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Accessing the low-energy non-equilibrium dynamics of materials and

their polaritons with simultaneous high spatial and temporal resolution
hasbeenabold frontier of electron microscopy inrecent years. One of the
main challenges lies in the ability to retrieve extremely weak signals and
simultaneously disentangling the amplitude and phase information. Here
we present free-electron Ramsey imaging—a microscopy approach based on
light-induced electron modulation that enables the coherent amplification
of optical near fields in electron imaging. We provide simultaneous time-,
space- and phase-resolved measurements of amicro-drum made froma
hexagonal boron nitride membrane, visualizing the sub-cycle dynamics

of two-dimensional polariton wavepackets therein. The phase-resolved
measurement reveals vortex-anti-vortex singularities on the polariton
wavefronts, together with anintriguing phenomenon of a travelling wave
mimicking the amplitude profile of a standing wave. Our experiments show
a20-fold coherent amplification of the near-field signal compared with
conventional electron near-field imaging, resolving peak field intensities
inthe order of a few watts per square centimetre, corresponding to field
amplitudes of a few kilovolts per metre. As aresult, our work paves the way
for the spatiotemporal electron microscopy of biological specimens and
quantum materials, exciting yet delicate samples that are currently difficult

toinvestigate.

Free-electron physics has had a profound impact on many areas of
science and technology, from electron microscopes and X-ray sources
tomicrowave sources and accelerators. At the heart of all these applica-
tionsliesthe fundamentalinteraction between free electrons and elec-
tromagnetic fields' . This interaction can be enhanced by modulating
the electrons before (and in some cases, after) the interaction*”. This
electron modulation is key to applications such as electron radiation
and electronacceleration, asrecently demonstrated indielectriclaser
accelerators®’.

Electron modulation can be achieved through either classical or
quantum-mechanical methods, by shaping the longitudinal electron
distribution or electron wavepacket, respectively. Inboth cases, elec-
tron modulation can be performed by laser interaction, as inspired
by research into photon-induced near-field electron microscopy
(PINEM)®. PINEM was originally conceived as an imaging technique
realized via ultrafast transmission electron microscopy (UTEM).
Nevertheless, at its core, PINEM relies on a fundamental interaction:
inelastic scattering of free-electron pulses by optical near fields.

A full list of affiliations appears at the end of the paper.
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Fig.1| FERI: utilizing electron modulation for coherently amplified imaging
of optical near fields. a, Conventional PINEM (top) scheme compared with
FERI (bottom). Modulated electron interference enables the measurement

of weaker field intensities and phase resolution, which are inaccessible using
conventional PINEM with the same electron dose and laser intensity. The FERI
and PINEM amplitude images under the ‘amplitude’ title are normalized to have
the same contrast as achieved experimentally (Methods). b, Platform in which
we demonstrate the concepts of this work viaa micro-drum made from an hBN
membrane. A pump pulse in the mid-IR range couples at the circular boundary,
exciting a phonon-polariton wavepacket that propagates and interferes,
resultingin a wave pattern with an amplitude profile that resembles astanding
wave in adrum. ¢, Simulations show that waves of fundamentally different types

canlook similar in their amplitude profiles and have drastically different phase
profiles. Conventional PINEM extracts the amplitude profile, whereas FERI
additionally extracts the phase profile and can, therefore, distinguish between
the different wave types. For example, the amplitude profileinaresembles a
standing-wave mode of adrum. However, the phase profile reveals that the wave
is, in fact, not a standing wave, but a different wave phenomenon with a phase
resembling that of a travelling wave. The polaritons travel inside a 40-nm-thick
layer of hBN, which is held on top of a10-nm-thick gold frame situatedon a
40-nm-thicksilicon nitride substrate. A circular hole with a radius of 5 pmiis
drilled through the gold and silicon nitride layers. Notice that the illumination
angle breaks the up-down symmetry, inducing a progressive phase that shifts
theinterference pattern from the centre.

This interaction allows one to reconstruct the near-field amplitudes
down toasingle-nanometre spatial resolution®" and sub-picosecond
temporal resolution™. In fact, PINEM enabled a range of imaging modal-
ities in a variety of nanophotonic and condensed-matter systems,
including surface polaritons™*", nanocavities'> and nanoscale plasma
or charge distributions'",

Apart from imaging applications, the electron-laser interaction
in PINEM-type experiments has also inspired various electron modula-
tionschemes. This modulation allows one to reconstruct the electron’s
quantum state’®" and to extract the coherence and decoherence times
of quantum emitters'®. A notable application of PINEM-modulated
electronsis to retrieve the temporal phase information of the optical
fieldinascheme coined as free-electron Ramsey-type phase control”.
Such a scheme has been used to reconstruct the sub-cycle dynam-
ics of terahertz?® and optical® fields. However, despite the wide
range of applications enabled by electron modulation, this approach
has never been used to amplify microscopy itself, that is, it was not
used to increase the sensitivity in near-field imaging with electron
microscopes.

Here we propose and demonstrate the coherent amplification of
the electronimaging of optical near fields, relying on optically modu-
lated free electrons for probing the investigated sample (Fig. 1a). Con-
ceptually, ourimaging scheme can be thought of asafrequency-tunable
Ramsey interferometer®, performing measurements simultaneously
ateach pointin the sample. Thus, we dubbed this imaging scheme as
free-electron Ramsey imaging (FERI). We use FERI to specifically dem-
onstrate the coherently amplified imaging of polariton dynamicsina
hexagonal boron nitride (hBN) flake held on a gold frame, forming a
micro-drumstructure supporting novel phonon-polariton wave excita-
tions (Fig. 1b,c). Compared with conventional PINEM, we show that FERI
yields a20-fold coherent amplification of the raw signal contrast, with

further enhancement owing to the electron-field interaction theory
that underlies the algorithmic scheme. The overallenhancement ena-
blestheretrieval of animage when adopting incident intensities as low
as a few watts per square centimetre, paving the way to new kinds of
microscopy experimentinscenarios thatwere previously beyond reach
due to electron or laser dose sensitivity. Examples include quantum
materials like high-T_superconductors®, and even soft matter, where
maximizing the signal with alimited dose is essential.

