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ABSTRACT: The ultrafast dynamics of charge carriers in solids
plays a pivotal role in emerging optoelectronics, photonics,
energy harvesting, and quantum technology applications.
However, the investigation and direct visualization of such
nonequilibrium phenomena remains as a long-standing
challenge, owing to the nanometer-femtosecond spatiotemporal
scales at which the charge carriers evolve. Here, we propose and
demonstrate an interaction mechanism enabling nanoscale
imaging of the femtosecond dynamics of charge carriers in
solids. This imaging modality, which we name charge dynamics
electron microscopy (CDEM), exploits the strong interaction of
free-electron pulses with terahertz (THz) near fields produced
by the moving charges in an ultrafast scanning transmission electron microscope. The measured free-electron energy at
different spatiotemporal coordinates allows us to directly retrieve the THz near-field amplitude and phase, from which we
reconstruct movies of the generated charges by comparison to microscopic theory. The CDEM technique thus allows us to
investigate previously inaccessible spatiotemporal regimes of charge dynamics in solids, providing insight into the photo-
Dember effect and showing oscillations of photogenerated electron−hole distributions inside a semiconductor. Our work
facilitates the exploration of a wide range of previously inaccessible charge-transport phenomena in condensed matter using
ultrafast electron microscopy.
KEYWORDS: ultrafast charge transport, electron−hole dynamics, terahertz near field imaging, terahertz spectroscopy, terahertz emission,
ultrafast electron microscopy, Dember effect

At the heart of many solid-state physics phenomena of
current interest is the intriguing ultrafast dynamics of
charge carriers and their various hybrid states.

Different approaches for imaging ultrafast charge dynamics1

aim to provide insights in diverse fields such as super-
conductivity, magnetoresistance, and plasma formation. Many
of these phenomena occur on a picosecond time scale, owing
to the underlying physics having THz-frequency resonances, as
well as meV binding and quasiparticle energies. Imaging the
ultrafast charge dynamics involved in these phenomena
necessitates powerful microscopy capabilities that combine a
sufficient resolution in space (nanometer-scale) and time
(subpicosecond-scale) along with other observables such as
energy and momentum.
Here, we propose and demonstrate an interaction

mechanism that enables imaging of ultrafast charge dynamics
by inelastic scattering of free-electron-pulse probes in an
electron microscope. The inelastic interaction between
electron pulses and charge carriers is mediated by time-

dependent THz-frequency near fields emitted following
picosecond time scale motion of the charge carriers in the
bulk of a photoexcited material. This interaction enables the
reconstruction of the charge dynamics with nanometer spatial
resolution and subpicosecond temporal precision without
perturbing it by the external free-electron probe. We present
an experimental demonstration of this concept and develop a
broadly applicable theory in excellent agreement with our
measurements.
Currently available microscopy techniques for imaging

nanoscale charge dynamics rely on either optical excitation
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and detection2−5 or analysis of electron emission from the
surface.6−13 Several specific implementations rely on measure-
ments of THz near fields scattered by or generated from the
surface, enabling the reconstruction of picosecond and
submicron charge dynamics.14−16 Complementary approaches
include ultrafast electron diffraction (UED),17−20 which
provides momentum-space information on charge dynamics
in the bulk, as well as ultrafast point-projection electron
microscopy (UPEM) with a spatial resolution of tens of
nanometers using low-energy (few-hundreds of eVs) elec-
trons.21−24 Of particular importance in the context of the
current work is the study by Müller et al.,22 which used UPEM
to investigate ultrafast electric currents in axially doped InP
NWs, and those of Vogelsang et al.23 and Hergert et al.,24

which studied ultrafast electron photoemission from a nanogap
antenna using UPEM. In the latter, the authors analyze the
effect of transient electric fields induced by the photoemitted
electrons on the kinetic energy distributions of the probe
electrons. Another notable approach involves mapping of static
charge and field distributions from elastic electron scatter-
ing.25,26 Furthermore, charge dynamics associated with the
linear optical response of micron-scale metallic resonators has
been probed under external THz irradiation using ultrafast
electron deflectometry.27 This technique has also been applied
to the study of plasma formation and its subsequent free-space
evolution in the picosecond and nanosecond time-scales.28,29

