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ABSTRACT: Free electron beams such as those employed in k.

electron microscopes have evolved into powerful tools to
investigate photonic nanostructures with an unrivaled combination
of spatial and spectral precision through the analysis of electron
energy losses and cathodoluminescence light emission. In
combination with ultrafast optics, the emerging field of ultrafast
electron microscopy utilizes synchronized femtosecond electron
and light pulses that are aimed at the sampled structures, holding
the promise to bring simultaneous sub-A—sub-fs—sub-meV space—
time—energy resolution to the study of material and optical-field
dynamics. In addition, these advances enable the manipulation of the wave function of individual free electrons in unprecedented
ways, opening sound prospects to probe and control quantum excitations at the nanoscale. Here, we provide an overview of
photonics research based on free electrons, supplemented by original theoretical insights and discussion of several stimulating
challenges and opportunities. In particular, we show that the excitation probability by a single electron is independent of its wave
function, apart from a classical average over the transverse beam density profile, whereas the probability for two or more modulated
electrons depends on their relative spatial arrangement, thus reflecting the quantum nature of their interactions. We derive first-
principles analytical expressions that embody these results and have general validity for arbitrarily shaped electrons and any type of
electron—sample interaction. We conclude with some perspectives on various exciting directions that include disruptive approaches
to noninvasive spectroscopy and microscopy, the possibility of sampling the nonlinear optical response at the nanoscale, the
manipulation of the density matrices associated with free electrons and optical sample modes, and appealing applications in optical
modulation of electron beams, all of which could potentially revolutionize the use of free electrons in photonics.
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he last two decades have witnessed spectacular progress electrons carry information on the excited states of the
in our ability to control light down to deep- specimen, which can be revealed by performing electron
subwavelength scales thanks to advances in nanofabrication energy-loss spectroscopy (EELS),”>*% as extensively demon-
using bzottom—up approaches (colloid chemistry' a3nd surface strated in the spectral and spatial mapping of optical modes
science”) and top-down techniques (electron-beam” (e-beam) covering a broad frequency range, stretching from the
and focused-ion-beam* lithographies), as well as combinations ultraviolet to the far-infrared.”' ~*7*° Several examples of
56 .
of these two types of methods.” In parallel, substantial application are reviewed in Figures la—c and 2. In this field,
improvements in optics have enabled the acquisition of benefiting from recent advances in instrumentation,*>*"*!

spectrally resolved images through scanning near-field optical
microscopy’ ~ (SNOM) and super-resolution far-field op-
tics,'”"" in which the diffraction limit is circumvented either by
relying on nanoscale scatterers (e.g, metallic tips’~”) or by
targeting special kinds of samples (e.g., periodic gratings'' or
fluorophore-hosting cells'’). However, light-based imaging is ] —

far from reaching the atomic level of spatial resolution that is Rec.elved: December 23, 2020 {PiBtonics
required to investigate the photonic properties of vanguard Revised:  February 17, 2021
material structures. Accepted: February 19, 2021

Spatial resolution down to the atomic scale can be achieved Published: March 25, 2021

by using electrons as either probes or drivers of the sampled

optical excitations. In particular, inelastically scattered beam

state-of-the-art transmission electron microscopes (TEMs)

operated at ~30—300 kV acceleration voltages can currently

deliver spectrally filtered images with combined sub-A and few-
. 721-23,33-39 .

meV space-energy resolution (see Figures lc and
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Figure 1. Probing nanoscale optical excitations. We show examples of mode dispersion relations (a, d, g), spatial mode distributions (b, e, h), and
spectrally narrow plasmons (¢, f, i) probed through EELS (a—c), CL (d—f), and PINEM (g—i). (a) Plasmon dispersion measured in a self-standing
aluminum film through angle- and energy-resolved transmitted electrons. Adapted with permission from ref 12. Copyright 1975 American Physical
Society. (b) Plasmon standing waves in long silver nanowires (1.22 and 2.07 ym long in the top and bottom images, respectively) mapped by using
80 keV TEM electrons and having energies (in eV) as indicated by labels. Adapted with permission from ref 13. Copyright 2013 American Physical
Society. (c) Spectral features associated with high-quality-factor plasmon standing waves in a long copper nanowire (15.2 ym length, 121 nm
diameter) extending from the mid- to the near-infrared, as resolved through high-resolution EELS. Adapted with permission from ref 14. Copyright
2021 American Chemical Society. (d) Trivial and topological photonic crystal bands observed through 30 keV SEM-based angle-resolved CL from
two arrays of silicon pillars (200 nm high, 88 nm wide) deposited on a 10 nm thick Si;N, membrane and arranged on a hexagonal superlattice (455
nm period) of either shrunken (138 hexagon side length) or expanded (168 side length) hexamers (see labels) formed by six pillars per lattice site.
Adapted with permission from ref 15. Copyright 2019 American Physical Society. (e) Polarization-resolved CL intensity (lower maps) and
emission Stokes parameters (center-right maps) produced by 80 keV electrons in a TEM as a function of e-beam position over a silicon sphere (250
nm diameter, see upper-right SEM image), as obtained by filtering 1.8 + 0.1 eV photons emitted with an angle of 45° relative to the electron
velocity. Adapted with permission from ref 16. Copyright 2020 American Chemical Society. (f) Plasmon standing waves confined to circular
grooves of different radii (see labels) carved into a single gold crystal (see upper-right SEM image) and mapped through CL, with the azimuthal
number m defining the number of periods along the circumference, as shown in the lower-right inset. Adapted with permission from ref 17.
Copyright 2009 American Chemical Society. (g, h) Dispersion relation (g) and near-field maps (h) of TM and TE modes in a 2D 200 nm thick
Si3sN, photonic crystal formed by a hexagonal hole array of 600 nm period, mapped through PINEM using 80 keV electrons. Adapted with
permission from ref 18. Copyright 2020 Springer-Nature. (i) Silver nanowire plasmon standing wave spectrally resolved with 20 meV accuracy
(right) through the depletion observed in the zero-loss peak (ZLP; left) as the frequency of the PINEM laser is scanned over the mode resonance.
Adapted with permission from ref 19. Copyright 2017 American Chemical Society.

2d,e). Indeed, the reduction in the width of the electron zero- context (see Figure 2), with achievements such as the
loss peak (ZLP) below ~10 meV and the ensuing high spectral determination of the sample temperature distribution with
resolution in EELS enable the exploration of optical modes nanometer precision thanks to the analysis of energy gains
down to the mid-infrared, including phonons in graphene* produced in the electrons by absorption of thermally populated
and silicon carbide,” along with their modification due to modes' #1734+ (Figure 2b,c), thus adding high spatial
atomic-scale defects (Figure 2d), phonons and phonon resolution to previous demonstrations of this approach®
polaritons in graphite”* and hexagonal boron nitride””** (Figure 2a).
(hBN) (Figure 2e,f), and low-energy plasmons in long silver'’ A limiting factor in TEMs is imposed by the requirement of
(Figure 1b) and copper'* (Figure 1c) nanowires. In addition, electron-transparent specimens with a total thickness of <100
under parallel e-beam illumination, the inelastic electron signal nm. At the cost of reducing spatial resolution, low-energy
can be resolved in energy and deflection angle to provide (~50—500 eV) electron microscopy (LEEM) allows studying
dispersion diagrams of surface modes in planar struc- thicker samples by recording surface-reflected electrons.*® This
tures'>****~** (see Figures la and 2f). A vibrant field of e- approach enables the acquisition of dispersion diagrams in
beam vibrational spectromicroscopy has emerged in this planar surfaces by resolving the electron deflections associated
946 https://dx.doi.org/10.1021/acsphotonics.0c01950
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Figure 2. Electron-beam vibrational spectromicroscopy. (a) Spectral features of phonon polaritons in LiF recorded through energy losses and gains
experienced by 25 keV electrons transmitted through a thin foil, with the gains originating in thermally populated modes at room temperature T =
300 K and the loss-to-gain peak ratio approximately given by 1 + 1/np(@) = "7 (~7 at hw = 50 meV). Adapted with permission from ref 20.
Copyright 1966 American Physical Society. (b, c) Nanoscale e-beam thermometry based on high-resolution EELS of a MgO cube (b), whereby the
sample temperature is determined upon examination of the loss-to-gain intensity ratio (c). Adapted with permission from ref 21. Copyright 2018
American Chemical Society. (d) Atomic resolution in the mapping of vibrational spectra, here used to image the localization of the phonon density
of states produced by a Si defect in monolayer graphene. Adapted with permission from ref 22. Copyright 2020 American Association for the
Advancement of Science. (e) Strong coupling between hBN photon polaritons and silver nanowire plasmons observed through high-resolution
EELS by iterative e-beam drilling to shrink the wire length and scan one of its plasmon resonances over the phononic spectral region. Adapted with
permission from ref 23. Copyright 2020 American Chemical Society. (f) Phonon dispersion in graphite and hBN obtained by high-resolution angle-
resolved EELS. Adapted with permission from ref 24. Copyright 2019 Springer-Nature.

with in-plane momentum transfers,"”” even in challenging (e.g., dark plasmons), but can still interact with the evanescent
systems such as monatomic rows of gold atoms arranged on a field of the passing electron probe.””~"* In this respect, the
vicinal silicon surface, which were neatly shown to support 1D presence of a substrate can affect the modes sampled in a
plasmons through LEEM.** Likewise, using intermediate e- nanostructure, for example, by changing their optical selection
beam energies (~1—50 keV), secondary electron microscopes rules, therefore modifying the radiation characteristics that are
(SEMs) offer the possibility of studying optical modes also in observed through CL.*”*® Additionally, by collecting spectra
thick samples through the cathodoluminescence (CL) photon for different orientations of the sample relative to the e-beam,
emission associated with the radiative decay of some of the both EELS”> and CL’* have been used to produce tomo-