It should be noted that recent advances in ultrafast electron dif-
fraction and microscopy have enabled theimaging of phonon dynam-
ics?. In particular, UTEM has been applied to visualize the dynamics
of acoustic phonon wave propagation in two-dimensional (2D) mate-
rials*”*, Our work takes a completely different path, investigating
optical phonons hybridized with electromagnetic fields, also known
as phonon polaritons?~*'. Compared with acoustic phonons, the (opti-
cal) phonon polaritons have completely different dispersion relations,
for example, hyperbolic dispersion as in the hBN phonon polaritons
that weinvestigate in this work. The phonon polaritons also evolve on
shorter timescales (from a few femtoseconds to a few picoseconds)
relative to their acoustic counterparts. Such timescales necessitate a
method like FERIto investigate the sub-cycle oscillations, thatis, study
the complete phase dynamics. The sub-cycle dynamics was impossible
to observe without FERI, by just using conventional PINEM™,

Standing-wave profiles and travelling-wave
phases

Combining the phase- and time-resolved capabilities of FERI reveals
a surprising polariton phenomenon. The polaritonic wavepacket
(whoseamplitudeislinear to that of the excitation pump laser) exhibits
amulti-ringamplitude profile resembling a standing wave (Fig. 1c, left).
Indeed, based on the amplitude measurements alone (that is, using
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Fig.2|Time- and phase-resolved imaging of polariton wavepackets. a, FERI
scheme: splitting afemtosecond laser pulse into three parts, enabling both
ultrafast time-resolved and phase-resolved imaging. Two delay stages are used
to control the timing of the laser pulses with respect to the electron pulse.

The effective field modulating the electron after both interactions (£) is the
superposition of the field at the reference (£,) and the field at the sample
(E;)—aninterference mediated by the electron. FHG, fourth-harmonic
generation. b, Time-resolved imaging (i) presenting selected raw PINEM data
frames at different time delays between the UV pulse and the exciting laser with
50 fs time differences. Full data are shown in Supplementary Videos 1and 2.
The dark parts correspond to the polaritonic wavepacket propagating from
the edges to the centre and undergoing interference with other parts of the
wavepackets. The polariton wavepacket dynamics is presented in a map (ii)
where the propagation axis represents the dynamics along the radius, averaged
along a semicircle. The polariton wavepacket propagates with a group velocity

of v, = ¢/200, marked by a black dashed arrow. The wavepacket ‘hops’ over
certain radii at which we observe a very low intensity (dashed orange lines). This
behaviour is not expected from conventional travelling waves that continuously
propagate, and is not expected for conventional standing waves that do not
propagate. Instead, this behaviour is consistent with the observation (Fig. 1) of
asimultaneous standing-wave amplitude and travelling-wave phase profiles.
Thered feature at the top right of the map is due to the arrival of asecond
excitation pulse, coupling at the edge. ¢, Phase-resolved imaging (i) presenting
selected raw FERI data frames at different sub-cycle delays (full data are shownin
Supplementary Videos 3-5), corresponding to different relative phases between
the modulation and sample excitation. Algorithm-aided reconstruction of the
amplitude and phase profiles from the raw FERI data frames using all the phases
(ii). The phase scanis performed around a time delay of 2 ps, marked by the
purple frameinb(i) and a purple dashed arrow in b(ii).

conventional PINEM), the polariton could be identified as a standing
wave. However, extracting the phase information from FERI reveals that
the wavepacket acquires a continuous phase as it propagates, in stark
contrast with astanding wave (Fig. 1c, right). Therefore, the polariton
wavepacket cannot be classified as either a conventional travelling
wave or as astanding wave. Thisisanew and intriguing observationin
an hBN phonon-polariton micro-drum, whichis reminiscent of known
effects in acoustics®. The observation of such a behaviour has been
made possible only owingto the phase-resolving capability of our FERI
technique and warrants additional future research.

Experimental system for phase- and time-
resolved imaging

We realize FERI in a modified UTEM (Fig. 2a). In a conventional sys-
tem, a femtosecond laser pulse is split into two pulses. One pulse
(pump) impinges on the investigated sample, and the other pulse
(probe)is frequency upconverted into an ultraviolet (UV) pulse using
fourth-harmonic generation, which photoemits an electron pulse
fromthe cathode. Together, such asystemimplements a pump-probe
schemewithanelectron as the probe. In contrast, in our modified sys-
tem, the pump pulseis splitinto two pulses (Fig.2a). Specifically, for the
experiments shown here, the pulse is frequency downconverted into
the mid-infrared (mid-IR) range using difference-frequency generation
(DFG) inanoptical parametric amplifier (OPA) before being split. The
first pump pulse impinges on the investigated sample, whereas the
second pump pulse does not interact with the sample, and instead
modulates the electron before that electron probes the sample (the
reference and sample order can be changed with similar outcomes).
Together, the modified system implements a pump-pump-probe
scheme, with the electron as the probe. Variants of this scheme were
realized in transmission electron microscopy (TEM) instruments under
different constraints, for example, using separate light-coupling ports

foracontinuous-wave operation”* or combined into asingle port for

pulsed operations, splitting the two points of interaction®’ or keeping
them together®.

We modify the conventional operation of a UTEM instrument by
installing a specially designed component called the photonicelectron
modulator (PELM; Methods). This modification enables theindepend-
ent tunability of the two pulses in two separate light-coupling ports,
controlling their relative delay, intensity and polarization, as well as
other options (Methods). Specifically, the electron modulation is
implemented by a flat aluminium (Al)-coated Si;N, membrane, which
is tilted at an angle of 41° with respect to the electron propagation
direction to ensure transverse electron-light phase matching. The
electrons penetrate through this membrane simultaneously with the
laser pulseimpinging onit. The flat membrane acts as alight-reflecting
mirror, providing the reference interaction shownin Fig. 2a, as well as
beingrelatively electron transparent to allow further interaction with
our micro-drum.