Such advances emphasize the potential of free-electron pulses
to explore charge-carrier dynamics.
Ultrafast electron imaging experiments are made possible by

the invention and swift development of the ultrafast trans-
mission electron microscope (UTEM)30,31�a pump−probe
setup that uses femtosecond laser pulses to excite a sample and
synchronized femtosecond electron pulses to measure the
resulting transient state. Previous studies have utilized UTEMs
to capture the dynamics of electromagnetic fields in various
nanoscale and low-dimensional structures: imaging the
evolution of plasmons in metallic nanostructures32 and buried
interfaces,33 confined modes in optical cavities,34,35 the
accelerating field in silicon-photonic dielectric laser acceler-
ators,36 phonon37 and polariton wavepackets in 2D materials,38

and phase transitions39,40 and Skyrmion dynamics.41

These previous UTEM experiments relied on the interaction
of the electron beam with optical fields at the light excitation
frequency, to which the investigated specimen responded
linearly. In contrast, in this work we present a direct
demonstration of a strongly nonlinear optical interaction
within the UTEM. Specifically, our experiment measures the
THz field created by moving charge carriers, which are
generated via optical-frequency excitation of a bulk InAs
crystal−the so-called photo-Dember effect.42 We thus
demonstrate free-electron-based near-field imaging of an in
situ generated THz field, revealing information about the THz
generation process and elucidating its spatiotemporal dynam-
ics. The field measurement is based on the position- and time-
dependent energy shift of the probe electron in response to its
interaction with the THz field. In this manner, the electron
maps the field in both space and time. We further utilize this
near-field mapping to reconstruct the underlying charge
distribution (i.e., the time-evolving carrier density inside the
material) that drives the process. The reconstructed charge
distribution reveals previously inaccessible aspects of the
spatiotemporal evolution of electron and hole densities at
the heart of the photo-Dember effect.

We name the demonstrated ultrafast imaging technique
charge dynamics electron microscopy (CDEM) and develop the
theoretical framework describing the electron−field interaction
that lies at the core of CDEM, supporting the exploration of
ultrafast solid-state charge transport phenomena. This frame-
work encompasses a broad class of interactions between free-
electron pulses and charge carriers, where the interaction
occurs via the fields produced by the charge dynamics. We
show that CDEM can capture instantaneous local electric field
distributions with amplitudes as low as 103 V/m in our current
setup, and can reach the range of 10 V/m using better electron
energy spectrometers that are already commercially available.43

Being a TEM-based approach, CDEM holds the potential to
sense internal fields buried inside a bulk sample, using the
electron penetration into the bulk (up to ∼100 nm) in a
nondestructive manner. In this way, CDEM differs from other
near-field approaches (e.g., based on sharp scanning tips) that
probe the field near the sample surface. CDEM thus facilitates
the observation of a variety of fascinating, previously
inaccessible condensed-matter phenomena. For example, we
envision the visualization of ultrafast low-temperature super-
conducting phase transitions, quantum resistivity oscillations,
ultrafast metal−insulator transitions, and much more. These
effects occur on a subpicosecond time scale and display
nanometer-scale features, making CDEM an appealing
approach for their direct observation. Our experiment presents
initial promising steps toward the realization of such ambitious
goals.

RESULTS
Figure 1A describes the interaction mechanism that enables
the reconstruction of nanoscale-resolved charge dynamics
using free-electron pulses (see Methods and theory in the
Supporting Information (SI) for details). We demonstrate this
interaction using a 60-μm-thick p-type InAs crystal with (111)
growth orientation (see Methods for details), which is
positioned inside the UTEM with a cleaved {110} facet facing
the pump laser beam. The latter consists of IR pump pulses
impinging the InAs crystal at time t0 (Figure 1A, top panel),
inducing transient electron and hole currents. Owing to the
photo-Dember effect,42 the highly mobile photoexcited
electrons rapidly diffuse toward the bulk of the crystal, while
the less mobile holes (electron−hole mobility ratio μe/μh ≈
100) remain mostly confined near the surface. Diffusion and
drift forces lead to picosecond time scale variations in the
velocity- and charge-densities of the two types of charge
carriers. As a result, a THz-frequency near field is generated
around the charges, and propagates away from the crystal as a
THz pulse.
An electron pulse moving along z arrives at a time delay Δt

after t0 and passes by the vicinity of the pumped crystal face at
a lateral distance (impact parameter) x and lateral offset y
(Figure 1A, bottom panel). As illustrated in Figures 1B and C,
the THz field changes significantly while the electron passes
through the interaction region, resulting in a net energy shift of
the electron, measured by using an electron energy-loss
spectrometer (EELS). For instance, the electron labeled Δt2
= 0 in Figure 1B sees no field at z < 0 and only positive fields at
z > 0, and consequently, it decelerates. In contrast, the electron
identified by the label Δt3 = 0.6 ps, experiences an overall
acceleration. Even an electron that arrives at a negative time
delay (Δt1 = −0.24 ps) can still undergo a nonzero energy shift
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due to the extended interaction region and electron-pulse
duration.
We raster-scan the electron position in the xy plane by

measuring in scanning-transmission-electron-microscopy
(STEM) mode, collecting the electron energy spectrum at
each point (see Methods for details). The spatial resolution in
the xy plane is determined by the raster pitch and the electron
beam spot size: 1 μm in Figure 2A, and 50 nm in Figure 2C.
Much smaller spot sizes can be configured in many existing
state-of-the-art electron microscopes, only limited by the field-
of-view and the thickness of the sample over which the
electron beam remains collimated. Moreover, our results below
show that the reconstructed charge dynamics can exhibit
spatial features much smaller than the spatial resolution of the
measurement.
Each electron integrates the Ez component of the field along