. . 29 . .
r xcitation, xtensivel monstr in th . . .
cheated exc Fat ° Sf’ 1 asl' ¢ 5?7 Svey ded onst ated' 53t_5§ graphic reconstructions of plasmonic near fields.
I rization I T n r n, ) ‘oo .
characterization of localize and propagating The emergence of ultrafast transmission electron micros-

surface plasmons (see an example in Figure 1f), as well as
UTEM) h dded femt d (fs) t 1
optical modes in dielectric cavities'“**7 (see Figure le) and copy ( ) has added femtosecond (fs) tempora

topological 2D photonic crystals' (see Figure 1d), with spatial
resolution in the few-nm range.”® Some of these and other
related studies were performed in TEMs,'®**°7?7%! where a
direct comparison between CL and EELS was found to reveal
similarities of the resulting spectra and those associated with
optical elastic scattering and extinction, respectively.’!
Combined with time-resolved detection, CL permits determin-
ing the lifetime and autocorrelation of sample excitations

resolution to the suite of appealing capabilities of e-
beams.”””"® In this field, fs laser pulses are split into a
component that irradiates a photocathode to generate
individual fs electron pulses and another component that
illuminates the sample with a well-controlled delay relative to
the time of arrival of each electron pulse’>~"’ (Figure 3b).
Slow (sub-ps) structural changes produced by optical pumping
have been tracked in this way,””’® while the optical-pump—

created by the probing electrons,”> ™’ while the analysis of the electron-probe (OPEP) approach holds the additional
angular distribution of the light emission provides direct potential to resolve ultrafast electron dynamics.79’80 It should
information on mode symmetries.'®*"***”% Nevertheless, be noted that an alternative method in UTEM, consisting in
EELS has the unique advantage of being able to detect dark blanking the e-beam with sub-ns precision, can be incorporated
optical excitations that do not couple to propagating radiation in high-end SEMs and TEMs without affecting the beam
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Figure 3. Microscopies at the frontier of space-time-energy resolution. (a) We organize different microscopy techniques according to their spatial
(vertical axis), spectral (horizontal axis), and temporal (color scale) resolutions. The latter is limited to the sub-ns regime when relying on fast
electronics™ (green and blue), while it reaches the fs domain with optical pulses (yellow) and the attosecond range with X-ray pulses (red), but
also with ultrashort electron pulses. In particular, the measurement of CL driven by temporally compressed e-beams could potentially provide
simultaneous sub-A—attosecond—sub-meV resolution (see main text). (b) Schematic illustration of an ultimate ultrafast electron microscope,
encompassing (1) a photocathode tip that acts as an electron source driven by photoemission upon laser pulse irradiation, (2) an electron-
modulation block based on PINEM-like interaction and subsequent free-space propagation that generates attosecond electron pulses, (3) a sample
stage accessed by synchronized electron and laser pulses, and (4) the acquisition of several types of signals that include angle-resolved EELS and
CL. The three fs laser pulses illuminating the photocathode, the sample, and the PINEM intermediate element are synchronized with attosecond-
controlled delays. Currently available TEM and SEM setups incorporate different partial combinations of these possibilities. (c) Schematic
illustration of time-resolved PEEM, where photoelectrons are used to construct fs- and nm-resolved movies by scanning the time delay between
pump and probe laser pulses. (d) Illustration of STML, which enables atomic resolution through the detection of luminescence produced by
inelastically tunneling electrons (right) and could be acquired with sub-ps temporal precision through modulation of the tip gate voltage.
Femtosecond resolution could be potentially achieved through the measurement of the laser-assisted electron tunneling current using pump—probe
optical pulses (left).

quality,®" although with smaller temporal precision than the
photocathode-based technique.

The electron—sample interaction is generally weak at the
high kinetic energies commonly employed in electron
microscopes, and consequently, the probability for an electron
to produce a valence excitation or give rise to the emission of
one photon is typically small (S107*). Nevertheless, low-
energy electrons such as those used in LEEMs (and also in
SEMs operated below ~1 keV) can excite individual nanoscale
confined modes with order-unity efficiency,” although a yield

948

<1 should be expected in general at higher electron energies.
The OPEP approach thus addresses nonlinear processes
triggered by optical pumping and sampled in a perturbative
(ie., linear) fashion by the electron.”’“*" Furthermore,
UTEM setups can produce multiple photon exchanges with
each beam electron, even if the specimen responds linearly to
the optical pulse. Indeed, while a net absorption or emission of
photons by the electron is kinematically forbidden in free
space,”’ the presence of the sample introduces evanescent
optical field components that break the energy-momentum
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Figure 4. Optical modulation of free electrons. (a) Energy comb of electron losses and gains produced by ultrafast interaction with evanescent light
fields in the PINEM approach: experiment’” and theory”” comparison. Adapted with permission from ref 87. Copyright 2010 American Chemical
Society. (b) Laser-amplitude dependence of the electron energy comb produced by PINEM interaction, revealing quantum billiard dynamics
among different electron energy channels separated by the photon energy 7. Adapted with permission from ref 88. Copyright 2015 Springer-
Nature. (c, d) Tilt-angle dependence of the PINEM energy comb produced by using a planar film (c) and associated transfers of lateral linear
momentum (d). Adapted with permission from ref 83. Copyright 2018 Springer-Nature. (e) PINEM in the intermediate-coupling regime showing
a (n + 1)/n loss—gain intensity ratio in the EELS spectra of silver nanoparticles with 100 keV electrons under ns-laser illumination, superimposed
on regular spontaneous EELS features, for beam positions as shown in the color-coordinated spots of the upper-left image, along with gain and loss
energy-filtered images in the upper-middle and -right plots. Adapted with permission from ref 81. Copyright 2019 Elsevier B.V. (f) Intense-coupling
regime resulting in a large number of PINEM energy sidebands under total-internal-reflection phase-matched illumination (i.e., with the electron
velocity matching the surface-projected light speed inside the glass). Adapted with permission from ref 89. Copyright 2020 Springer-Nature. (g)
Transfer of angular momentum between light and electrons, as revealed in a configuration similar to (c) through a donut shape of the electron
intensity in the Fourier plane after PINEM interaction. Adapted with permission from ref 90. Copyright 2019 Springer-Nature. (h) Electron
modulation into a train of attosecond pulses upon propagation from the PINEM interaction region over a sufficiently large distance to interlace
different energy sideband components in an electron microscope. Adapted with permission from ref 91. Copyright 2017 Springer-Nature. (i, j)
Single electron pulses produced by streaking a train of pulses following the scheme shown in panel (i) and experimental demonstration based on
the observation of the time-resolved electron current in a table-top e-beamline setup (j). Adapted with permission from ref 92. Copyright 2020
American Physical Society.

mismatch, leading to a nonvanishing electron—photon In this context, intense efforts have been devoted to studying
interaction probability, which is amplified by stimulated nonlinear interactions from the electron viewpoint in UTEM
processes in proportion to the large number of incident setups, assisted by the linear response of the sample to optical
photons (o laser intensity) contained in each optical pulse. laser pumping. As a manifestation of these interactions,
This effect has been argued to enable high spectral resolution multiple quanta can be exchanged between the light and
by performing electron energy-gain spectroscopy (EEGS) electron pulses in what has been termed photon-induced near-
while scanning the pumping light frequency,'”* ™ so that field electron microscopy (PINEM),'®!?778183,87=9195-116
energy resolution is inherited from the spectral width of the The longitudinal (along the e-beam direction) free-electron
laser, whereas the atomic spatial resolution of TEM setups can wave function is then multiplexed in a periodic energy comb
be retained. A similar approach has been followed to push formed by sidebands separated from the ZLP by multiples of
energy resolution down to the few-meV range by analyzing the the laser photon energy’”*”%%?*9%%% 4nd associated with
depletion of the ZLP upon intense laser irradiation'” (see discrete numbers of net photon exchanges (Figure 4a—c), the
Figure 1i). We reiterate that the potential degradation of beam probability of which can be expressed in terms of a single
quality and energy width introduced at the photocathode can coupling parameter /3 that encapsulates the electron interaction
be avoided by resorting instead to e-beam blanking in with the optical near-field and depends on the lateral position
combination with synchronized nanosecond laser pulses.”’ in the transverse e-beam plane (see below). Such transverse
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dependence can be engineered to imprint an on-demand phase
pattern on the electron wave function, giving rise, for example,
to discretized exchanges of lateral linear momentum®”'*"'"”
(see Figure 4d and also ref 117 for sharper features associated
with momentum discretization) and orbital angular momen-
tum”>'* (Figure 4g) between the light and the electron.
PINEM spectral features (i.e., the noted energy comb) do not
bear phase coherence relative to spontaneous excitations
associated with EELS,”" as experimentally verified for relatively
low laser intensities, which lead to stimulated (PINEM loss
and gain peaks) and spontaneous (EELS, only loss) energy
peaks in the observed spectra with comparable strengths
(Figure 4e). In this regime, single-loss and -gain peak
intensities are proportional to n + 1 and n, respectively,
where 7 is the population of the laser-excited sample mode to
which the electron couples. In contrast, we have n >> 1 at high
laser fluence, so gain and loss features configure a symmetric
spectrum with respect to the ZLP. As the intensity increases
(Figure 4a,b), multiple photon exchanges take place. These
events were predicted”’ and subsequently confirmed in
experiment™® to give rise to a sub-fs quantum billiard dynamics
(Figure 4b). Enhanced order-unity electron—photon coupling
is achieved under phase-matching conditions when the
electron travels at the same velocity as the optical mode to
which it couples.'”®"'® Under this condition, the number of
PINEM energy sidebands is strongly enlarged®”''” (see Figure
4f), eventually reducing the loss—gain spectral symmetry,
presumably due to departures from phase-matching produced
by electron recoil. Incidentally, inelastic ponderomotive
interactions can also be a source of asymmetry, as we discuss
below, and so are corrections due to electron recoil.'*’

The optical near-field dynamics in nanostructures has been
explored through PINEM, as illustrated by the acquisition of
fs-resolved movies of surface plasmons evolving in nanowires’®
and buried interfaces,”” as well as in the characterization of
optical dielectric cavities and the lifetime of the supported
optical modes'®''* (see Figure 1gh). It should be noted that
analogous plasmon movies can be obtained through optical
pump-probing combined with photoemission electron micros-
copy (PEEM, Figure 3c) performed on clean surfaces,'*" as
demonstrated for propagating plane-wave,'>"'** chiral,”'**
and topological ** plasmons. Nevertheless, by employing
different types of particles to pump and probe (e.g., photons
and electrons), PINEM-modulated e-beams can potentially
enable access into the attosecond regime without compromis-
ing energy resolution, as we argue below.

Complementing the above advances, the generation of
temporally compressed electron pulses has emerged as a fertile
research area”" *%'%71237130 that holds potential to push time
resolution toward the attosecond regime. An initial proposal
relied on free-space electron-light interactions.'”” Indeed,
electron energy combs can also be produced in free space
through ponderomotive interaction with two suitably oriented
light beams of different frequencies @, and w, as a result of
stimulated Compton scattering, subject to the condition @, —
@, = (k; — k,)-v, where k; and k, denote the photon wave
vectors and v is the electron velocity. The resulting electron
spectrum consists of periodically spaced energy sidebands
separated from the ZLP by multiples of the photon energy
difference #lw, — w,|."”” After a long propagation distance
beyond the electron—photon interaction region, different
energy components in the electron wave function, traveling
at slightly different velocities, become interlaced and can give
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rise to a periodic train of compressed—probability—density
pulses with a temporal period 27/|w; — @,|. For sufficiently
intense li%ht fields, these pulses were argued to reach sub-fs
duration, *° as neatly confirmed in free-space experi-
ments.'””"*® In a separate development, compression down
to sub-fs pulses was achieved for spatially (~100 ym) and
spectrally (~30 keV) broad multielectron beams accelerated to
60 MeV'”*° using an inverse free-electron laser approach that
relied on the coupling to the optical near-field induced in a
grating by irradiation with sub-ps laser pulses. In a tour-de-
force experiment, PINEM-based production of attosecond
pulse trains (Figure 4h) was eventually pioneered in an
electron microscope91 at the single-electron level, yielding it
compatible with <1 nm e-beam spots and quasimonochromatic
incident electrons (<0.6 eV spread), thus raising the control
over the electron wave function to an unprecedented level and
simultaneously rendering temporally modulated electrons
accessible for use in spatially resolved spectroscopy. A
demonstration of attosecond compression followed soon
after using a table-top e-beamline setup,'’” along with the
generation of single electron pulses by subsequent angular
sorting based on optical streaking” (Figure 4ij), which is
promising for the synthesis of individual attosecond electron
pulses, although its combination with sub-nm lateral e-beam
focusing in a microscope remains as a major challenge.