FERI: concept and results

Our FERI experiment extends on previous works'>?**** by one impor-
tant development: coherent amplification of electron imaging. All the
above-mentioned modified UTEM instruments provide a controllable
phaserelationbetween the electron modulationand theinduced near
field on the investigated sample (this is possible because both pump
pulses were split from the same laser pulse). Our demonstration of
coherently amplified imaging requires an additional development,
which can be summarized in two stages: (1) acquiring raw modulated
electron images, by uniformly scanning over the relative phase; (2)
applying a reconstruction algorithm on the raw images, extracting
high-contrast phase and amplitude of the sample near field. We cali-
brate our measurement by acquiring electron-energy-filtered images
withoutinducingfield on the sample, and by taking separate electron
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Fig.3|Intrinsic phonon-polariton properties extracted via FERI: direct
measurement of the polariton phase velocity and identification of a vortex-
anti-vortex pair. a, FERI phase reconstruction for different wavelengths. The
exciting laser power at the presented different wavelengthsis around 2 nW.

b, We use the distance between consecutive equal-phase circles for the direct
extraction of the polariton’s wavenumber (and phase velocity). The dispersion
relation of phonon polaritons in hBN, with circles marking the extracted
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wavenumbers. The density of states (DOS) dispersion relation is achieved by
calculating the reflection coefficient of air-hBN-air scattering, where the
thickness of the hBN is taken to be 45 nm, as estimated from a TEM measurement.
c,d, Zoomed-in views of a phonon-polariton phase profile reveal that the nodal
point at the centre of the micro-drum wave comprises a vortex-anti-vortex pair,
aninevitable result of symmetry breaking in the system®". By extracting the exact
phase, FERI enables measuring the chirality of each vortex.

energy spectra measurements to estimate the strength of the refer-
enceinteraction (Methods). Afteritsinteraction with the sample, each
modulated electron can be characterized by measuring its electron
energy spectrum, which depends on the sample near field and its phase
relative to the reference interaction. We specifically use electron energy
filtering on the electron image (Methods). Consequently, for each
choice of modulation phase, the raw electron image provides differ-
ent information about the near field at the sample. By combining the
raw images (Methods), our algorithm yields the phase and amplified
contrast in the amplitude profile, meaning that weaker fields can be
reconstructed with the same electron dose. For example, Fig. 1a com-
pares twoimages acquired with the same total electron dose and same
fieldintensity onthe sample, showing the advantage of FERI over con-
ventional PINEM, with a 20-fold increase in the resulting signal contrast.

Atevery pixel, our schemeis analogous to Ramsey interferometry
in atomic physics® or to homodyne detection in optics®*. However,
this analogy is not precise. Only for special cases, depending on the
interaction strengthand on the distance between the modulation stage
and sample, our algorithm reproduces the regime where the Radon
transformis used in conventional homodyne detection. However, for
the general case, our algorithm goes beyond the Radon transform™.
This more general case is necessary for our experiment.

Next, we apply FERIto investigate phonon-polariton wavepackets
in hBN and measure their group and phase dynamics. Figure 2b illus-
trates the wavepacket propagation fromthe Au edge of the micro-drum
towards its centre (a radial half-circle profile; Supplementary Videos
land2).Theslope of the dashed black arrow (Fig. 2b(ii)) corresponds
to the group velocity of the excited wavepacket, which is measured
to be v, = ¢/200. By using modulated electrons and by performing a
sub-cycle delay scan between the two points of interaction, the phase
dynamics of the phonon-polariton wavepacket is retrieved (utilizing
anoptimization process; Methods).

A peculiar feature of the polariton wavepacket dynamics is high-
lighted in Fig. 2b, where we present the polaritonic field intensity
averaged along a semicircle as a function of radius. The laser pulse
excites a narrow wavepacket (roughly 1 um wide) that propagates

from the edge towards the centre. The black dashed arrow marks
the polariton wavepacket propagation, revealing the unusual fea-
ture of wavepacket ‘hopping’: certain rings at fixed radii remain low
in their intensity throughout the dynamics. These rings appear as
dark lines in Fig. 2b (marked by the dashed orange lines). One typi-
cally expects stationary features of zero intensity to be a hallmark
of standing waves. But this is not the case here, since the polari-
ton wavepacket has a wide bandwidth and its width is too small.
Rather, this hopping behaviour is consistent with the observation
from Fig. 1 about the polariton wavepacket simultaneously having
a standing-wave-like amplitude profile and a travelling-wave-like
phase accumulation.

Sub-cycle dynamics of polariton wavepackets
Figure 3a depicts the phase profiles for different excitation wave-
lengths, each retrieved from a scan of sub-cycle time delays on the
modulated electrons (Fig. 2c). These phase profiles provide a direct
measurement of the phonon-polariton wavenumber. We extract the
wavenumbers from the inverse distance over which the phase of the
wavepacket accumulates 21, and compare them with theory (Fig. 3b;
black circles ontop of the theoretical dispersion of hBN phonon polari-
tons). The direct measurement of dispersion further establishes that
the phenomenon we observe is phonon-polariton dynamics.

The phase reconstruction capability of FERI enables to pinpoint
another intriguing phonon-polariton phenomenon. We show the
coexistence of vortex-anti-vortex singularities at the nodal point
locatedin the centre of the micro-drum wave (Fig. 3c). Thisoccurrence
isaconsequence of symmetry breaking. The circular symmetry of the
geometry is broken by the exciting laser pulse, which comes from a
particular direction, splitting the original nodal lines of zero amplitude
and no orbital angular momentum into a pair of polariton vortices of
opposite chirality®. The opposite chirality of the vortices guarantees
that the left-right mirror symmetry is preserved (as the laser comes
from the up-down direction, breaking only this symmetry). We note
thatvortices have been previously observed in conventional PINEM",
butidentifying the vortex chirality is only made possible in FERI.
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Fig. 4 | Prospects of FERI for precision measurements of weak fields, corresponding values of g, are marked on the reconstructed image (top left).
and comparison between classical and quantum regimes. a, Coherent The table presents experimentally measured g; values with the corresponding
amplification in the classical regime (electron energy spread wider than fiw, extracted and theoretical amplification factors (bottom). The error values
taken in our simulation to be 3.5fw corresponding to our experiment), which assigned to g; . are defined by the difference between the 90" percentile to
is demonstrated in this work. The values from the table in c are marked on the maximum value of the region. This derives the error values of the contrast.
the theoretical curve (error bars correspond to the values in the table). The We extract the contrast from the regions in the raw data collected by FERI and
experimental parameters are used to draw the theory curves. b, Coherent by conventional PINEM (top right). Although the collection time in FERI (20 s)
amplification in the quantum regime (electron energy spread narrower than is 21 times shorter than that of the PINEM image (420 s), the features of the
fiw), showing prospects for additional amplification beyond the classical phonon-polariton near field are already more visible in the FERIimage. The total
regime, achieving higher contrast for smaller signals at the sample®. c, integration time of 420 s corresponds to an electron dose of roughly 0.2¢ nm™
Coherent amplification of electron imaging, showing the contrast amplification (estimated from measuring the electron counts on the camera without the
indifferent regions of the sample. The regions from which we extract the sample). Scale bars, 2 pm.
Coherent amplification of electronimaging quantumregime liesin the fact thatitis easier to distinguish electrons
contrast thatabsorb or emit evenjust one photon fromthose that did not change