its trajectory (see theory in the SI), yielding a time-dependent
electron energy distribution from which the integrated field
can be extracted. Since the THz field is just single-cycle to a
few-cycles long, we can effectively map both its phase and
amplitude (see theory in the SI). We note that the lateral
components of the THz near field (Ex and Ey) are also
accessible through local measurements of the electron
deflection in the diffraction plane. The entire vector field E
(x,y,z,t) could in-principle be obtained using a tomographic
reconstruction by a sequence of measurements for different
sample tilt angles.
We investigated the electron−field interaction using several

sample geometries, and focus the results presented in the
figures on a triangle-shaped specimen (Figure 2), naturally
formed when the (111)-grown InAs crystal is cleaved along the

{110} facets. This geometry allows us to observe the field
pattern emitted from both the excited and unexcited edges,
providing information on the spatially resolved phase of the
emitted THz pulse. The internal charge distribution oscillates,
forming an x-oriented THz dipole having a π-shifted phase on
opposite sides of the sample. This behavior is exhibited in the
measured spatiotemporal maps (xy plane) of the average
electron energy shifts Δε around the triangle-shaped InAs
crystal, shown in Figure 2A for various pump−probe time
delays. Figure 2B shows the corresponding simulations, which
agree well with the measured data. Additional measurements
are presented in Figure S2, showing larger-field-of-view maps
taken near a straight-edge crystal (the complete measurements
of the field dynamics are presented in Movies S1 and S2).
The insets in Figure 2B show xy-plane cross-sections of the

reconstructed charge distributions at the corresponding points
in time. Figure 3 shows enlarged panels of the charge
distributions, as well as yz-plane cross-sections. The smallest
features that can be identified in these reconstructed
distributions are ∼100 nm, as evidenced by the width of the
oscillatory charge distribution. Movie S3 combines both cross-
sections to show the complete reconstructed dynamics. The
energy shifts in Figure 2A are nonzero at negative time delays
due to the prolonged interaction with the electron pulse (∼350
fs duration), as shown in Figure 1B, enabling the electron to
sense the THz field produced by a pump pulse arriving a
fraction of a picosecond earlier. Nevertheless, the recon-
structed instantaneous charge distributions presented in the
insets are zero at negative times, as expected from the short
interaction with the excitation pulse (50 fs duration).

Figure 1. Probing near-field THz generation using charge dynamics electron microscopy (CDEM). (A) Illustration of THz pulse generation
via the photo-Dember effect and subsequent measurement by a free-electron pulse. Top panel: An IR laser pulse (red, 40 μm diameter, 50 fs
duration, 800 nm central wavelength) impinges from the right at time t0 on an InAs crystal (gray). The IR light generates transient electron
and hole currents (yellow and black circles, respectively), which lead to the emission of THz-frequency electromagnetic radiation (black
electric field lines). Bottom panel: A time-delayed electron pulse (yellow ellipse, 200 keV energy) passes by the vicinity of the crystal and
undergoes an energy shift (0.1 eV spectrometer resolution) under the influence of the emitted radiation. (B) Simulated electric field z-
component amplitude (Ez) versus time and position along the z coordinate (evaluated 1 μm away from the crystal face). (C) Simulated xz-
plane cross-sections of Ez at several time delays. Yellow ellipses in (B) and (C) illustrate the electron trajectories (velocity v = 0.7c) inside
the electric field at different time delays Δt1−3 (marked in the corresponding panels of Figure 2B), and at different positions x1−2,
respectively. Data in (B) and (C) are evaluated at the plane of pump laser incidence and correspond to a pump-laser pulse energy of 10 nJ,
with the color bar having 30% saturation for better visibility.
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Figure 2C shows measured spatiotemporal maps of electron-
beam energy shifts, focusing on a smaller 5 × 5 μm2 region
around the InAs crystal tip. The entire data set is displayed in
Figure S3. Using a smaller field-of-view and further thinning
the crystal to 20 μm (along z) allows us to probe the THz near
field with a spatial resolution of 50 nm, dictated by the average
electron spot size along the interaction region and the chosen
raster pitch (both are 50 nm). One can see that the measured
electron energy shift is about six times larger than that of
Figures 2A and B. This is attributed to the strong THz field
confinement at the tip (also seen in Figures 2A,B) further
enhanced by positioning the pump laser at the tip. Moreover,
the smaller electron probe used in this measurement implies
that the electron averages over a smaller region in the lateral
plane, thereby increasing its sensitivity. Another evident feature
is the slower oscillation of the THz field compared to the that
of Figures 2A and B (about a factor 2 slower). This is again

explained by the THz field confinement at the tip (also seen in
Figures 2A and B), where the crystal geometry confines the
field, thereby decreasing its oscillation frequency at the THz
range.
From the measured THz field patterns outside the sample,

we reconstruct the charge dynamics inside the sample. As with
other techniques, such a spatiotemporal reconstruction
requires enforcing several constraints on the charge dynamics
inside the sample. These constraints enable a unique solution
to be obtained from electron measurements outside the crystal
volume. In the present instance, sufficient constraints are
provided by the use of a hydrodynamic model for the photo-
Dember effect,44 which prescribes the transient currents inside
the sample following photoexcitation by the pump laser (eq
S17). The Poisson equation is subsequently employed to
evaluate the associated scalar potential distribution in space
and time (eqs S25−S26). This potential can then be