We organize the above-mentioned techniques in Figure 3a
according to their degree of space-time-energy resolution.
Notably, electron-based methods offer better spatial resolution
than all-optical approaches because of the shorter wavelength
of such probes compared to photons. Incidentally, for the
typical 30—300 keV e-beam energies, the electron wavelength
lies in the 7—2 pm range, which sets an ultimate target for the
achievable spatial resolution, currently limited by the numerical
aperture of electron optics (NA ~ 1072, leading to an e-beam
focal size of ~0.5 A). In contrast, far-field light optics and even
SNOM offer a lower spatial resolution. We include for
comparison laser-induced electron diffraction (LIED), which
relies on photoemission from spatially oriented individual
molecules produced by attosecond X-ray pulses, followed by
electron acceleration driven by a synchronized infrared laser
and subsequent elastic scattering back at the molecules; this
technique grants us access into the molecular atomic structure
with sub-A—attosecond precision,"”' and it also provides
indirect information on electronic potential-energy surfaces."*”
Interestingly, time-resolved low-energy electron diffraction has
also been employed to study structural dynamics in solid
surfaces using photoemission e-beam sources analogous to
UTEM."” In a radically different approach, scanning tunneling
microscope luminescence'** (STML, Figure 3d) provides
atomic spatial precision combined with optical spectral
resolution in the determination of electronic defects in
conducting surfaces,"*>'%¢ which can, in principle, be
combined with fast electronics to achieve sub-ns temporal
resolution similar to CL.”> Additionally, laser-driven tunneling
in the STM configuration can provide fs resolution by
measuring the electron current under optical pump—probe
laser irradiation'**'?"!3% (Figure 3c). In this Perspective, we
speculate that the team formed by synchronized ultrafast laser
and free-electron pulses combined with measurement of angle-
resolved CL (Figure 3b) holds the potential to reach the
sought-after sub-A—attosecond—sub-meV simultaneous level
of resolution in the study of optical excitations, while even
higher accuracy is still possible from the point of view of the
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fundamental limits (see below). These ideas can be
implemented in TEMs, SEMs, and LEEMs, with the last two
of these types of instruments presenting the advantage of
offering stronger electron interaction with nanoscale optical
modes.

B FUNDAMENTALS OF ELECTRON-BEAM
SPECTROSCOPIES

Theoretical understanding of electron microscopy has
benefited from a consolidated formalism for the analysis of
EELS and CL spectra, as well as new emerging results in the
field of UTEM. We present below a succinct summary of the
key ingredients in these developments.

Spontaneous Free-Electron Interaction with Sample
Optical Modes. For the swift electron probes and low
excitation energies under consideration, EELS and CL
transition probabilities can be obtained by assimilating each
beam electron to a point charge —e moving with constant
velocity vector, v = vZ (nonrecoil approximation, see below),
and interacting linearly with each sample mode. The electron
thus acts as an external source of evanescent electromagnetic
field, and in particular, the frequency decomposition of the
electric field distribution as a function position r = (R, z) (with
R = (x, y)) for an electron passing by r = (R, 0) at time zero
admits the expression”

2 .
Ee“(r, w) = Ue_zc;:em)z/uF(R - R, w)

where

i (R R\,
FR, 0) = ~K| 2= |z - Kl(w—]R
v Loy vy (1)

and y = 1/+/1 — v*/c* is the relativistic Lorentz factor. The

time-dependent field is obtained through the Fourier transform
ext 1 0 ext —iwt
E (r,t):—/ dw E™(r, w)e™
2n J -

At large radial separations R, the two modified Bessel functions
in F decay exponentially as K,,({) = e ¢ /2L, whereas at
short distances, it is K;({) &~ 1/{ that provides a dominant
divergent contribution and explains the excellent spatial
resolution of e-beams.'*” The external field interacts with the
specimen giving rise to an induced field E™ that acts back on
the electron to produce a stopping force. By decomposing the

resulting energy loss in frequency components, we can write
the EELS probability as*”’

) . .
FEELS(RO, w) = e / dz Re{e—lmz/vE;nd(Ro’ 2, @)}
mhow J -«
)
This quantity is normalized in such a way that
/OoodwFEELS(RO, w) is the total loss probability and

/0 “dw ho Iirs(Ry, @) is the average energy loss.

It is convenient to express the EELS probability in terms of
the 3 X 3 electromagnetic Green tensor G(r, r’, ), implicitly
defined by the equation
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2
VXV XGr, o) - 2l 0)G r, o)
[

1
——=0(r — 1
2 ( ) 3)
for structures characterized by a local frequency- and position-
dependent permittivity e(r, ®) (and by an analogous relation
for nonlocal media'*’) and allowing us to obtain the induced
field created by an external current j(r, @) as

E™(r, 0) = —4niw/d3r/Gi“d(r, v, )™, o)

The classical current associated with the electron is j*(r,w) =
—e 2 8(R — Ry)e””*, which upon insertion into the above
expression, in combination with eq 2, yields

2 poo B
Feprs(Ro @) = %[m dz/_oo dz’ cos[w(z' — z)/v]

X Im{-G_,(Ry, z, Ry, 2, ®)} (4)

where we have replaced G™ by G because G — G™ produces a
vanishing contribution to the z integrals as a consequence of
kinematical mismatch between electrons and photons in free
space.”” We remark the quantum nature of this result, which is
revealed by the presence of 4, introduced through the lost
energy /o in the denominator as a semiclassical prescription
to convert the energy loss into a probability. This is also
corroborated by a first-principles quantum-electrodynamics
derivation of eq 4, which we offer in detail in the Methods
section under the assumption that the sample is initially
prepared at zero temperature.

An extension of this analysis to samples in thermal
equilibrium at finite temperature T allows us to relate the
EELS probability to the zero-temperature result in eqs 2 and 4
as

F%;ELS(RO) o) = Tgs(Ry, lol)[np(@) + 1]sign(w) ©)

(with @ < 0 and @ > O indicating energy gain and loss,
respectively), also derived in detail from first-principles in the
Methods section.

The far-field components of the induced field give rise to
CL, with an emission probability that can be obtained from the
radiated energy (i.e., the time- and angle-integrated far-field
Poynting vector). The classical field produced by the external
electron source is thus naturally divided into frequency
components, so an emission probability (photons per incident
electron) is obtained by dividing by #i®, remarking again the
quantum nature of the emission, which also reflects in how
individual photon counts are recorded at the spectrometer in
experiments. More precisely, using the external electron
current and the Green tensor defined above, the electric field
produced by the electron at a position r,, far away from the
sample can be written as

o . ’
EM(r, w) = 4ﬂiea)f dz'e”*"G(r,, Ry, 2/, )2
—0o0

eiwrw/c c
L
ff- (ROI Cl))
wry,/c— o0 oo ® (6)

where f{'(Ry,w) is the far-field amplitude. From the
aforementioned analysis of the Poynting vector, we find that

the CL emission probability reduces to
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© dL
I, = / &0, f do—CL
~Jo V30, do

where®’

dlc, _ ¢
dQ; do  47’ho

2
f%(Ro; w)|

(7)

is the angle- and frequency-resolved probability.

A large number of EELS and CL experiments have been
successfully explained using eq 2 and the approach outlined
above for CL by describing the materials in terms of their
frequency-dependent local dielectric functions and finding E™
through numerical electromagnetic solvers, including the
boundary-element method'*'~'*° (BEM; see open-access
implementation in ref 145), the discrete-dipole approxima-
tion'*”'*® (DDA), multiple scattering approaches,"*”"*° and
finite difference methods.">'~">* Analytical expressions for the
EELS and CL probabilities are also available for simple
geometries, such as homogeneous planar surfaces, anisotropic
films, spheres, cylinders, and combinations of these elements
(see ref 29 for a review of analytical results), recently
supplemented by an analysis of CL from a sphere for
penetrating electron trajectories.16 It is instructive to examine
the simple model of a sample that responds through an
induced electric dipole, which admits the closed-form
expressions

Tirs(@) B 460> Im{F*(Ry, »)-a(w)-F(R,, )}

=—— X
(o) | 7' |w'/3¢)@(0) F(R, o)
4e*w? 1
=— Klz(a)RO/vy) + —ng(a)RO/vy)
zho'y y

Im{a(w)}

20’/3)a(w) (8)
for the EELS and CL probabilities, where a(w) is the
frequency-dependent 3 X 3 polarizability tensor, and the last
equation applies to isotropic particles with @ = a(w)Z;. We
remark that these results are quantitatively accurate even for
large particles (e.g., dielectric spheres sustaining Mie modes),
provided we focus on spectrally isolated electric dipole
modes.”” The above-mentioned properties of the K,, functions
readily reveal that the interaction strength diverges in the Ry —
0 limit (ie, when the e-beam intersects the point dipole).
However, the finite physical sizes of the particle and the e-
beam width prevent this divergence in practice. (Incidentally,
the divergence also disappears in a quantum-mechanical
treatment of the electron, which relates small R, values to
large momentum transfers, limited to a finite cutoff imposed by
kinematics.) In virtue of the optical theorem'* (i.e., Im{—1/
a(w)} > 2w?/3c%), we have ['gg; g > Iy, as expected from the
fact that emission events constitute a subset of all energy
losses. Additionally, both EELS and CL share the same spatial
dependence for dipolar modes, contained in the function
F(Ry ) (eq 1).

As we show below, the transition probabilities are
independent of the electron wave function, but a dependence
is obtained in the partial electron inelastic signal when a
selection is done on the incident and transmitted (final) wave
functions (y; and l/lf) Assuming a factorization of these wave
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functions as l//ilf(r) ocy/ilfl(R)eiquvzz/ VL, where L is the

quantization length along the beam direction, and integrating
over longitudinal degrees of freedom (the z coordinate), the
state-selected transition probability depends on the transverse
components as (see self-contained derivation in Methods)

I(w) = 4%/dzR/dzR,V/fL(R)V’ii(R)’l/ﬁ(R,)‘/’u(R,)

X [:dz[:dz’ cos[w(z' — z)/v]

X Im{—G_(r, ¥, ®)}
)

where G(r, ', ) is the electromagnetic Green tensor defined
in eq 3. Reassuringly, when summing I';(@) over a complete
basis set of plane waves for l//fl(R), we find erﬁ(w) =
f d*R Iy, (R)PT g (R, @), so we recover eq 4 in the limit of
a tightly focused incident beam (i.e., ly;; (R)I* = 6(R — Ry)).
Interestingly, the transition probability only depends on the
product of transverse wave functions y (R)yii(R). The
possibility of selecting sample excitations by shaping this
product has been experimentally confirmed by preparing the
incident electron wave function in symmetric and antisym-
metric combinations that excite dipolar or quadrupolar
plasmons in a sample when the electrons are transmitted
with vanishing lateral wave vector? (i.e., for uniform Wy with
qp = 0). Similarly, under parallel beam illumination (uniform
v, with q;; = 0), angle-resolved Fourier plane imaging
provides maps of transition probabilities to final states yj, o
%R of well-defined lateral momentum hqg; actually, this
approach is widely used to measure dispersion relations in
planar films'>** (see Figures la and 2f) while a recent work
tracks electron deflections produced by interaction with
localized plasmons."*® Analogously, the excitation of chiral
sample modes by an incident electron plane wave produces
vortices in the inelastically transmitted signal, an effect that has
been proposed as a way to discriminate different enantiomers
with nanoscale precision."”