Inthis section, we quantify the coherentamplification of theelectron  theirenergy. We note that equation (4) generalizes both regimes under
image contrast (defined as the difference between the upper and asingle formula.

lower tenth percentile of the signal). The signal is normalized by having To estimate the minimum field amplitude E; that is possible to
the same electron dose on the sample in all the measurements. image with FERI, consider that the PINEM parameter interaction
Recalling that the conventional PINEM signal of anelectronwithveloc-  strength satisfies g, ~ Eshq—eL (refs.37,38), where L is an effective inter-
ity v moving along z depends on a dimensionless parameter actionlength between the électronand field. For the phononpolaritons
g(x,y) = Z—:}ff’wdzfz (x,y,z) e 20/ (refs. 37,38), where g. is the elec-  we observed, L is typically in the range of a few micrometres. We esti-
tron charge and w is the angular laser frequency. Here g, denotes the  mate the weaker features that were successfully resolved in Fig. 4 to
PINEM parameter for the sample signal field £,, and g, denotes the  haveg, = 0.2 (asextracted fromthereconstruction), correspondingto
PINEM parameter for the reference field E,. Figure 4c presentsthecon-  afield E;of afew kV m™ orintensitiesataround1W cm™,

trast values extracted from the measurements of FERIin different areas It is important to differentiate the phase-resolved near-field
of the image that have different field intensities. In each region, we  imaging capabilities enabled by modulated electrons from the most
choose the relative phase in FERI such that the maximum contrastis established methods of phase-resolved near-field measurements.
achieved. In all these cases, the contrast is larger than the contrastin  In particular, photoemission electron microscopy® is based on the
conventional PINEM. A comparison oftheraw datafrom FERIand PINEM  nonlinear response of the target sample, whichbecomesless efficient
(Fig. 4c) already shows the enhanced contrast by coherent amplifica-  for low-energy photons as in the mid-IR range. Hence, this approach
tion (despite anacquisition time shorter by afactor of 21). Overall, the  isnot easily applied to investigate phonon polaritons in 2D materials,
contrastsratios qualitatively correspond to thetheoryshowninFig.4a.  which are typically present in the mid-IR range or at lower photon
In some areas of the sample, the amplification factor approaches 20, energies. Moreover, photoemission electron microscopy is limited

exemplifying the advantage of coherent amplification. to probing phenomena near surfaces, unlike FERI, whichisinherently
sensitive to the bulk. The ability to probe the internal optical field
Discussion inside the bulk is relevant in scenarios where the fields are strongly

Whenapplying FERItheory in actual experiments, we separatebetween  confined inside the bulk (more than that in our work), such as guided
two cases: (1) electron energy spread AE larger than the photonenergy  optical modesinsemiconductors or polaritonsin hyperbolic materials
fw (classical regime; Fig. 4a), and (2) AE smaller than Aiw (quantum  intheoptical range. This latter difference also distinguishes FERI from
regime; Fig. 4b). Comparing these two regimes shows the advantage  scattering-type scanning near-field optical microscopy*®*. Generally,
of the quantum regime for small |g,|, whereas the situationis more  near-field measurements using scanning tips are well established over
complex for larger |g| as in our experiment. The advantage of the  wide spectral bandwidths and can be performed with an ultrafast
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source®, too. However, the reconstruction of the polaritonic field
fromthe measurement is often limited by requiring precise modelling
and assumptions on the tip-field interaction. More generally, unlike
tip-based techniques thatinevitably disturb the near field, the electron
probe can measure the near field without altering it.

Outlook

The ability of FERI to measure the amplitude and phase of the fields
inside the bulk of asample, too, opens a set of intriguing capabilities.
By collecting angle-dependent measurements, FERI can be used for full
tomography and extract the three-dimensional profile of an electro-
magnetic mode. This would be acompletely new type of measurement.
Anotable application that could arise from fulltomographyisimaging
deeply confined polaritons, such as acoustic graphene polaritons*?
and picocavity polaritons****, These polaritons are ofteninaccessible
by conventional surface techniques. FERI facilitates the detection of
such polaritons also by coherently amplifying their low intensity.

The coherently amplified sensitivity of FERI to low-intensity fields
may also provide access to highly desired polariton nonlinearities
in van der Waals and phononic materials*. Such nonlinearities are
typically challenging to observe due to the small variation in their
polaritonic wavelengths. Looking forward, FERI’s ability to image
low-intensity fields may open new modalities for imaging biological
samples and other dose-sensitive materials*®*’, which were, so far,
beyond the reach of PINEM because they necessitated field intensi-
ties that were too high®*. Electron modulation in FERI reduces the
necessary field intensity and increases the amount of information that
can be extracted by each electron. Thus, FERI reduces the number of
electrons needed to pass by the sample, minimizing both laser damage
and electron radiation damage.

Enticing goals that could now be attempted include quantum
materials*®*°, such as encapsulated 2D superconductors® and others
that were, so far, beyond reach. From a fundamental perspective, the
coherentamplification of the intrinsic electron-photoninteraction of
quantum electrodynamics could eventually enable the observations of
electroninteractions with few-photon states or with squeezed vacuum
fluctuations®®3,

Online content

Any methods, additional references, Nature Portfolio reporting sum-
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Methods

Experimental setup

The measurements were performedina UTEM instrument based ona
JEOLJEM-2100 Plus TEM device witha LaB, electron gun and anaccel-
eration voltage of 200 kV (Fig. 5a,b). The UTEM instrument operates
asapump-probe setup driven by a40 W,1,030 nm, -270 fslaser (CAR-
BIDE, LIGHT CONVERSION) operating at a1 MHz repetition rate. The
output of this laser is split into two pulses: one pulse is upconverted
into 266 nm (UV) using two stages of second-harmonic generationand
excites the LaB, cathode, generating single-electron probe pulses at
thelaser repetitionrate. These electron pulses travel down the micro-
scope column, passing the reference and sample interactions (as shown
below), and are eventually measured by one of the installed electron
detectors. The second pulseis converted into variable wavelengthsin
theinfrared (IR) range (in this work, ~7-8 pm) through a DFG processin
an OPA (ORPHEUS, LIGHT CONVERSION). This IR pulseis then splitinto
two pulses (Fig. 5a,b), one of them s used to excite the sample (sample
interaction) and the other is used to excite a thin Al film deposited on
an electron-transparent Si;N, membrane (Fig. 5¢). This membrane is
positionedinthe electron path—before the sample—and serves as the
reference point of interaction in the PELM scheme.