Figure 2. Spatiotemporal charge distribution reconstruction via near-field mapping of the THz field. (A) Measured spatiotemporal maps of
electron-beam energy shifts. These maps display the mean electron energy shift Δε produced by scanning the electron position in the xy
plane at various time delays (see labels), thus rendering the THz pulse spatiotemporal dynamics. The pump laser pulse is incident along the
x axis, normal to the crystal surface, 30 μm away from the tip along y and at the center of the crystal with respect to z, as illustrated by the
yellow arrow in the 0 ps panel. The spatial resolution in these measurements of the THz field is dictated by the 1 μm spot size of the probe
electron. The right inset provides a three-dimensional illustration of the sample geometry (gray), the electron pulse (yellow), and the axes
system. (B) Simulated energy shift Δε corresponding to the experimental data in (A). Insets depict the electron−hole charge distribution
reconstructed from the measurements. The cross-sections of the charge distribution are taken at the z = 0 plane. Insets span 600 nm (80 μm)
along x (y), revealing spatial features of ∼100 nm scale in the charge distribution. Labels Δt1−3 in (B) refer to the time delays indicated in
Figure 1B. (C) Measured spatiotemporal maps of electron-beam energy shifts, focusing on the InAs crystal tip (5 × 5 μm2 region), with
probe electron spot size of 50 nm. The pump laser pulse is incident along the x axis, normal to the crystal surface and centered at the tip
(x,y,z = 0), as illustrated by the yellow arrow in the 0 ps panel. All data displayed refer to a pump-laser pulse energy of 10 nJ, with the color
bars having 30% saturation for better visibility.
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differentiated to obtain the electric field component along the
propagation axis of the probe electron (Ez), which is
responsible for any energy change of the latter. Using a
classical treatment of the probe electron dynamics (which is
more intuitive than the quantum-mechanical one, yet adequate
under the conditions of the current work), we can evaluate the
electron energy shift through the classical work done by the
Lorentz force (eq S17). This requires to integrate the electric
field along the electron trajectory for different pump−probe
time delays and spatial coordinates. It is therefore understood
that the connection between the two entities, the observable,
which is the probe electron energy shift, and the reconstructed
charge dynamics, requires some delicate treatment to be
uncovered, which is however not uncommon for such
techniques.
The reconstruction of the THz pulse and underlying charge

dynamics is done by fitting this theory to the measured five-
dimensional data set that is generated by capturing the entire
electron energy spectrum as a function of time delay for
different xy plane positions and pump pulse energies (see
theory in the SI). Specifically, for each set of fitting parameters,
we evaluate the transient current density jx inside the sample.
This current density is used to calculate the scalar potential
distribution in space and time, and finally the resulting electron
spectrum following the interaction. The obtained spectra are
compared against the experimental five-dimensional data set,
and the process is repeated until the fit satisfies the predefined
convergence criteria. Using this approach, we are able to
reconstruct the features observed in the experiment with only
four fitting parameters, which are found once and for all the
recorded data. For this reason, we believe that our simulations

adequately reproduce the actual charge distribution generated
inside the structure.
Applying CDEM to other (perhaps less well understood)

physical systems can be achieved in a similar manner to the
current study, assuming that the system under study is not a
complete “black-box” and that reasonable assumptions on its
behavior can be made. Being a near-field technique, CDEM is
sensitive to the microscopic details of the sampled system.
Therefore, capturing multidimensional data of sufficient extent
should allow one to provide supporting evidence or disprove
the validity of a certain model. Determining the validity of a
given model can be achieved by examining the effect of
perturbations in the fitting parameters on the fit quality. In our
experiment, changing the fitting parameters to a level of ±1%
yielded no significant change in the reconstructed charge
distribution and the resulting fit quality.
We attribute the observed discrepancy between model and

experiment at time delays Δt ≥ 0.72 ps, as manifested by the
more pronounced damping in the experiment, to damping
factors neglected in the hydrodynamic model such as surface
recombination and electron−electron scattering. The latter is
particularly relevant at the high pump fluences used in our
experiment.44

The reconstructed net charge distribution penetrates up to a
depth of ∼500 nm inside the crystal bulk (along the x axis) and
exhibits multiple time-varying annular patterns, visible in both
the xy and yz planes, as illustrated in Figure 3 (see also insets
in Figure 2B, and Movie S3). Annular patterns in the yz plane
are produced by local variations in the excited charge carrier
density, owing to the Gaussian profile of the pump laser. The
varying charge distribution along such a profile causes changes
in the back-and-forth (x axis) oscillation frequency and