Stimulated Free-Electron Interaction with Optical
Fields. Under intense laser irradiation in UTEM setups,
coupling to the optical near field in the sample region
dominates the interaction with the electron. For typical
conditions in electron microscopes, we can assume the
electron to always consist of momentum components that
are tightly focused around a central value q, parallel to the z
axis (nonrecoil approximation). This allows us to recast the
Dirac equation into an effective Schrodinger equation,94

@+v®ﬂnﬂ=—%ﬂﬁﬁwﬁﬂ

where we separate a slowly varying envelope ¢ from the fast
oscillations associated with the central energy E;, and wave
vector q in the electron wave function

l//(r; t) = eiqoz_iEOt/h¢(r) t)

and we adopt the minimal-coupling light-electron interaction
Hamiltonian'**

L2

_2AZ]

/4
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written in terms of the optical vector potential A(r, t) in a
gauge with vanishing scalar potential without loss of generality.
The nonrecoil approximation also implies that the initial
electron wave function can be written as

y(r, t) = eiqoz_iEOt/hqﬁi(r — vt)

where ¢; defines a smooth invariant profile depending only on
the rest-frame coordinates r — vt. Assuming that this behavior
is maintained within the interaction region, the full electron
wave function admits the solution"®’

—1 t ~
w(r, t) =y, t)exp[;l/_ dt’ H(x — vt + vt/, t')

We focus for simplicity on monochromatic light of frequency
w, for which the vector potential can be written as A(r,t) =
(2¢/®)Im{E(r)e "}, where E(r) is the optical electric field
amplitude contributed by both the external laser and the
components scattered by the sample. We are interested in
evaluating the electron wave function at a long time after
interaction, such that y; vanishes in the sample region. In this
limit, combining the above results, we find that the transmitted
wave function reduces to

w(r, t) = y(r, 1)e®
X y)()[ﬁ(R); W,z — Ut] 7)0[:3/(1{)) 20); z - Ut]

(10)
Where
7)0(:6; , Z) = eXP(—ﬂei’“Z/“ + ﬁ*e—imz/u)
= Z ]1(2|ﬁ|)e” arg(~p) yilwz/v
. (11)

describes the above-mentioned energy comb, associated with
the absorption or emission of different numbers ! of photons of
frequency @ by the electron, as ruled by the coupling
coefficient

_ € «© —iwz/v
pR) = - f_ B0 )

which is determined by the optical field component along the
e-beam direction. The rightmost expression in eq 11 is derived
by applying the Jacobi-Anger expansion ™"’ = ¥ J,(u)e™ (eq
9.1.41 of ref 160), with u = 2|8l and 0 = arg{—f} + wz/v. The
two other factors accompanying the incident wave function in
eq 10 are produced by the ponderomotive force (i.e., the A*

term in the coupling Hamiltonian 7:(1) Namely, a phase

1 0
(p(R) B MCUZ ‘[m dz

E(r)" + IE,(r)P” + izuzz(rﬂ2
4

(13)
where M = m,yv/ca plays the role of an effective mass and o
~ 1/137 is the fine structure constant; and an extra energy
comb of double frequency given by eq 11 with @ substituted

by 2w and f by

p'(R) =

-1

2Mo*

X U/ﬂ dz

1 N
E;(l') + E;(l‘) + ?Ej(r) e 2iwz/v

(14)
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We remark that the multiplicative factors in eq 10 depend on
the transverse coordinates R = (x, y). In the absence of a
scattering structure, # and f vanish, yielding £ = 1 as a result
of the aforementioned electron—photon kinematic mismatch,
although a spatially modulated ponderomotive phase ¢ can
still be produced, for example, by interfering two counter-
propagating lasers, §ivin6g rise to electron diffraction (the
Kapitza-Dirac effect'®'~'°*). From an applied viewpoint, this
phenomenon enables optical sculpting of e-beams in free
space, 158165167

The relative strength of A® interactions can be estimated
from the ratio |5'/fl ~ IEl/Eg,. (see eqs 12 and 14), where
Eges = 2myvw/e (x5 X 10" V/m for hw = 1.5 eV and 100
keV electrons) defines a threshold field amplitude that exceeds
by ~4 orders of magnitude the typical values used in PINEM
experiments,””" although they should be reachable using few-
cycle laser pulses in combination with nonabsorbing high-index
dielectric structures.

Neglecting A? corrections, the remaining PINEM factor
trivially satisfies the relation

Fo(By @, 2) X R(B,, w, 2) = R(B, + B, w, 2)

(see eq 11), so that the effect of two simultaneous or
consecutive PINEM interactions with mutually coherent laser
pulses at the same photon frequency is equivalent to a single
one in which the coupling coefficient is the sum of the
individual coupling coeflicients, as neatly demonstrated in
double-PINEM experiments.”® Additionally, # imprints a
lateral dependent phase larg{—f(R)} on the wave function
component associated with each inelastic electron sideband,
where [ labels the net number of exchanged photons; this effect
has been experimentally verified through the observation of
transverse linear””''” and angular” momentum transfers to
the electron (Figure 4d,g), and it has been predicted to
produce electron diffraction by plasmon standing waves in
analogy to the Kapitza-Dirac effect.'””

The Schrodinger equation mentioned at the beginning of
this section neglects the effect of recoil, which can substantially
affect the electron over long propagation distances d beyond
the PINEM interaction region. Incidentally, recoil can even
manifest within the interaction region if it spans a relatively
large path length. Neglecting again A’ terms, the leading
longitudinal recoil correction results in the addition of an I-
dependent phase —271*d/z; to each term of the sum in eq 11,
where

4zrme03y3
Zp = ————
2
ho

is a Talbot distance (e.g,, zr ~ 159 mm for Aw = 1.5 eV and
100 keV electrons) that indeed increases with kinetic energy.
More precisely, the electron wave function becomes

w(r, t) = V/i(r) t)Pd[ﬂ(R)) ®, z — vt], where

0
7),1(,8; o, Z) — Z ]l(zlﬂl)eilarg{—ﬂ}+ilwz/u—27rilzd/zT

I=—0c0

(13)

We remark that this result is valid if we neglect ponderomotive
forces and assume the e-beam to be sufficiently well collimated
as to dismiss lateral expansion during propagation along the
distance d. We also assume that y; is sufficiently mono-
energetic as to dismiss its drift along d. Different | components
move with different velocities, resulting in a temporal
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compression of the electron wave function'* that has been

demonstrated to reach the attosecond re-
. 91,92,103,106,107,129,130

gime

The above results refer to coherent laser illumination, but
additional possibilities are opened by using quantum light
instead, and in particular, we have predicted that the electron
spectra resulting from the PINEM interaction with optical
fields carry direct information on the light statistics''' (e.g., the
second-order autocorrelation function g(z)). Additionally,
temporal electron pulse compression can be accelerated
using phase-squeezed light (see Figure 7d), while the electron
density matrix acquires nontrivial characteristics with potential
application in customizing its eventual interaction with a
sample.' '

The extension of the above results to multicolor illumination

opens additional possibilities, with the linear A term in ‘ffl
producing multiplicative PINEM factors (one per light
frequency) that lead to asymmetric electron spectra.”’ Also,
the ponderomotive-force A* term introduces frequency-sum
and frequency-difference PINEM factors, which in free space,
with lasers arranged under phase-matching propagation
directions, can give rise to energy combs similar to PINEM
through stimulated Compton scattering;128 this effect,
combined with free-space propagation, has been exploited to
achieve attosecond electron compression without requiring
material coupling structures.'””

Relation between PINEM and CL. In CL, the electron
acts as a source from which energy is extracted to produce light
emission, whereas PINEM is just the opposite: an external light
source exchanges energy with the electron. It is thus plausible
that a relation can be established between the two types of
processes if the sample exhibits a reciprocal response, so that
the electromagnetic Green tensor satisfies the property G, (r,
r, ) = Gu,(r', r, ®), where a and a’ denote Cartesian
components. To explore this idea, we start from the PINEM
coupling coefficient defined in eq 12 and consider far-field
illumination from a well-defined direction T, as produced by
an external distant dipole p™ L T, at the laser source position
Iy. Using the Green tensor to relate this dipole to the electric
field as E(r) = —470’G(r, re, @)-p™, we find

(o] .
Z p:’“ f dz G, (r, r,, a))e_“"z/ v
—00
a

4rew

pw) = -2
In the absence of a sample, the external laser field is obtained
from the far-field limit of the free-space Green tensor, giving
rise to an external plane-wave of electric field E(r) = E*e*
with wave vector k = —t,,@/c and amplitude E™ = (e/=//r_)
(@*/*)p™, which allows us to recast the coupling coefficient
into

.2
1c
2

BR) = o

f, © i
Z E:xf[4;riew p— / dz G, (r, 1, @)e "
a € ® —®
(16)

where we have used the noted reciprocity property. Now, we
identify the expression inside square brackets as the CL far-
field amplitude by comparison to eq 6. Finally, we find

2
ic
ho’ (17)
where the tilde in EwCL(RO, ) indicates that it has to be

calculated for an electron moving with opposite velocity (i..,

B(R) = ~—F; (R, ) E™
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—v instead of v; cf. e*“*/* factors in egs 6 and 16). Equation 17
establishes a direct relation between PINEM and CL: the
coupling coefficient in the former, for far-field plane-wave
illumination from a given direction T, (ie., light propagating
toward —T), is readily obtained from the electric far-field
amplitude of CL light emitted toward T, but with the electron
velocity set to —v instead of v. A recent study has partially
verified this relation by exploring the spatial characteristics of
EELS, CL, and PINEM for the same single gold nanostar.'®®
For completeness, we provide the expression

2iew
ho*y

BR) = a(o) F*(R, ) E™

obtained for an isotropic dipolar scatterer (see eqs 1 and 8)
under continuous-wave illumination conditions.

The high degree of control over the free-electron wave
function embodied by the above developments opens exciting
opportunities to explore new physics and applications.
However, before presenting some perspectives on these
possibilities, we discuss in more detail the role of the electron
wave function in the interaction with optical sample modes.