Thetemporal and spectral profiles of the IR laser pulse were char-
acterized throughanindependent PINEM measurement on ametallic
film and using agrating spectrometer near the DFG stage, respectively.
Noticeably, the IR pump pulse experiences some distortion along the
~5m optical path leading to the electron microscope column, which
contributes to the observed chirp®. The temporal delays between
the electron pulse and the sample interaction, as well as between the
sample and reference interactions, are controlled by two motorized
stages, with a temporal step size of 10 and 1fs, respectively, allowing
sub-optical-cycle scanning of the temporal response of the sample and
referenceinteraction. All the delay stages are gauged to find the double
time zero, meaning that the electron is released by the UV pulse and
simultaneously arrives at each interaction zone with the peak of laser
intensity. Consequently, changing the pump-probe delay in either
delay stage makes the electron arrive slightly before/after the corre-
sponding laser pulse. The delay stage on the path to the tip provides
coarse control over the temporal resolution. The PELM delay stage
provides fine control over the phase, that s, the relative sub-cycle laser
field interaction. The former controls the wavepacket dynamics and
reveals the group velocity. The latter controls the phase velocity. In
principle, the latter stage could also be shifted by alarger step to create
acoarse delay and alter the wavepacket group dynamics. However, its
usual fine delays maintain the wavepacket approximately unaltered
duetoits slower group propagation.

The transverse-magnetic-polarized IR pulses are focused using
two lenses positioned near the microscope column, reachingaspot size
of ~100 pmand an average power of 4-12 mW at the sample interaction,
whereas aspot size of ~500 um and an average power of 4-20 mW at the
reference interaction. The average laser power absorbed by the sample
isunderstood tobe toolow toinduce substantial heating of the sample,
especially considering the fact that the phonon polariton increased
heat conductivity*®, and is below the hBN’s intensity damage threshold.

Thelaser pulse at the sampleinteraction enters the UTEM column
via a side entry port, situated in the sample plane (Fig. 5a,b). At this
port, thelaser pulseis focused viaalens and propagates perpendicular
to the electron direction of motion (z), until reaching the sample. To
prevent shadowing of the laser by the TEM grid and sample holder,
our sample was tilted 35° counterclockwise along the rotation axis of
the TEM holder.

The laser pulse at the reference interaction enters the column
above the sample interaction point, after passing through alens, and
propagates towards the Al sample of the reference interaction at 20°
counterclockwise with respect to the lateral plane (Fig. 5a). The refer-
ence sample itself'is tilted 41° counterclockwise with respect to the

same plane (Fig. 5¢). Both tilts are done along the same axis, which is
orthogonalto thelaser’s propagation. These tilt angles ensure that the
electron and laser pulse are phase matched on the reference interac-
tion sample despite their different propagation velocities (a 200 keV
electrontravelsat 0.7c). Furthermore, the electron spot size on the ref-
erenceinteraction sample was intentionally kept as small as possible to
ensure that the electron acquires ahomogeneous phase over theentire
area. Theelectron microscopeissetsuchthat theelectronremains par-
axial duringits propagation fromthe reference to the sample, with no
transverse electron dynamics. The electron-beam convergence angle
islessthan1 mrad, whichis consistent with the assumption of paraxial-
ity. The objective lensis turned off, there are no magnetic lenses oper-
ated between the PELM and the sample, and the condenser aperture
diameteris150 pum. Regardless of the electron imaging parameters, the
transverse size of the sample (10 pm) is wavelength comparable and
ismuch smaller than the distance between the sample and reference.
Thus, the maximum phase difference the electron can accumulate in
different trajectoriesis on the order of 10 radians.

For the measurements with only one point of interaction, the Al
sample of the reference interaction was keptin theelectron-beam path,
andonly thelaser illumination at thatinteraction was blocked. The aver-
age laser excitation power of the reference and signal interactions was
individually measured using two power meters and was routinely moni-
tored throughout the measurements. The lowest average laser excitation
power we could detect using the two points of interaction was around
2 mW (at awavelength of 7 pm, where the signal was the most visible).

After theinteraction with the excited membranes (reference and
sample), the free-electron energy spectrum was measured using a
post-column electron energy loss spectroscopy (EELS) system with a
spectrometer dispersion of 0.1 eV (Gatan). The EELS system includes
asslit for producing energy-filtered TEM images. The measurements
without areference interaction were scanned for the best slit position
such that only electrons that gained energy from the sample interac-
tion were measured. Similarly, measurements with both interactions
were scanned for an optimal slit position such that only electrons
gainingenergy frombothinteractions were measured. The full-width
at half-maximum of the electron zero-loss peak without the interac-
tionsisl.4-1.5eV.

FERI: theoretical framework

Atthe core of PINEM lies the fundamental interaction between the free
electrons and near fields. Following typical approximations®72%%"38,
the Hamiltonian describing the interaction between the electromag-
neticfield and electronisgivenby H = E,, - ifvd, + evE,(x, y, z)/w, where
E,istheinitial electron energy, vis the electron velocity, eis the funda-
mental charge, zis the electron propagationdirection, E,(x, y, z) isthe
local electric near-field amplitude along the z direction and w is the
fundamental frequency of the electromagnetic field. Previous
works have derived a dimensionless parameter, namely, g = %fﬁ"w

dzE, (x,y,2) e~z0/v, which characterizes the interaction strength®, In
general,g=g(x,y)isacomplex numberandafunction of the transverse
coordinates (x, y). By measuring g(x, y), one can, in principle, recover
both amplitude and phase of the near field E,(x, y), which—in certain
cases—cansuffice toreconstruct the full-field information. The prob-
ability for the electronto change its energy by lfiw, where lis aninteger,
is given by P,=|/,(2|gl)?, where J,is the Ith-order Bessel function of the
firstkind. Furthermore, considering the electron energy spread AEto
have a Gaussian profile G,.(E), we rewrite the above probability as