Figure 3. Spatiotemporal evolution of the reconstructed charge density. Cross-sections of the reconstructed charge density in the (A) xy
plane (z = 0) and (B) yz plane (x = 0). The data in (A) provides an enlarged view of the data presented in the insets of Figure 2B. For clarity,
the panels in (A) and (B) are arranged in a similar manner to Figure 2B. Note that the origin of axes is located at the tip of the triangle-
shaped sample (shown both in the 3D inset in (A) and in Figure S1). As in Figures 2A and B, the pump laser pulse is incident along the x
axis, normal to the crystal surface, 30 μm away from the tip along y, and at the center of the crystal with respect to z.
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intensity at each point along the yz plane. These intricate
oscillations comprise the microscopic features of the photo-
Dember effect in the semiconductor, which result in the
emission of a composite THz pulse emerging as the
superposition of contributions from different points along
the surface. In this manner, CDEM allows us to probe the
microscopic details behind the generation of single-cycle THz
pulses and to follow their evolution in the near field, thus
providing understandings on the underlying charge carrier
dynamics.
Our model deals with the net current and charge density.

While being more compact, this requires to take some care
when analyzing and drawing conclusions. Observing Figure 3
and the insets in Figure 2B, at early time delays (0 ≤ Δt ≤ 0.36
ps) we see rapid diffusion of electrons into the bulk, while the
holes remain near the crystal surface. At later time delays (0.48
≤ Δt ≤ 0.72 ps), we see a partial revival of the electron
population near the crystal surface due to the drift force acting
on the electrons, pulling them back toward the surface. In the
final stage (0.84 ≤ Δt ≤ 0.96 ps), we observe once more the
diffusion of the electron population toward the bulk. If we
track only the hole population, we see that, overall, it
continuously diffuses toward the bulk (in each panel the
black area gets larger and dimmer in a monotonic fashion).
This different behavior between electron and hole dynamics is
a direct consequence of the difference in effective mass (or
mobility).
Although InAs-based devices are well-developed for

applications, to the best of our knowledge, these spatiotem-
poral and spectral features have never been observed. Our
experiment shows how the emitted-field phase front can be
controlled by a combination of sample geometry and local
pump laser intensity. The intricate dynamics of the charge
distribution is manifested by the expanding double-lobe feature
exhibited by the emitted THz field, which is clearly discernible
in the electron energy-shift maps of Figure 2 for time delays Δt
≥ 0.24 ps. Another signature of the charge distribution is the
apparent jump in the THz field phase observed in the energy
shift maps around the tip of the triangle-shaped crystal,
associated with charge accumulation at the tip and the
transition from one side of the dipole to the other. These
features illustrate that the emitted field displays a complex
spatiotemporal pattern that cannot be explained by a simple
dipole model, which is often sufficient for explaining far-field
measurements. Such fine features are only resolved by near-
field measurements. This is highlighted in Figure 2C, which
presents measured spatiotemporal maps of the mean electron
energy shifts Δε in a 5 × 5 μm2 region around the crystal tip,
demonstrating 50 nm resolution in the xy-plane.
We note that further improving the spatial resolution of

CDEM is straightforward using state-of-the-art scanning
transmission electron microscopy, with two main consider-
ations: (1) Better spatial resolution scales with a smaller field-
of-view, as in Figure 2C. (2) For thick samples as used in our
experiment, the resolution is limited by the electron beam
divergence. For example, an electron beam focused to 10 nm
with a convergence angle of 1 milliradian will expand to 110
nm for a 100 μm thick sample. Ultimately, for a conventional
TEM sample (about 100 nm thick or less), spatial resolution
<1 nm would be achievable, provided that strong enough THz
fields are created by the charge dynamics to provide sufficient
contrast. Under such a condition, the resolution is far less
affected by the electron beam divergence, which is currently

the main bottleneck for improving resolution (Figure 2C). In
addition, such a thin sample can be penetrated by the
electrons, thereby allowing more direct access to the charge
dynamics inside the material. The ability to directly access such
bulk dynamics is a potential major advantage of CDEM for
imaging nanoscale charge dynamics, especially when compared
to other near-field techniques that are mostly surface-oriented
(i.e., sensitive only to the outermost atomic layers of the target
material.2−13