B QUANTUM AND CLASSICAL EFFECTS
ASSOCIATED WITH THE FREE-ELECTRON WAVE
FUNCTION

Like for any elementary particle, the wave nature of free
electrons manifests in interference phenomena observed
through double-slit experiments and diffraction by periodic
lattices, which are typical configurations used to image material
structures and their excitation modes. Electron interference has
been extensively exploited in TEMs to this end,”>~>*'%*~'"* g5
well as in _})hotoelectron diffraction,'”? low-energy electron
diffraction,'”* and LIED."”" Shaping and probing the electron
wave function lies at the heart of these techniques, in which the
electrons are scattered elastically, and consequently, no final
sample excitations are produced. Likewise, interference is
expected to show up, associated with the creation of sample
excitations by e-beams, as demonstrated in the so-called
inelastic electron holography.'”>'7¢

It should be noted that electron beam spectroscopies involve
the creation of excitations in the sample by one electron at a
time when using typical beam currents $1 nA (ie, <6
electrons per nanosecond). Such relatively low currents are
employed to avoid Coulomb electron—electron repulsion and
the resulting beam degradation and energy broadening, which
are detrimental effects for spatially resolved EELS, although
they can still be tolerated in diffraction experiments relying on
electron bunches to retrieve structural information,'”” and also
in EEGS based on depletion of the ZLP with few-meV energy
resolution obtained by tuning the laser frequency.'® Under-
standably, the quantum character of individual electrons has
been explored to pursue ap_Plications such as cavity-induced
quantum entanglement,'*®"”® qubit encoding,'” and single-
photon generation.

Now, a recurrent question arises,
excitation efficiency be modulated by shaping the electron
wave function? For single monoenergetic electrons, non-
retarded theory was used to show that the excitation
probability reduces to that produced by a classical point
charge, averaged over the intensity of the transverse beam
profile.'”” This result was later generalized to include
retardation,” and the predicted lack of dependence on

29,115,155,179—184
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transverse electron wave function was experimentally corrobo-
rated for Smith-Purcell radiation emission.'* Some depend-
ence can however be observed in EELS by collecting scattered
electrons only within a partial an%ular range, as neatly
demonstrated by Ritchie and Howie'”” in the nonretarded
limit. This result was later generalized to include retardation.”
Specifically, for transmission along the center of the Fourier
plane in an electron microscope, wave function shaping was
experimentally demonstrated to actively select plasmon losses
of dipolar or quadrupolar symmetry in metallic nanowires.">>

The dependence on the longitudinal wave function is not as
clear, and for example, a recent report'®> based on a
semiclassical description of the electric field generated by
free electrons claims that the probability of exciting a sample
initially prepared in the ground state could be enhanced for an
individual electron distributed along a periodic density profile.
However, this conclusion is inconsistent with a fully quantum-
mechanical treatment of the electron—sample system (see
detailed analysis below). Importantly, the same study claims
that N electrons arriving at random times produce an overall
probability xN* when they are previously PINEM-modulated
by the same laser, an effect that is indeed supported by a
quantum description of the electrons, as we show below. In
addition, a wave function dependence should be observed for
interaction with samples prepared in a coherent superposition
of ground and excited states that is phase-locked with respect
to the electron wave function, as experimentally illustrated in
double-PINEM experiments’® (see below). While PINEM
commonly relies on bosonic sample modes, an extension of
this effect to two-level s_}rstems has also been discussed in
recent theoretical works.'”*"*'

In this section, we elucidate the role of the electron wave
function in the excitation of sample modes for any type of
interactions with matter, photons, and polaritons. We derive
analytical expressions from first-principles for the excitation
probability produced by single and multiple electrons with
arbitrarily shaped wave functions, based on which we conclude
that the excitation by single electrons with the specimen
prepared in any stationary state (e.g., the ground state) can be
described fully classically with the electron treated as a point
particle, regardless of its wave function, apart from a trivial
average over the transverse beam profile. In contrast, multiple
electrons give rise to correlations between their respective
wave functions, which enter through the electron probability
densities, whereas phase information is completely erased.
More precisely, the few-electron case (see analysis for two
electrons below) reveals a clear departure from the classical
point-particle picture, while in the limit of many electrons N, a
classical description prevails, leading to an excitation
probability «N? if they are bunched with a small temporal
width relative to the optical period of the sampled excitation'**
or if their probability density is ogtically modulated with a
common coherent light field."**'**'®71%¢ Crucially, these
results follow from the nonrecoil approximation (i.e., the fact
that the electron velocity can be considered to be constant
during the interaction), which accurately applies under
common conditions in electron microscopy (small beam-
energy spread and low excitation energies compared with the
average electron energy). Our hope is that the present
discussion clarifies current misunderstandings on the role of
the electron wave function in inelastic scattering and provides
simple intuitive rules to tackle configurations of practical
interest.
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Lack of Wave-Function Dependence for a Single
Electron. We first consider a free electron propagating in
vacuum and interacting with arbitrarily shaped material
structures. Without loss of generality, the wave function of
this combined electron—sample system can be decomposed as

W (£) = Y g (t)e @ ign)

qn

(18)

using a complete basis set of combined material (and possibly
radiation) states In) of energy i, and electron plane-wave
states Iq) of well-defined momentum #q and energy %eg. The
elements of this basis set are eigenstates of the noninteracting
Hamiltonian 7:[0, so they satisfy 7:{0|‘l”> = h(ey + ,)lqn).
This description is valid as long as no bound states of the
electrons are involved. Under common conditions in electron
microscopes, the states In) describe excitations in the sample,
including the emission of photons, but also undesired
excitations in other parts of the microscope (e.g., phonons in
the electron source). For simplicity, we assume the electron to

be prepared in a pure state Zq a‘;)lq) and the sample in a

stationary state n = O prior to interaction (ie., ag(—c0) =

(Snoag, subject to the normalization condition Zq Iacf > =1),in

the understanding that the mentioned undesired excitations
can later be accounted for by tracing over different incoherent
realizations of the electron wave function in the beam.

By inserting eq 18 into the Schrodinger equation

(7t(0 + H)ly) = ihd), where the Hamiltonian H, de-
scribes electron—sample interactions, we find the equation of
motion

i i(e,—e,+w,—w,)t VAP,
ihag, = Z e T T quiH, g n Yoy,
ot

for the expansion coefficients a,. Now, the results presented
in this section are a consequence of the following two
assumptions, which are well justified for typical excitations
probed in electron microscopy:>’

(i) Weak Coupling. The electron interaction with the
sample is sufficiently weak as to neglect higher-order
corrections to the excitation probability beyond the first
order. This allows us to rewrite the equation of motion for

n # 0 as ihay, = Eq, ei(g‘l_E‘l’+w"°)t<qnl'7‘(llq’0)a‘;)r (with @, =
®, — @), which can be integrated in time to yield the solution

2mi
n

ag,(0) = — Z 5(ey — &g + (un0)<qnl'7:(1|q’0)a§
<

(19)
for the wave function coefficients after interaction. We remark
that n = 0 can be the ground state or any excited state in the
present derivation, as long as it is stationary.

(ii) Nonrecoil Paraxial Approximation. Electron beams
feature a small divergence angle (~ a few mrad) and low
energy spread compared with the mean electron energy (i.e.,
g, is negligible unless |q — qol << qo, where 71q, is the central
electron momentum). Additionally, we assume that the
interaction with the sample produces wave vector components
also satisfying Iq — qol < go. This allows us to write the
electron frequency difference as

g~ &g~ vi(q—q) (20)
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indicating that only momentum transfers parallel to the beam
contribute to transfer energy to the sample.”” The nonrecoil
approximation is generally applicable in the context of electron
microscopy, unless the excitation energy is a sizable fraction of
the electron kinetic energy.''” 189

Putting these elements together and using the real-space
representation of the electron states (rlq) = V%" with
quantization volume V in eq 19, we find that the probability
that a single beam electron excites a sample mode n, expressed
through the trace of scattered electron degrees of freedom

Zq qn(oo)l , reduces to (see Methods)

_ / &r (P13 (R

(21)
where
o) = V12 / 20l
v = (2n)’ *° (22)
is the incident electron wave function,
- 1 [ ) .
R) = — f dz e =/ (OIF, (1)
ﬁn( ) hl) oo e < l(r) 11> (23)

is an electron—sample coupling coeflicient that depends on the
transverse coordinates R = (x, y), and we choose the beam
direction along 2. We note that this definition of 3, coincides

with previous studies in which ‘Hl describes electron-light
PINEM interaction and n refers to optical modes."'"""* Also,
the PINEM coupling coeflicient in eq 12 is obtained from eq
23 by multiplying it by the laser-driven amplitude associated
with mode n and summing over n.

We observe from eq 21 that the excitation probability does
not depend on the electron wave function profile along the
beam direction Z, because this enters just through an integral of
the electron density along that direction. Additionally, the
dependence on transverse directions R consists of a weighted
average of the probability I8,(R)I? over the transverse profile of
the beam intensity.

Wave-Function Dependence in the Correlation
among Multiple Electrons. The above analysis can readily
be extended to a beam bunch consisting of N distinguishable
electrons with incident wave functions /(r) labeled by j = 0,

. N — 1. The probability of exciting a sample mode # then
reduces to (see detailed derivation in Methods)

ol _ f Srly OFBRF + ¥ Q)
i# (24)
where
Q)= [ERMIRF®) (25)
and
M)(R) = f_ " de ey () (26)

The first term in eq 24 corresponds to the sum of uncorrelated
excitation probabilities produced by N independent electrons,
each of them expressed as a weighted average over the
transverse electron density profile, just like for a single electron
in eq 21. The second term accounts for two-electron
correlations, in which the phase of the electron wave functions
is also erased, but there is however a dependence on the
electron probability densities through their Fourier transforms
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in eq 26. Interestingly, the factor IM,/(R)* is in agreement with
the result obtained for excitation with a classical charge
distribution having the same profile as the electron probability
density, which is well studied in the context of beam
physics.'>*'%® Also, this factor has recently been identified as
a measure of the degree of coherence of the electron in its
interaction with mutually phase-locked external light.'**'**
Obviously, IM}(R)I*> is bound by the inequality
‘ / dZRM,{(R)| <1, with the equal sign standing for any

value of the excitation frequency w,, in the limit of point-
particle electrons (i.e., ly/(r)* = 6(r — 1;)), and also for a fixed
®,o and its multiples if the electron probability density is
periodically modulated as

2750

Wyo

with arbitrary coefficients b, (i, a train of temporally
compressed pulses separated by a spatial period v/w,).
Periodically modulated electrons with a limited degree of
compression are currently feasible through strong PINEM
interaction followed by free-space propagation.

In the derivation of these results, we have assumed electrons
prepared in pure states (i.e., with well-defined wave functions).
The extension to mixed electron states requires dealing with
the joint electrons-sample density matrix elements

Zia) Prapnqin (%)
_ j j
= 8,001 pq}q,}, where pq}q,}

/(o) = ly/(®R)} Z (Z -z~

27)

PiginiqIn’ (t) and calculating T =
' (—OO)

are the matrix elements of electron j before interaction, and

Starting with Plainiq

solving iA(dp/dt) = [7A‘[, p] to the lowest order contribution,
we find exactly the same expressions as above, but replacing

W/ by the (rlp/lr)
(1/v) qu, pc{q,ei(q_q/)'r, based on which we can deal with

electrons that have experienced decoherence before reaching
the sample region.