P(E) =2 Vi 218DI” Gar (E - th). m
!
Applying this theory to FERI can be done by considering two

points of interaction; thus, we have g =g, + g,, where g, and g, are the
interaction strengths of the reference and sample fields, respectively.
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Fig.5|UTEM setup and PELM integration. a,b, UTEM llustration (a) and image
(b) illustrating the microscope column, electron spectrometer and detectors,
optical setup and the integration of amodified hard X-ray aperture (HXA) ata
post-condenser lens stage (PELM). The external knob of the HXA (aand b, left
side) has two rigid positioning points with 5 mm lateral travel around them for
positioning the reference interaction point with respect to the electron-beam
path. An electron-transparent thin film sits at the place of the X-ray aperture and
light enters from the optical access port on the opposite side of the column at a
20° angle above the horizon (dashed red linein b). Double illumination scheme
(aandb, right side) implemented on the vertical board next to the UTEM. The

IR laser beam is separated into two portions using a 50:50 beamsplitter. One
portionis guided towards the PELM (dashed red line in b), whereas the other

portionis guided towards the sample (solid red line in b). ¢, Image (left) and CAD
model (right) of the modified HXA aperture connected to the platelet hosting
the electron-transparent light-opaque metallic thin films for electron-light
interaction. The platelet is made of Al alloy, whereas the clamp is made of
0.15-mm-thick beryllium copper. One can observe two Si-window TEM grids
(Norcada) that are coated with a 25-nm-thick Al film deposited via thermal
evaporation on a1l0-nm-thick Si;N, membrane. In each grid, nine slots are present
to maximize the available points of interaction in case of local damage to one of
the membranes. The platelet has also been cut at a specific angle, allowing it to
host asmall metallic mirror able to reflect the light down the column towards the
sample position (not used in this work). The platelet, HXA and their integration
were designed and performed in close collaboration with IDES (part of JEOL).

TheFERItheory canbedirectly generalized for cases where the distance
between the two points of interactionis large (and hence the electron
pulse dispersion must be accounted for). However, thisis not necessary
in our setup since the distance between the two interaction points is
37 mm, negligible compared with the Talbot distance, whichis on the
order of afew metresinthe case of the mid-IR regime. This allows us to
neglect the electron pulse dispersion between the two points of inter-
action. This electronthen performs an effective interference between
the near fields of the reference and the sample. The electron pulse is
then sent through a dispersive magnetic prism and filtered in energy
usingaslitto measure only the part of the electron that gained energy
inbothinteractions. By using equation (1) to build the energy-filtered
TEM model, one will get

M(x,y.t, 09, Eqi, &5 (X.))
= [ 3 11,2 18 (AD) + & (.3, )| G (E - hawl) dE,

‘min

2

where x and y are the sample spatial coordinates, ¢ follows the evolu-
tion of the sample dynamics, Ag is the relative phase between the two
laser pulses inducing the two interactions and Eg; = [Ein, Emaxd is the
electron-energy-filtering slit position. Repeating this measurement
and varying the sample-reference relative phase A¢, using sub-cycle

steps, allows us to generate acomplete dataset (phase scan) that fully
captures the near-field dynamics at the sample.

FERI applies an algorithmic approach® to reconstruct the phase
and amplitude of the field at the sample from the energy-filtered meas-
urements of the phase scan (Fig. 6). Thereconstructionis based onthe
following FERI optimization expression:

. 2
argmin zl|yz - M(X’.Yv L A‘pi’Eslit’gs (X,y))l > 3)

185 (x:)l, 285 (x.y)

where Y;is the ith measurement of the phase scan, M is the measure-
ment model (equation (2)) and the reconstructed quantities are the
independentamplitude |g,(x, y)| and phase Zg,(x, y) of the sample field
for each pointinspace.

In particular, this optimization expression is not convex, that is,
it exhibits multiple local minima, and it is well known that gradient
descent methods can easily converge to a local minimum. To resolve
this issue, the minimization procedure scans over the relative phase
A@, and owingto the low variable space (solving only for |g,and Zg,),
weare able create aheat map and performan exhaustive search, where
finding the global minimum is guaranteed (Fig. 6a(iii)).

The modelinequation (2) assumes that the reference interaction
(g,) is spatially uniform and that the energy filter in each position is
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Fig. 6 | Optimization procedure used in FERI. a,b, Visualization (a) and block
scheme (b) of the optimization process. The free electrons are pre-modulated
by areference field before they probe the sample field and are energy filtered
to produce electron distribution measurements for each relative phase (a(i)).
For each transverse pixel (x, y), several maximum likelihood estimation (MLE)

heat maps are generated, for different relative phases between the reference
and signal fields (a(ii)). The summed joint heat map (a(iii)) enables the accurate
estimate of the amplitude and phase for each pixel. c, Amplitude and phase
reconstruction after optimization using all the relative phases and for all the
pixels.

exactly the same. However, the reference interaction has some inho-
mogeneity, and the automatic tuning and alignment of the Gatan
imaging filter is also imperfect, which is mostly noticeable when
working in regimes of very weak sample interaction strength (g,). We
consider these non-uniformities and correct them. To this end, we
measure the energy-filtered image wheninducing afield on the refer-
ence and not on the sample (but the sample isinserted). This gives us
the non-uniformities of the reference interaction due to scattering by
varying the thicknesses or other impurities, as well as non-uniformity
due to the misalignment of the Gatan imaging filter. We then identify
anormalization that arises from this non-uniformity and apply this
normalization on the measurements.

Forexample, the expected reference image (Extended DataFig.1a)
should have been uniform in an ideal situation; however, an inho-
mogeneity in the shape of a line across the centre is apparent (the
inhomogeneity is amplified in this figure for presentation clarity).
To correct this inhomogeneity, we normalize the counts on the raw
dataateach pixel to approximate auniformreference interaction. We
carry thisnormalizationand apply it on the PINEM measurements, asa
first-order correction. The results of the reconstruction with and with-
out these corrections are presented in Extended Data Fig. 1. Without
this correction, some of the inhomogeneity artefacts are apparent on
thereconstructed image.