The underlying mechanism in CDEM is the inelastic
scattering of the free-electron pulse off the charges generated
in the probed material, mediated by the THz near field
produced by the dynamics of such charges. Thus, each pixel in
Figure 2 depicts the mean electron energy gain or loss
extracted from captured time series of electron energy spectra
as illustrated in Figure 4A. Panels in this figure reveal temporal
oscillations and broadening of the electron spectra. Tracking
the mean electron energy, one can discern a net energy loss
followed by a net gain, with feature strengths depending on the
pump-laser pulse energy. Importantly, such features in the
electron energy spectrum have not been reported in any
previous UTEM experiment to the best of our knowledge.
To better understand the physical origin of the features

observed in the electron spectrum, we go back to Figure 1B,
where we observed three possible electron trajectories labeled
Δt1−3. An electron arriving at Δt1 < 0 will undergo a small
energy shift, despite arriving before the pump laser, owing to
the extended nature of the free-electron pulse and interaction
region. An electron arriving at Δt2 ≈ 0 (i.e., around the time of
laser-electron overlap) undergoes a strong and abrupt energy
shift, as only a certain portion of that extended electron
interacts with the THz field generated during its flight. This
abrupt change in energy involves high-frequency THz
components and, hence, leads to the apparent smearing of
the electron spectra in that region. Electrons arriving at Δt3 > 0
average over the more slowly varying THz field and, therefore,
accelerate or decelerate as a whole depending on the exact time
of arrival.
Figure 4B illustrates the excellent agreement obtained

between the measured and simulated mean electron energy
shifts extracted from the electron spectra in Figure 4A. The
mean electron energy shift is simply the average of each
spectrum at each time delay. The inverse transition, from the
one-dimensional data set Δε(Δt) (as obtained from the
classical CDEM theory) to the simulated spectra shown in
Figure 4A (bottom panels), is achievable through a
convolution with a kernel in two-dimensional energy-shift
and time-delay space, representing the free-electron phase-
space prior to the interaction with the THz field. Figure 4C
compares the measured and simulated peak-to-valley electron
energy shifts derived from the data in Figure 4B for different
pump pulse energies, showing a saturation at high pulse
energies, which stems from the limited achievable photoexcited
charge-carrier density.
Figure 5 presents an analysis of the spatial dependence of the

reconstructed field, showing that the THz spectrum varies with
distance from the sample edge, an effect that is observed only
in near-field measurements. In particular, Figure 5A depicts the
mean electron energy shift as a function of electron-beam
position along x and time delay for several pump pulse
energies, as extracted from the spatiotemporal maps in Figure
2. The right panels show cross-sections along x at the time
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delay of maximal energy shift, together with the corresponding
simulated cross-sections.
Figures 5B and C show the Fourier transform of both the

measured and simulated mean electron-energy shift data
displayed in Figure 5A. It is clear that the spectra become
narrower as the distance from the crystal grows, a feature that
can be traced back to the decay of higher-frequency
nonpropagating waves in the near field. The observed spectral
bandwidth is in principle limited by the electron pulse duration
(∼350 fs). However, this bandwidth is still sufficient to
perform the current measurement, as shown in Figures 5B and
C. Shorter electron pulses should extend the bandwidth even
further.

Taking a wider perspective, we note that all electron−field
interactions harnessed in electron microscopy can be
categorized using three parameters: the field cycle, the electron
pulse duration, and the interaction duration L/v (determined
by the length of the interaction region L and the electron
velocity v). These parameters allow us to classify all electron−
field interactions into three regimes. [1] On the one extreme,
for a field cycle much shorter than the electron pulse duration,
we are in the realm of photon-induced near-field electron
microscopy (PINEM).45−52 [2] The opposite extreme, having
a field cycle much longer than both the interaction duration
and the electron pulse duration, is the regime of
deflectometry,27−29 holography,53 and Lorentz transmission
electron microscopy54 (more details on the comparison in the
SI). [3] The intermediate regimes (e.g., for a field cycle longer
than the electron pulse duration, yet shorter than the
interaction time) are where CDEM belongs.
Our CDEM experiment fundamentally differs from previous

PINEM experiments both in its time scale (i.e., we operate in
regime [3] rather than [1]) and in its intrinsically nonlinear
nature associated with the THz field generation starting from
infrared laser light. Namely, in our specific demonstration of
CDEM, the electron interacts with a field of a much smaller
frequency (THz) than the excitation frequency (optical),
created due to the optical nonlinearity induced by the charge
dynamics (through the photo-Dember effect). Such nonlinear
interactions have not been reported in previous PINEM
experiments. CDEM can also occur without nonlinearity, by a
direct THz excitation, and yet to the best of our knowledge, no
realization of CDEM has been previously reported.
Building on previous theoretical developments,46,47,50,51,55

we formulate a theory for CDEM (see the SI). The CDEM
theory goes beyond the coherent narrow-band fields
commonly employed in PINEM, and can also accommodate
a general electromagnetic potential term to account for
incoherent and stochastic processes, as often required to
characterize complex charge dynamics. This unified quantum
theory thus captures both PINEM (regime [1]) and CDEM
(regime [3]) on the same footing. The classical limit of this
theory is sufficient when the electron pulse duration is
substantially shorter than the field cycle, so the electron can
be treated as a point particle. In the present instance, the
electron pulse duration is comparable to the field cycle, and
therefore, we use the unified quantum theory. Nevertheless, we
note that the classical theory also provides a good fit in our
case, and thus, we do not claim that the quantum features of
the electron are necessary to describe our results.
To estimate the prospects of CDEM for the study of other

solid-state phenomena, a useful figure of merit is the
instantaneous local current I associated with the observed
physics (see theory in the SI). This current is proportional to
the force acting on the probe electron, which in turn produces
the electron energy shifts. Based on both measurements and
simulations, the lower limit that is observable for this figure of
merit using the current setup is ∼10−2 A, corresponding to a
∼0.1 eV energy shift (see theory in the SI). This current is
equivalent to ∼105 electrons undergoing picosecond-scale
dynamics. Higher-resolution electron spectrometers that are
commercially available can reduce this value by 2 orders of
magnitude.43