An important point to consider is that bunched electrons are
affected by Coulomb repulsion, which can increase the beam
energy width and introduce undesired lateral deflections. For
example, two 100 keV electrons traversing a sample interaction
region of length L ~ 10 pym with a relative longitudinal
(transverse) separation distance of 1 ym undergo a change in
their energy (lateral deflection angle) of 14 meV (0.1 prad).
These values are still tolerable when probing visible and near-
infrared optical excitations, but they increase linearly with L,
becoming a limiting factor for propagation along the
macroscopic beam column. We therefore anticipate that a
strategy is needed to avoid them, such as introducing a large
beam convergence angle (i.e., large electron—electron dis-
tances except near the sampled region) or separating them by
multiples of the optical period associated with the sampled
excitation (e.g,, 4.1 fs for 1 eV modes, corresponding to a
longitudinal electron peak separation of 680 nm at 100 keV).

Bunched and Dilute Electron-Beam Limits. We first
consider N electrons sharing the same form of the wave
function, but separated by their arrival times ¢ = z;/v at the
region of interaction with the sample (also, see below an
analysis of PINEM-modulated electrons, which belong to a
different category), so we can write the incident wave functions
as W(R, z) = (R, z — zj), where y° is given by eq 22. Then,
eq 24 for the total excitation probability of mode n reduces to

probability densities
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Figure 5. Interference in single- and double-electron interactions with a localized excitation. (a) Sketch of an electron wavepacket interacting with a
nanoparticle (top) and typical EELS spectrum (bottom) dominated by one resonance of frequency , and polarization p normal to the electron
velocity v. (b) Interaction with two electron wavepackets separated by a longitudinal distance a. If the wavepackets are part of a single-electron
wave function, the EELS probability is independent of a (one-electron solid curve). With two electrons, each of them in a different wavepacket, the
EELS intensity per electron oscillates with @,9a/v and presents a maximum at a = 0 (two-electron solid curve). For two electrons with their wave
functions equally shared among the two wavepackets, the oscillations with a exhibit less profound minima (two-electron dashed curve). (c)
Interaction with two electron wavepackets in symmetrically arranged beams. We find similar results as in (b), but now the two-electron probability
displays a minimum at a = 0. We consider wavepackets of width A defined by w,,A/v = 0.5 (see Methods). The EELS intensity is normalized to

the result for uncorrelated electrons.

F;otal - NFg + |Qf|2 Z i, U(Z —Z)/l)
i#i (28)
with Qf = fd3r eiw"OZ/"lylo(r)lzﬁ;(R) and I') given by eq 21.
In addition, if the wave function displacements of all electrons
satisfy Iz; — z;| < v/w,, neglecting linear terms in N, the sum
in eq 28 becomes ~N*IQ, which can reach high values for
large N, an effect known as superradiance when # represents a
radiative mode. We note that this effect does not require
electrons confined within a small distance compared with the
excitation length v/®,: superradiance is thus predicted to also
take place for extended electron wave functions, provided all
electrons share the same probability density, apart from some
small longitudinal displacements compared with v/®, (or also
displacements by multiples of v/, see below); however, the
magnitude of Q) will obviously decrease when each electron
extends over several v/w,, spatial periods. Of course, if the
electron density is further confined within a small region
compared with v/@,q (or if it consists of a comb-like profile as
given, for example, by eq 27), we readily find T ~ N°T%.
Superradiance has been experimentally observed for bunched
electrons over a wide range of frequenc1es 3187 and
constitutes the basis for free-electron lasers.'”*~"">

In the opposite limit of randomly arriving electrons (i.e., a
dilute beam), with the displacements z; spanning a large spat1a1
interval compared with v/, (even under perfect lateral
alignment conditions), the sum in eq 28 averages out, so we
obtain I = NT and therefore, correlation effects are
washed out.

Superradiance with PINEM-Modulated Electrons.
When N electrons are modulated through PINEM interaction
using the same laser (and neglecting A> corrections), their
probability densities take the form

/() = /() FIP(B, w, 2)
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where the modulation factor $(f, , z), defined in eq 15, is
shared among all of them and the PINEM coupling coefhicient
f is taken to be independent of lateral position. Assuming well
collimated e-beams, we consider the incident wave functions to
be separated as y/(r) = y, (R)y; |7(z) (i.e., sharing a common
transverse component l//J_(RS that is normalized as
deRll,t/l(R)l2 =1). Inserting these expressions into egs
24-26, we find

otal 0 2 i jloE
O = NI + Q1 D) M)M]

j#
with
) 0 ) ) 2
Md — / dz ela?noZ/I) l//“](z)Pd(ﬂ’ , Z)‘
where

= @Ry ®F BE,

Q, = [ER W ®PA®)
are transverse averages of the electron—sample coupling
coefficient f3, In general, the envelopes Il//”’(z)l of the
incident electrons are smooth functions that extend over
many optical periods (i.e., a large length L compared with v/
®,,) and varies negligibly over each of them, so we can
approximate

1

M/~ M, = lim — dz P, w, )|
L-oo L

In this limit, M, is independent of the electron wave functions
and arrival times, so it vanishes unless the sampled frequency
@, is a multiple of the PINEM laser frequency w. In particular,
for w,, = mw, where m is an integer, using eq 15, we find
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M, =132 JIBD),, (ID)e |

= |J [41Bl sin(2amd /)] (29)
where the second line is in agreement with ref 178 and directly
follows from the first one by applying Graf’s addition theorem
(eq (9.1.79) in ref 160). The total excitation probability then
becomes

I = NI') + N(N - 1)IQ M, (30)
which contains an N* term (i.e., superradiance). For tightly
focused electrons, such that hy, (R)I* ~ §(R — R,), we have
IQ,* ~ T'%, and consequently, eq 30 reduces to '™ = T[N +
N(N — 1)IM,]. This effect was predicted by Gover and
Yariv'®” by describing the electrons through their probability
densities, treated as classical external charge distributions, and
calculating the accumulated excitation effect, which is indeed
independent of the arrival times of the electrons, provided they
are contained within a small interval compared with the
lifetime of the sampled mode n. Analogous cooperative
multiple-electron effects were studied in the context of the
Schwartz-Hora effect'®” by Favro et al,'®® who pointed out
that a modulated “beam of electrons acts as a carrier of the
frequency and phase information on the modulator and is able
to probe the target with a resolution which is determined by
the modulator”. The obtained N* term thus provides a
potential way of enhancing the excitation probability to probe
modes with weak coupling to the electron. Incidentally, by
numerially evaluating eq 29, PINEM modulation using
monochromatic light can be shown to yield'** IM,I* < 34%,
so additional work is needed in order to push this value closer
to the maximum limit of 100%, obtained for J-function pulse
trains.

Interaction with Localized Excitations. For illustration
purposes, we consider a laterally focused Gaussian electron

wavepacket with probability density
p°(e)P = S(R — b)e = /X /(yzA)

interacting with a localized excitation of frequency w,, and
transition dipole p oriented as shown in Figure Sa. The EELS
probability is then described by a coug)l{ng coefficient that
depends on p and the direction of R as'"' y(R) o p-R. Using
these expressions for a single electron arranged in the two-
wavepacket configurations of Figure 5b,c, we find from eq 21
an excitation probability ') = 15,(b)? Ipl* that is
independent of the longitudinal (i.e., along the beam direction)
wavepacket separation a. In contrast, for two electrons with
each of them in a different wavepacket, we find from eqs
24-26

Ftotal
=1+ S cos(p)
2l (31)
where ¢ = @,9a/v, S = e~/ 2”2, and the + and — signs apply

to the configurations of Figure Sb and c, respectively (see
Methods). Interestingly, for two electrons with their wave
functions equally shared among the two wavepackets, we also
observe oscillations with a as

total

" =148 cos?(p/2
20 (9/2)

(32)
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in the a > A limit for the configuration of Figure Sb (and the
same expression with cos replaced by sin for Figure Sc), which
corresponds to the situation considered in eq 28 for z;
independent of j and two electrons sharing the same wave
function. In general, for N laterally focused electrons (ie., a
generalization of Figure Sb), each of them having a wave
function that is periodically distributed among L wavepackets

with separation g, we have

total
Fn

NT?

N — 1 _sin*(Lp/2)
12 sin*(/2) (33)

(see Methods), which presents a maximum excitation
probability T%' = N[1 + (N — 1)S][? (for ¢ = 0 or a
multiple of 27) independent of the number of periods L.
Interference in the Emission of Photons and Polar-
itons. When the sample possesses lateral translational
invariance, like in Figure 6, the excited modes possess well-
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Figure 6. Interference in the interaction with delocalized modes. For
the two-wavepacket beam configuration of Figure Sc and a sample
that has lateral translational invariance, a single electron of split wave
function emits in-plane polaritons and transition radiation with an
intensity that is insensitive to the longitudinal and lateral wavepacket
separations a and b. This is in contrast to the emission intensity
observed when each wavepacket is populated by one electron (two-
electron solid curve) or when considering two electrons with each of
them equally shared among the two wavepackets (two-electron
dashed curve). We adopt the same beam parameters as in Figure S
(see also Methods).

defined in-plane wave vectors k,, so the coupling coefficients
exhibit a simple spatial dependence, f3,(R) o f3,(0)e™ IR,
Proceeding in a similar way as above for Gaussian wavepackets,
we find no dependence on the wave function for single
electrons, whereas for two electrons, we obtain the same results
as in egs 31 and 32, with ¢ redefined as w,ya/v — k,b. The
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emission probability thus oscillates with both longitudinal and
lateral wavepacket displacements, a and b, respectively, as
illustrated in Figure 6.

