75]. Mea-
suring the complete energy spectrum as a function of the
relative phase of both interactions (fig. 5(b)), allows for
a complete quantum state reconstruction of the electron
density matrix [67]. In this way, harnessing analytical re-
lations between the optical-field strength [76,77] and the
inelastic scattering cross-section allows for a quantitative
analysis of sub-cycle local fields.

Moreover, such a coherent interferometric quantum
state analysis alleviates the need for electron beam com-
pression or dispersive propagation to retrieve attosecond
optical responses in electron microscopy. Specifically, a
general periodic optical response of a material will lead
to an amplitude and/or phase modulation of the trans-
mitted electron wave function at the fundamental driv-
ing frequency and its harmonics. Such modulations can
be unambiguously discerned by quantum state reconstruc-
tion of the probing electron ensemble. Establishing free-
electron homodyne detection (FREHD), in ref. [78], this
principle was employed to image the sub-cycle evolution
of optical resonances at a metallic nanotriangle (fig. 5(c)).
These proof-of-principle studies illustrate the optically co-
herent readout of sub-cycle information imprinted onto
free-electron states. In the future, such schemes can probe
electronic and lattice dynamics and detect subtle changes
in the structure factor induced by valence-electron mo-
tion. Moreover, quantum-state reconstruction is sensitive

a Attosecond bunching b Coherent readout
Optical
near field Modulation .- #
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dispersion Ramsey-type :

interference
PAVATANG
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Fig. 5: Schematic and implementations of attosecond free-
electron probing. Coherent inelastic electron-light scattering
modulates the free-electron beam. (a) Group velocity disper-
sion of the electron beam after the modulation forms an at-
tosecond electron pulse train, which can be used for imaging
and spectroscopy. (b) The sequential interaction of a probe
beam with a modulator and a sample, here a metallic nan-
otriangle, creates Ramsey interferences of the electron wave
function and allows for a phase-resolved readout of the probed
response by free-electron homodyne tomography (FREHD).
(¢) Temporal evolution of the electromagnetic light field on
a triangular gold nanoprism measured by FREHD ([78].

to decoherence phenomena and can be integrated with
schemes that investigate spatio-temporal correlations of
material excitations, potentially serving as future atomic-
scale probes of quantum correlations and entanglement.

Outlook. — Other promising techniques are explored
to gain insight into different sample properties, e.g., opti-
cal coherence tomography provides depth-resolved imag-
ing [79], HHG spectroscopy reveals the electronic structure
of materials in high electromagnetic fields [80], and recon-
struction of attosecond harmonic beating by interference
of two-photon transitions (RABBITT) and attosecond
streaking measure the phase evolution of electrons [81].
All techniques benefit from the maturing of femtosecond
laser technology which increases robustness, possible inte-
gration times, and signal-to-noise ratios. Their simpli-
fied operation moves attosecond microscopy within the
grasp of more laboratories and HHG sources driven by
them can operate with higher repetition rate [82] and at
higher photon energies [23], increasing the resolution and
number of accessible materials. Furthermore, new syn-
chrotrons and free electron lasers, which routinely reach
deep core-level energies, start providing sub-femtosecond
pulse durations [83,84]. Combining these with advanced
optics and imaging techniques will develop attosecond mi-
croscopy into a powerful toolbox for time-resolving the
fundamentals of condensed phase physics.
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