These estimates show that CDEM can probe previously
inaccessible dynamics, such as the ultrafast nature of
superconducting phase transitions,56,57 recording the forma-

Figure 4. Extracting the temporal dynamics of the THz field from
the free-electron−field interaction. (A) Measured (top) and
simulated (bottom) electron energy spectra versus time delay for
several pump-laser pulse energies. Colors indicate the energy
probability density, separately normalized at each time delay. Data
were collected with the electron beam passing 1 μm away from the
crystal face. (B) Mean electron energy shift extracted from (A) as a
function of time delay. Error bars and lines denote experimental
and simulated results, respectively. A horizontal offset is
introduced for clarity. (C) Peak-to-valley (P−V) electron energy
shift (see illustration in (B)) versus pump-laser pulse energy
corresponding to the data in (B) (symbols), showing a good
agreement with theory (solid curve, see the SI). A common
parameter set in the theory matches all data points, for all pulse
energies and time delays.
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tion and resolving the core dynamics of nanoscale vortices in
type-II superconductors with nanometer imaging resolution.
Here, we provide an estimate for the feasibility of this idea by
considering the instantaneous local current I associated with
the switching on/off of a vortex of a single magnetic flux
quantum using a femtosecond laser pulse.58 Detailed
calculations and a roadmap toward such an experiment are
provided in the SI. As a concrete example, consider a vortex
tube of a single flux quantum, trapped in a type-II
superconductor. Such a vortex is surrounded by a current
loop with a typical strength of 10−3 A,59 thus anticipating a 10-
meV-scale energy shift, which is measurable using state-of-the-
art electron spectrometers.43 Recalling the known 1−10 ps
time scale for this optically driven phase transition,57 we
conclude that the sensitivity of CDEM is sufficient to provide
detailed spatiotemporal imaging of this effect (more
information in the SI).
Looking forward, CDEM experiments utilizing field cycles

ranging between ∼100 fs and ∼10 ps are readily achievable
using the current setup. Importantly, this time frame is relevant
for many physical phenomena of interest and can be tuned by
changing the size of the interaction region or the electron
velocity (affecting both the electron pulse duration and its
interaction time). Intriguingly, the ∼100 fs lower limit could be
made 3 orders of magnitude shorter using attosecond electron
pulse trains.60−62

CONCLUSIONS
In conclusion, CDEM offers a sensitive nonperturbing probe to
explore the dynamics of charge carriers inside matter with
nanometer-femtosecond spatiotemporal resolution. Our ex-
periment elucidates the intricate electron−hole dynamics
taking place inside a photoexcited InAs crystal. The ability to
image ultrafast charge dynamics in different materials can assist
in future designs of ultrafast nanostructured devices by, for
example, optimizing the performance of THz electronics or
controlling the beam phase front of metasurface-based THz
sources. On a more fundamental level, we expect the CDEM
technique to be well-suited to provide quantitative information
on the angular distribution of the Fermi velocity of charge
carriers in solids−mapping the 3D Fermi surface. This way,
CDEM may provide a dynamical nanoscale-resolved alter-
native to the de Haas−Van Alphen effect.63−65

In general, wherever one has a spatially textured distribution
of charge carriers evolving in time and space, like we have in
the photo-Dember effect, CDEM can record the associated
ultrafast microscopic features. For example, CDEM can
facilitate the exploration of hot-carrier dynamics in metals
and nano-optoelectronic devices,66−69 as well as transport
effects related to the magnetoresistance70,71 and Hall72,73

effects. These phenomena can be explored in a time-resolved
manner to provide insights into their nature. A similar
approach as applied in our experiment could record the