Incidentally, if the e-beam is laterally focused within a small
region compared to 27/k,, polaritons emitted to the left and
to the right can interfere in the far field (i.e., the final state n is
then comprising the detection system through which
interference is measured by introducing an optical delay
between the two directions of emission), while the interference
is simply washed out as a result of lateral intensity averaging
over the transverse beam profile if this extends over several
polariton periods. This argument can be equivalently
formulated in terms of the recoil produced on the electron
due to lateral momentum transfer and the respective loss or
preservation of which way information in those two scenarios,
depending on whether such transfer is larger or smaller than
the momentum spread of the incident electron.'”*

Are Free Electrons Quantum or Classical Probes?
When examining a sample excitation of frequency w,, within a
classical treatment of the electron as a point charge, the
external source can be assimilated to a line charge with an
e“~*/* phase profile. The excitation strength by such a classical
charge distribution coincides with I3,(R)I* (see eq 23), where
R gives the transverse position of the line. Actually, summing
over all final states to calculate the EELS probability
Zn Iﬂ; |25(w - a)no), we obtain a compact expression in terms
of the electromagnetic Green tensor of the sample'*’ (eq 4, see
detailed derivation in Methods), which is widely used in
practical simulations.”” Extrapolating this classical picture to
the configuration of Figure 6, we consider two point electrons
with lateral and longitudinal relative displacements, which
directly yield an emission probability as described by eq 31.
However, the classical picture breaks down for electrons whose
wave functions are separated into several wavepackets: for
single electrons, no classical interference between the emission
from different wavepackets is observed, as the excitation
probability reduces to a simple average of the line charge
classical model over the transvese beam profile; likewise, for
multiple electrons the excitation probability depends on the
electron wave function in a way that cannot be directly
anticipated from the classical picture (cf. solid and dashed
curves in Figures S and 6). The effect is also dramatic if the
incident electrons are prepared in mutually entangled states, as
discussed in a recent study,'”’ while entangled electrons have
also been proposed as a way to reduce beam damage in
transmission electron microscopy.195

The classical model provides an intuitive picture of
interference in the CL emission from structured samples,
such as in Smith-Purcell radiation'”® from periodic,'””"*®
quasiperiodic,'” and focusing”” gratings. In our formalism,
the coherent properties of the emitted radiation are captured
by the z integral in eq 23, where the matrix element of the
interaction Hamiltonian reduces to the electric field associated
with the excited mode.'"" In CL, the excited state n refers to a
click in a photon detector, and therefore, the sample must be
understood as a complex system composed of the structure
probed in the microscope, the optical setup, and the detector
itself.

We remark that our results hold general applicability to any
type of interaction Hamiltonian whose matrix elements

(nlH,(x)I0) are just a function of electron position r (see eq
23). This includes arbitrarily complex materials and their
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excitations, as well as the coupling to any external field. In
particular, when describing the interaction with quantum
electromagnetic fields through a linearized minimal-coupling

Hamiltonian ‘]:(1(r) o A(r), where A(r) is the vector potential
operator, the present formalism leads to the well-known EELS
expression in eq 4 (see derivation in Methods), which does
account for coupling to radiation, and in particular, it can
readily be used to explain the Smith-Purcell effect in
nonabsorbing gratings” (i.e., when I'c, = Tggg). This
corroborates the generality of the present procedure based
on treating the sample (i.e., the universe excluding the e-beam)
as a closed system, so its excitations are eigenstates of infinite
lifetime. In a more traditional treatment of the sample as an
open system, our results can directly be applied to excitations
of long lifetime compared with the electron pulse durations.
Additionally, coupling to continua of external modes can be
incorporated through the Fano formalism®' to produce, for
example, spectral CL emission profiles from the probabilities
obtained for the excitation of confined electronic systems (e.g.,
plasmonic nanoparticles).

We hope that this discussion provides some intuitive
understanding on the role of the wave function in e-beam
inelastic scattering, summarized in the statement that the
excitation process by an individual swift electron (in EELS and
CL) can be rigorously described by adopting the classical
point-particle model, unless recoil becomes important (e.g., for
low-energy electrons or high-energy excitations). In contrast,
the excitation by multiple electrons is affected by their
quantum mechanical nature and depends on how their
combined wave function is initially prepared. The predicted
effects could be experimentally corroborated using few-
electron pulses produced, for instance, by shaped laser pulses
acting on photocathodes or via multiple ionization from
ultracold atoms or molecules.””” Besides its fundamental
interest, the dependence of the excitation probability on the
wave function for multiple electrons opens the possibility of
realizing electron—electron pump—probe imaging with an
ultimate time resolution that is fundamentally limited by
approximately half of the electron period 7/vq, (e.g, ~107% s
for 100 keV electrons).

B OUTLOOK AND PERSPECTIVES

We conclude this Perspective with a succinct discussion of
several promising directions for future research at the
intersection of electron microscopy and photonics. The
following is not an exhaustive list, but we hope that the reader
can find in it some of the elements that are triggering a high
degree of excitement in the nascent community gathered
around this expanding field, including the promise for radical
improvements in our way to visualize optical excitations with
unprecedented space—time—energy resolution, as well as the
opening of new directions in the study of fundamental
phenomena.

Toward Combined Sub-A-Attosecond—Sub-meV
Resolution. PINEM-based UTEM is already in place to
simultaneously combine nm—fs—sub-eV resolution inherited
from focused e-beams, ultrafast optics, and EELS detection
(see Figure 4 and references therein). The implementation of
this technique in state-of-the-art aberration-corrected micro-
scopes could push it further to the sub-A range, which,
combined with fine-tuning of the laser frequency, could lead to
simultaneous sub-meV resolution via EEGS.***°° Temporal

https://dx.doi.org/10.1021/acsphotonics.0c01950
ACS Photonics 2021, 8, 945-974


pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c01950?ref=pdf

ACS Photonics

pubs.acs.org/journal/apchd5

(a) electron () — \ (d) Gaussian wavepacket Gaussian comb
E n
v a £ % electron interaction Mectron
S )
(G S y o r=t—t,—2iv
/
A L V/
laser i( delay CL -
pulse /\N\[\/" time black pixel white pixel p z
) ! o pey. classical minimum
light emission t=0 &* = phase
sample e B ’g 4 uncertainty
g = < LN
(b) electron t=12 E: E éﬁ:ji g N 2 |
IaN === 0
pulse f/rflf\,\,\/‘ CL t=7, &/; E = ,,v-.g 6 phase amplitude
3 reference .'.-'% A= T4 squeezed ! s:]ueezed
laser fsam le CL t=31J42 % % g =
pulse /\;\ﬁ/\/‘ . d = B N 2 . v
sample : : ¢
Bsample t=NT 8 %0 14 207 00 06 -20 14 —07 00 06
[ J ¢ == = 7 (fs) 7 (fs)
EELS / EEGS
(e) ) <
optical electron £
pump beam —1w, 3 =
\‘*\)0 z — 1wo+2w, 8 g
304 ® £
8 2 s
e = S
g 502 & 2
\3“’0 n T g
12 200! o Z i}
w 00 (o 1 1 1 1
v -4 =2 0 2 4 w o1 1 10 0.48 0.50 0.52 0.54

wlw, Distance, size (hm) Photon energy (eV)

Figure 7. Future directions in photonics with electron beams. (a) Combination of a fs laser pump synchronized with an attosecond electron pulse
and detection of CL as an approach toward sub-A—attosecond—sub-meV resolution. (b) Interferometric detection of a small sample object through
electron energy-gain spectroscopy (EEGS) measurements yielding the PINEM coupling coefficient I, + ﬂsamplelz & |BA? + 2Re{ %, Pample}, where
the sample signal e («1) enters linearly and is amplified by an order-unity reference S, Alternatively, a similar scheme can be followed with
the CL far-field intensity I¢; = If, ¢ + fsamp]elz ~ If 4% + 2Re{f*%;- fample)- (c) Quantum electron microscopy for interaction-free imaging based on the
quantum Zeno effect, whereby the presence of an object produces unity-order effects in the electron signal without the electron ever intersecting
the sample materials. Adapted with permission from ref 203. Copyright 2009 American Physical Society. (d) Electron temporal compression after
propagating a distance z beyond the region of PINEM interaction (at time t,) using classical and quantum light; the contour plots show the
electron probability density as a function of propagation-distance-shifted time 7 = ¢ — t, — z/v. Adapted with permission from ref 115. Copyright
2020 Optical Society of America. (e) Sampling the nonlinear response of materials with nanoscale precision through the observation of harmonic-
assisted asymmetry in the PINEM spectra. Adapted with permission from ref 204. Copyright 2020 American Chemical Society. (f) Electron-beam-
induced nonlinearities in small nanostructures, whereby low-energy electrons act equivalently to a high-fluence light pulse (left, for 25 eV electrons)
and modify the EELS or CL spectra relative to the linear-interaction limit (right). Adapted with permission from ref 205. Copyright 2020 American
Chemical Society.

resolution is then limited by the uncertainty principle o0, >
h/2 ~ 300 meV X fs, relating the standard deviations of the
electron pulse energy spread and time duration (oj and o,
respectively) if the probe that is used to provide temporal
resolution (i.e, the compressed electron) is also energy-
analyzed to resolve the excitation frequency through EELS.
However, this limitation can be overcome if two different
particles are employed to provide energy and time resolutions,
respectively (i.e., the uncertainty principle affects each of them
individually, but not their crossed uncertainties). This
possibility could be realized, for instance, by using single
attosecond electron pulses to achieve time resolution with
respect to a phased-locked optical pump, in combination with
detection of the CL signal produced by the electron, as
indicated by the red colored CL blob in Figure la; sub-meV
spectral resolution could then be gained through optical
spectroscopy (see Figure 7a). Besides the technical challen%e
of combining fs-laser and attosecond-electron pulses,
detection of CL emission can be difficult because it may be
masked by light scattered from the laser, so it needs to be
contrasted with the optical signal observed in separate
measurements using only electrons or laser irradiation, or

alternatively, laser scattering could be interferometrically
removed at the light spectrometer.

Noninvasive Imaging: Interferometric and Quantum
Electron Microscopies. Sample damage is a major source of
concern in electron microscopy, particularly when investigating
soft and biological materials. Besides cooling the sample to
make it more resistant (cryogenic electron microscopyzm),
various strategies can be followed to combat this problem,
essentially consisting in enhancing the signal contrast produced
by the specimen with a minimum interaction with the
electrons. This is the principle underlying the proposed
quantum electron microscopezo3 (see Figure 7c), inspired in
a previously explored form of interaction-free optical
microscopy, " and consisting in initially placing the electron
in a cyclic free path (upper potential well) that has a small
probability amplitude T of transferring into a second cyclic
path (lower potential well) during a cycle time period 7. The
second path is taken to intersect the sample, and therefore, the
quantum Zeno effect resolves the question whether a given
pixel contains material or is instead empty: when the lower
path passes through a filled sample pixel, the electron wave
function collapses, so the overall transfer into this path after a
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time Nz, (ie, after N roundtrips) reduces to ~NITI; in
contrast, when the lower path passes through an empty sample
pixel, the accumulated transfer of probability amplitude
becomes ~NT, and the transferred probability is instead
~INTP?. Consequently, for large N and small IT], such that
INTI*> ~ 1, detection of the electron in the upper path indicates
that a filled pixel is being sampled, involving just a marginal
probability ~ NITI* of electron-sample collision; on the
contrary, an empty sample pixel is revealed by a depletion
~INTP* in the electron probability associated with the upper
path, equally avoiding sample damage because there is no
material to collide. An international consortium is currently
undertaking the practical implementation of this challenging
and appealing form of microscopy.””” An extension of this idea
to incorporate the detection of sample optical excitations and
their spectral shapes would be also desirable in order to
retrieve valuable information for photonics.