FERI: signal enhancement
The overallsignal enhancement achieved by our FERIscheme has two
contributions that each arise from a different type of coherence: the
coherent nature of electron-field interactions, and the coherence
between the signal and reference fields (£, and E,). To explain this
contribution, recall that the conventional PINEM signal of an electron
with velocity v moving along zdepends on a dimensionless parameter
g(x,y) = Z—w S dzE, (x,y,2) e/ (refs. 37,38), where g. is the electron
chargeand wisthe angular laser frequency. Here g, denotes the PINEM
parameter for the sample signal field £, and g, denotes the PINEM
parameter for the reference field E..

For weak signal fields £, (|g,| < 1) and no reference, the electron
image signal scales as |g,|>. The proposed idea of coherentamplification
relies on a reference field E, that is added up coherently to the signal

without directly illuminating the sample. Instead, the interference
is mediated by the electron as it propagates between the fields. As a
result, for weak fields (|g,| < 1), the electron image signal scales as |g;|
(Supplementary Section 3), rather than |g,|%. In this way, FERI is benefi-
cialfor situations where strong fields are difficult to apply due to weak
coupling or damage to the sample. A similar enhancement factor was
suggested in several works on electron interactions?>****, To the best
of our knowledge, our work s the first to experimentally demonstrate
the effect of free-electron coherent amplification.

The coherent amplification provided by FERI relative to conven-
tional PINEM can be analytically described when assuming that the
electron’s initial energy distribution is Gaussian. When filtering only
electrons with energy greater than E,,,, the contrast amplification
factoris given by (Supplementary Section 3)

o Efitter —Eo —nXhw
T VB @081 2 201 + lgel)] x erf (Fmefochr)
o Eitter —Eo —nxXhe
T V2 (0) - /2 218, D)] x erf (P )

. @

where J, are the Bessel functions of the first kind, AE is the electron
energy spread and E, is the mean electron energy. Equation (4) shows
agood qualitative agreement with our data (Fig. 4a). Expanding the
amplification factor to powers of |g| yields the 1/|g,| scaling factor
for weak fields, in accordance with free-electron quantum sensing
protocols”.

Our algorithm relies on the fact that scanning over the relative
phase provides an arbitrary number of measurements for a fixed
number of unknown variables. In fact, for each pixel, we need to find
justtwo degrees of freedom—amplitude and phase—fromascan over
any number of relative phases. This type of over-constrained problem
is common in interferometric reconstructions such as homodyne
detection. However, unlike other interferometric techniques, the
electroninteraction with thefield is highly nonlinear, which renders
linear tools like the Radon transform generally inapplicable. The
nonlinearity necessitates using the exact PINEM theory in the core
of our algorithm.

We developed an optimization algorithm that solves the PINEM
equations and finds the amplitude and phase for each pixel. The
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optimization problem is not convex (that is, there are many local
minima); therefore, instead of gradient-descent-based methods, we
create aheat map and search for the global minimawithinit. Altogether,
the over-constrained nature of the scheme enables extracting a good
estimate of the ground truth (the correct near field) for a wide range
of parameters—as we show both experimentally and theoretically. Our
algorithmis robust and appliesin more general situations (for example,
regardless of bunching as well as the electron energy uncertainty) and
described in detail elsewhere™.

Comparison of PINEM and FERI

Extended Data Fig. 2 compares the results of amplitude and phase
reconstructions using FERI to the conventional images of PINEM, shown
for different interaction strengths at the sample. The average interac-
tion strengths over the entire image are estimated to be
lgl =[0.4, 0.8,1.4] (as per an EELS measurement). The figure compares
conventional PINEM to FERI amplitude imaging for the same electron
dose onthesample per second per pixel. We now explain the comparison
between the FERI and PINEM images. These images are acquired in a
fundamentally different way, anditis, thus, not trivial to compare them
side by side. The FERI images (Extended Data Fig. 2b and Fig. 1a) are
obtained fromareconstructionalgorithm, returningaunitless constant.
The PINEM images (Extended Data Fig. 2a and Fig. 1a) are directly
obtained from the raw data measuring the number of electron counts
per pixel. For a fair comparison, we normalize the FERI and PINEM
images to have their signal presented on the same axis between 0 and
1.Sincethe FERImethod directly increases the signal range by removing
the background, this approach provides a quantitative comparison of
the amplification. To do this, we rescale the PINEM signal fromiits origi-
nal arbitrary units of electron counts to having the minimum signal at

MaXeoun "Mincour. The FER] signal is already |g|

MaXcoune

0and the maximum signal at

in dimensionless units, so we only need to divide by |g .-

One can see a clear amplification in the FERI amplitude imaging
for differentinteractionstrengths, as predicted by theory (Fig. 4). For
the sake of completeness, we show that the amplification remains sub-
stantial even when further optimizing the filter parameter in PINEM,
whereas FERIfilteringis not necessarily optimized. Moreover, although
conventional PINEM lacks phase information, FERI displays the phase
images for all the different interaction strengths. Overall, the FERI
amplitude and phase imaging offer a substantial improvement over
conventional PINEM imaging.

Electron phase modulation versus electron density
modulation

The distance between electron modulation and the sample is known
to have a critical role in determining the interaction results. Notable
works onsub-cycle (phase-dependent) interactionsin TEM instruments
have aimed to have the pre-modulation stage at the exact distance that
enables electron bunching?*. Such ascheme was recently realized*,
demonstrating one of the first examples of sub-cycle interferometric
electronimaging. However, that work did not show coherent amplifi-
cation. The algorithm that we developed and applied for FERI can be
directly extended to include electron bunching, enabling coherent
amplification and extraction of amplitude and phase.