Figure 5. Mapping the spectrum of the THz near field. (A) Mean electron energy shift Δε as a function of pump−probe time delay and
position along the x coordinate, normal to the crystal face. Data were collected by scanning the electron beam position along the direction of
pump-laser incidence x, with x = 0 at the crystal surface. The color bar has 30% saturation for better visibility. Right panels show a
comparison with theory (solid curves) taken at the time delay of maximal energy shift (as indicated by the vertical dashed lines in the left
panels). (B) Measured (top) and simulated (bottom) power spectral density maps versus position along x, as obtained from Δε. White
dashed lines illustrate a spectra narrowing with increasing distance from the crystal. (C) Cross-sections of the measured (black error bars)
and simulated (red curves) data presented in (B), taken at various x positions (indicated by horizontal magenta lines in (B)). The pump-
laser pulse energy in (B) and (C) is 10 nJ.
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dynamics of light-induced superconductivity,57,58 alongside
other types of light-induced phase transitions such as those
involving charge density waves, the quantum spin Hall effect,
and the quantum anomalous Hall effect. Besides phase
transitions, one could explore other light-induced phenom-
ena,74 including ultrafast interlayer charge transfer in
heterostructures of transition metal dichalcogenides
(TMDs),75 the light-induced anomalous Hall effect, the
photovoltaic Hall effect, and ultrafast aspects of Floquet
engineering. In all these instances, CDEM could grant us
access into the microscopic out-of-equilibrium dynamics of
charge carriers to map their spatial dependences, as
demonstrated in our experiment with the photo-Dember effect.

METHODS
Experimental Setup: Ultrafast Transmission Electron Micro-

scope (UTEM). The experiments are conducted using a Jeol 2100
Plus transmission electron microscope (TEM) equipped with a LaB6
electron gun and driven by femtosecond laser pulses, thus operating
as an ultrafast transmission electron microscope (UTEM), as
illustrated in Figure 6. In the UTEM, a laser pump pulse excites
the sample, and an electron probe pulse records the transient state of
the specimen. The pump and probe pulses are created by a 1030 nm,
∼220 fs laser (Carbide, Light Conversion) operating at a 1 MHz
repetition rate. Each pulse is split into two: The first pulse is up-
converted to UV via two stages of second-harmonic generation and
then guided to the TEM cathode by an aluminum mirror inserted
inside the TEM column. This process generates femtosecond electron
pulses at the laser repetition rate. The electron pulses are accelerated
to 200 keV and travel down the TEM column, passing by the vicinity
of the sample and providing imaging or spectroscopic information,
just as in a conventional TEM. The second pulse is converted to 800
nm wavelength and 50 fs pulse duration (FWHM) using an optical
parametric amplifier (OPA) and a pulse compressor. This pulse is
then used to pump the sample, impinging on it from the side (relative
to the electron beam), where the laser spot size is 40 μm FWHM. The
time delay between electron-probe and laser-pump pulses is

controlled by a motorized stage, thus allowing for stroboscopic
measurements of femtosecond dynamics.
Electron Spectroscopy in Scanning Transmission Electron

Microscopy (STEM-EELS) Mode. To analyze the electron (kinetic
energy) spectrum after interaction with the sample, a postcolumn
electron energy-loss spectroscopy (EELS) system (by Gatan) is
installed in the TEM. The EELS data can be captured at each xy
(lateral) position within the field of view (FOV) using the built-in
scanning TEM (STEM) capability (see Figure 1). We perform
experiments with several FOVs and electron spot sizes. The results
presented in Figure 2A (2C) are acquired with a FOV of 120 × 120
μm2 (5 × 5 μm2) and an electron lateral spot size of 1 μm (50 nm)
FWHM. The STEM electron lens system is tuned to collimate the
electron, so it maintains this spot size along the entire length of the
interaction region.
In order to collect the data shown in Figures 2 and 5, the STEM-

EELS measurement is repeated for several pump−probe time delays
and pulse energies, generating a five-dimensional hypercube of EELS
data (with the dimensions being x, y, energy, time delay, and pulse
energy).
Sample Preparation. The sample used in our experiments was

prepared from a p-type (1017 cm−3) 500 μm-thick single crystal InAs
wafer with (111) growth orientation (from MTI Corp.). A piece from
the wafer was manually thinned and polished to 60 μm using standard
TEM sample preparation techniques. The thinned crystal was then
cleaved along the {110} planes and glued to a TEM copper grid
before being mounted on the TEM holder.
In order to demonstrate the 50 nm spatial resolution of Figure 2C,

a 10 × 10 μm2 area around the InAs crystal tip was further thinned to
a final thickness of 20 μm using focused ion beam milling (FEI Helios
NanoLab DualBeam G3 UC). This thinning relaxes the constraint
imposed by the electron beam divergence, as the distance (in z) along
which the beam diameter must be retained is significantly reduced.
Several different samples were used in our measurements, all

showing similar behavior. The experimental data presented in the
main text were collected from a single sample.
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Fédérale de Lausanne, Lausanne 1015, Switzerland;
orcid.org/0000-0002-0137-8537

Simone Gargiulo − Institute of Physics, École Polytechnique
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Notes
We note that a parallel work (Madan et al., “Charge dynamics
electron microscopy: nanoscale imaging of femtosecond
plasma dynamics”) has simultaneously demonstrated CDEM
in a different field, for the visualization of charged plasma
dynamics in a UTEM. The first preliminary results of both
papers were first presented as two abstracts in CLEO 2021.76,77
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