Thekey difference between theinterferometricapproachthat we
demonstrated here and electron pre-bunching schemes?®*is the use of
electron phase modulation rather than electron density modulation.
Our approach (FERI) relies on electron phase modulation, without
requiring a propagation distanceto translate suchmodulations to the
electron density (that is, bunching). This difference is of particular
importance forimaging lower frequencies such as the mid-IR range of
2D polaritons because the bunching distance scales inversely with the
frequency squared. Then, for lower frequencies, the bunching distance
becomes longer than the typical length available in electron

microscopes. Our approach bypasses this limit and applies to any
arbitrary distance between the modulation and sample by relying on
direct field interference mediated by the electron. To quantify this
limit, we look at the expression of the Talbot distance (which is the
characteristic length scale for the electron modulation dynamics)

4mtmy*?
Zr = _huﬂ .

bunching distance and frequency. For 7 um modulating light and
200 keV electrons, the corresponding Talbot distance is ~40 m, the
relation between the Talbot distance and bunching parameter is

[(B) =h (4 lg;| sin (Zni—z», where Azisthe distance between the modula-
T

tion pointand the sample. Inall our experiments, the reference interac-
tion strength never exceeded the value of |g,| = 3. Since the distance
between the modulation and sample interaction is 37 mm, the
maximum bunching parameter is [(b)| = 0.035. This small bunching
parameter means that only very small contrast can be achieved by
relyingonbunching for sub-cycle or phaseimaging. Our FERIapproach
extracts this information without relying on bunching, making it a
better fit for experimentslike ours and anythingin the mid-IR and lower
frequencies.

This i scaling leads to the inverse relation between the

Sample preparation

Samples were fabricated using viscoelastic polydimethylsiloxane
(PDMS) dry transfer techniques. Inthe fabrication process, we mechani-
cally exfoliate isotopically pure h"BN crystals grown as detailed else-
where®®, onviscoelastic PDMS tapes. To reduce the amount of chemical
residue and to conserve the hBN crystal, no tape was used in the exfo-
liation. Rather, exfoliation was directly performed with low-retention
PDMS (commercially available from Gel-Pak, X0 retention, in the DGL
or PF format). After the initial exfoliation steps, the PDMS was visibly
covered withmany hBN crystals, at which point afresh PDMS sheet was
used to pick up (and exfoliate further) a portion of the hBN. Further
exfoliation using fresh pieces of PDMS was repeated until the typical
flake thickness was estimated, based on an optical microscopy exami-
nation, to be close to the target thickness.

After 2-5 such rounds, a last round of exfoliation was directly
performed on the stamp, by attaching and separating it to one of the
hBN-covered PDMS sheets. By controlling the speed of exfoliation,
especially in this last step, we change the prevalent physical process;
at slower speeds, flakes tend to move from one PDMS to another and
at higher speeds, they tend to exfoliate, but at the risk that they apply
strain and crack or break the flakes. To better estimate the thickness
of the hBN flakes, we performed EELS log-ratio measurements and
obtained 40-50 nm for the investigated flake.

Thetarget onwhichthe hBNwas droppedwasa2 x 2array of 10 pm
circular holes (Extended DataFig.3) ina 50-nm-thick Si;N, membrane
(available commercially from Norcada), on which alayer of Au (with a
Tiseed layer) was thermally evaporated. Nominal thickness of the Au
(Ti) is10 nm (2 nm), determined by atomic force microscopy measure-
ments ona calibration chip.

Todropthe flakes, the membrane was heated to 60 °C, after which
the PDMS was slowly broughtinto contact with the membrane window.
We constantly tracked the locations of the flake, membrane window and
contact front between the PDMS and membrane’s support substrate
under anoptical microscope. The PDMS was then lifted slowly, leaving
the hBNattached tothe Aulayer.Insome cases, if the flake appeared not
to connect to the membrane, the temperature was raised up to 90 °C
before the stamp was lifted. The regions of interest in the experiment
were the pre-etched holesinthe membrane. At these regions, the hBN
flakeis free-standing, thereby minimizing electronlosses inthe mate-
rial and reducing substrate-related losses of the phonon polariton. Our
experimental studies focused on one of these windows (Extended Data
Fig.3), where the quality of the particular hBN flake was superior. The
otherholes showed related polaritonic behaviour, but with weaker laser
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coupling strength and less pronounced features. Multiple measure-
ments with the same settings showed little variation in the acquired
signal, indicating that the system is reproducible and that the flakes
did not deteriorate over time.

Correcting for three-dimensional sample tilt usingimage
processing

For the quantitative analysis of the phonon-polariton properties, such
as phase velocity, one must first correct the sample tilt in space with
respect to the propagation direction of the free electrons. Due to the
two-axes tilt, the raw data exhibit an oval instead of a circular shape.
Extended Data Fig. 4 presents the procedure that corrects for the tilt
andretrieves the original circular shape.

Data availability

All the key data that support the findings of this study are included in
the article and its Supplementary Information. Further datasets and
raw measurements are available fromthe corresponding author upon
reasonable request.
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Extended Data Fig. 1| Reference non-uniformity correction. (a) Energy filtered measurement with light induced only on the reference interaction. (b,c) Amplitude
reconstruction for weak g, without (b) and with (c) correction. All the images are normalized to be between 0 and 1such that the features are visible.
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Extended Data Fig. 2| Phonon-polariton amplitude and phase
reconstruction for different illumination intensities compared to

conventional PINEM imaging. Data acquired using three different average
interaction strengths over the entire image: |g;| ~ 0.4, 0.8, 1.4, top to bottom,
respectively. (a) conventional PINEM amplitude imaging for the three different
interaction strengths and for different energy filtering (10 eV slit width, cutoff

energy is marked at the bottom of each image), acquired for the same time-delay.
(b) FERI amplitude imaging for the same electron dose on the sample. As
predicted by theory (Fig. 4 of the main text), the largest amplification is seen for
the weakest interaction strength. The right column shows FERI phase images for
the different interaction strengths.
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Extended Data Fig. 3| Sample images. (a,b) TEM images of the investigated hBN
flake. The experimental results shown in the main text could be reproduced in
different windows of the flake, however, the highlighted window (b) gave the best
coupling efficiency and thus strongest signal. (c) Electron diffraction pattern
ofthe hBN flake highlighted in (b), confirming that the whole flake is mono-

crystalline. (d) Optical microscope image of the investigated hBN flake. Different
colors correspond to different hBN thicknesses and are formed due to optical
interferencein the hBN and substrate. The investigated window shows a uniform
thickness.
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Extended Data Fig. 4 | Image post-processing revealing the phonon-
polaritons properties. (a) The relative phase scan produces the FERI tilted raw
measurements which are used to reconstruct the amplitude and phase (b). (c1-4)
The process for the ellipse estimation: (c1) convert the amplitude reconstructed

P>

image to black and white by thresholding. (c2-3) perform morphological image
processing”. (c4) estimate the ellipse equation through connected component
analysis. (d) Perform an affine transformation on the reconstructed images using
the inverse of the estimated ellipse equation.
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