Interferometry in the CL signal offers a practical approach to
study the response of small scatterers by using the electron as a
localized light source that is positioned with nanometer
precision in the neighborhood of the object under study.’”**
In a related development, CL light produced by an engineered
metamaterial reference structure has been postulated as a
source of ultrafast focused light pulses that could be eventually
combined with the exciting electron in a pump—probe
configuration.”’”*'" These studies inspire an alternative way
of reducing sample damage (Figure 7b, CL emission), also in
analogy to infrared SNOM:” by making the electron to traverse
a reference structure (e.g, a thin film), followed by interaction
with the sample, the CL far-field amplitudes f..¢ and i,
produced by these events are coherently superimposed (i.e.,
both of them maintain phase coherence, just like the emission
emanating from the different grooves of a grating in the Smith-
Purcell effect'”®), giving rise to a CL intensity Iy = If.¢ +
fomplel” & Ifod” + 2Re{£¢ £, 1}, where the sample signal in the
second term is amplified by a stronger reference signal (i.e., we
take Ifd > If,,,.l) that can be calibrated a priori. This
strategy can provide a large sample signal compared with direct
(unreferenced) CL detection (i.e., |2Re{f*ref-fsample}| >
|fsamp1e|2); and thus, the electron dose needed to collect a
given amount of information is reduced, or alternatively, there
is some flexibility to aim the e-beam a bit further apart from
the specimen to reduce damage.

In the context of UTEM, the demonstration of coherent
double-PINEM interactions”® opens a similar interferometric
avenue to reduce sample damage by associating them with
reference and sample structures (Figure 7b). The PINEM
spectrum responds to the overall coupling strength 3. +
/i‘samplel2 (see the discussion on the addition property of
Po(B, w, z) after eq 11), which contains an interference term
2Re{f% Poample} that can again amplify a weak PINEM signal
from an illuminated sample by mixing it with a strong
reference. This effect has also been studied in connection with
the interaction between a free electron and a two-level
atom,'’®'®"?'* where the inelastic electron signal is found to
contain a component that scales linearly with the electron-
atom coupling coeflicient if the electron wave function is
modulated and the atom is prepared in a coherent super-
position of ground and excited states that is phase-locked with
respect to the electron modulation (in contrast to a quadratic
dependence on the coupling coefficient if the atom is prepared
in the ground state). We remark the necessity of precise timing
(i.e., small uncertainty compared with the optical period of the
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excitation) between the electron modulation and the
amplitudes of ground and excited states in the two-level
system. This condition could be met in the double-PINEM
configuration, giving rise to an increase in sensing capabilities,
so that a smaller number of beam electrons would be needed
to characterize a given object (e.g, a fragile biomolecule).

It should be noted that, despite their appeal from a
conceptual viewpoint, individual two-level Fermionic systems
present a practical challenge because the transition strength of
these types of samples is typically small (e.g., they generally
contribute with <1 electrons to the transition strength, as
quantified through the f-sum ru1e213'214), and in addition,
coupling to free electrons cannot be amplified through PINEM
interaction beyond the level of one excitation, in contrast to
bosonic systems (e.g, linearly responding plasmonic and
photonic cavities, which can be multiply populated). Never-
theless, there is strong interest in pushing e-beam spectros-
copies to the single-molecule level, as recently realized by using
high-resolution EELS for mid-infrared atomic vibra-
tions”>***7*!* (see Figure 2d), which are bosonic in nature
and give rise to measurable spectral features facilitated by the
increase in excitation strength with decreasing frequency.
However, e-beam-based measurement of valence electronic
excitations in individual molecules, which generally belong to
the two-level category, remains unattained with atomic-scale
spatial resolution. In this respect, enhancement of the
molecular signal by coupling to a nanoparticle plasmon has
been proposed to detect the resulting hybrid optical modes
with the e-beam positioned at a large distance from the
molecule to avoid damage.”'® The interferometric double-
PINEM approach could provide another practical route to
addressing this challenge. The N? excitation predicted for
PINEM-modulated electrons'®* (see eq 30) is also promising
as a way to amplify specific probed excitation energies while
still maintaining a low level of damage «N.

Interferometric CL and PINEM approaches should enable
the determination of the phase associated with the emitted and
induced optical near-fields, respectively. In CL, this could be
achieved without modifying the e-beam components of the
microscope by introducing a tunable optical delay line in the
light component emanating from the reference structure before
mixing it with the sample component. In PINEM, the delay
line could be incorporated in the laser field illuminating the
reference structure. The quantities to be determined are the
complex scattering amplitude (CL) and the near field
(PINEM), which are actually two sides of the same coin,
related through eq 17. If the reference signal is well
characterized and in good correspondence with theory (e.g.,
transition radiation from a thin film*'”), this procedure should
enable the determination of the frequency-dependent optical
phase. In addition, self-interference of the CL signal (e.g., by
mixing different emission directions through a biprism) could
provide a simple method to measure the angular dependence
of the far-field complex amplitude, while the interferometric
detection discussed above can supply the missing information
from the spectral dependence of the phase.

Interference between E-Beam and External Light
Excitations. Recent reports'®*'®* have revealed that CL
emission can interfere with external light that is synchronized
with the electron wave function. This effect has been found to
be controlled by the same coherence factors M,/ that intervene
in the interference among different beamed electrons (eq 26).
An extension of those results to general excitations in the
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specimen can be obtained by following the procedure used in
the derivation of eq 21, but including the interaction with a
weak (i.e., acting linearly) classical field (e.g, laser light) of
finite temporal duration. The latter can be introduced through
an additional time-dependent interaction Hamiltonian

7 d 7 —iw
Ho(e) = [ 52 Hyw)e™

This expression automatically implies synchronization of the
classical field and the beam electrons by selecting a common
time origin. Expanding the wave function of the system as in eq
18, we find the post-interaction coeflicients given by eq 19, but
now supplemented by an additional term (—i/h)
(nl?f (o, 0)lO)Ol From here, proceeding in a way analogous

to the derivation of eq 21 in the Methods section, the
excitation probability of a mode n is found to be

FS — /d3l‘ hl/O(r)lZ LB,;(R)eiwnoz/v + ﬁ”ﬁeldlz
= [a W@ GEP + 18 + 2re{ g Q)

where

ﬂﬁeld *

n

_<"|7{ (@ 0)|0>

is an excitation amplitude associated with the external classical
field, whereas Q) is defined in eq 25. Finally, following the
same approach as in the derivation of eqs 24—26 in Methods,
we find an extension of this result to e-beams consisting of
multiple distinguishable electrons:

f e P BRI+ Y o)
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(34)

where j and j" are electron labels. We thus confirm that the
synchronized interactions between different electrons and light
with a sample are both governed by the coherence factors
defined in eqs 25 and 26. When the excitation mode
corresponds to an emitted photon, this equation produces
the angle- and frequency-dependent far-field photon proba-
bility

dl—;ad _
dQ; dw 47z2fla)
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2
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+ Z fdz (1)/1)(R)fCL*(R (J))
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(33)
which is derived in ref 184 from an alternative quantum
electrodynamics formalism and constitutes an extension of eq
7 to include the simultaneous interaction with multiple

electrons and an external light field. Here, the excitation
frequency is denoted @ = ®,, the coherence factors are

962

renamed as M/, , (R) = M/, (R) (see eq 26), and the far-field
amplitude component 3™ (@) refers to the scattered laser

field arriving at the same photon detector as the CL emission,
either after scattering at the sample or directly from the
employed laser. We obtain eq 35 from eq 34 by multiplying by
6(w — w,y), making the transformations

A(R) - Je/4n*ha f%*(R, )
ﬁnﬁeld N /C/47Z2flw f;::t*(a)),

and summing over modes n that contribute to the emission
direction £,. Obviously, in order to observe the interference
between CL and laser light, the latter has to be dimmed, so
that both of them have commensurate amplitudes, as
extensively discussed in ref 184. The coherence factor
M/, (R) determines the ability of each electron j to interfere
with synchronized light. This factor is maximized

(IM /U(R)l — 1) in the point-particle limit (see discussion

above). This analysis reveals that temporally compressed
electrons act as partially coherent, localized sources of
excitation (e.g., CL emission), tantamount to the external
light, but with the faculty of acting with sub-nm spatial
precision. Besides the prospects opened by these findings to
control nanoscale optical excitations, this approach offers an
alternative way of determining the absolute magnitude and
phase of f{" through the interference term in the above

equation.
Incidentally, we remark again that the above expressions are
directly applicable to electrons prepared in mixed states by

substituting (e[ by the electron probability density (see
above).

Manipulation of the Quantum Density Matrix
Associated with Sample Modes. In addition to the
aforementioned implementations of shaped electron beams
for microscopy and imaging, the modulated electron wave
function has been investigated as a means to manipulate the
quantum state of confined optical excitations. This is relevant
because of its potential to create states of light with nontrivial
statlstlcs, enabhng exc1t1ng apphcatlons in quantum comput-
ing,”"® metrology,”"” and information.””” An initially separable
joint electron—sample state is generally brought to a complex
entangled state after interaction, which upon partial tracing and
projection over the electron degrees of freedom, allows us to
modify the sample density matrix. Obviously, a wider range of
sample states could be accessed by controlling the incoming
electron density matrix, for exam})le, through PINEM
interaction with nonclassical light''> (see below). For a
general initial electron—photon (e-p) density matrix p,,, the
joint final state after interaction can be written as
e{p = S/) S in terms of the scattering operator S. If the
electron is not measured, the resulting photonic density matrix
is obtained through the partlal trace over electron degrees of
freedom, p;" meas = Tr, {pep} When the sample is initially
prepared in its ground state, the diagonal elements of pp°™*
define a Poissonian dlStrlbutIOH, regardless of the 1nc1dent
electron wave function,''® while off- diagonal terms exhibit a
pronounced dependence that jgan potentially be measured
through optical 1nterferometry * and direct mixing of CL and
laser light scattering.'®* Incidentally, in the point-particle limit
for the electron, the interaction is equivalent to excitation of
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the sample by a classical current, which is known to transform
an initial coherent state (e.g, the sample ground state) into
another classical coherent state””' (the excited sample). In
contrast, if the electron is measured (i.e., only instances of the
experiment with a given final electron state Iq) are selected),
the interaction-induced e-p entanglement leads to a wide set of
optical density matrices py*** = Tre{lq)(qlpfe'p} # ppo e that
can be postselected through the detection of a transmitted
electron with, for example, a specific wave vector q; obviously,
using more than one electron further increases the range of
possible outcomes. Single-photon generation triggered by
energy-momentum-resolved transfers from an electron to a
waveguide constitutes a trivial example of this strategy.''® This
approach has also been proposed to produce thermal,
displaced Fock, displaced squeezed, and coherent sample
states.”*”

Manipulation of the Electron Density Matrix. If no
measurement is performed on the sample, interaction with the
electron modifies the density matrix of the latter, which
becomes pf = Tr,{p J;P}. For example, after PINEM interaction
with laser light, we find (going to the Schrodinger picture)
ph(rr' t) = w(x,t) w*(r',t), where the wave function w(r,t) (eq
10) is controlled by a single coupling parameter f (eq 12).
Also, the tranformation of a general incident density matrix
p'(r,r',t) is mediated by the factors defined in eq 15 as

pf(r) r', t) = ?i[ﬂ(R)J w, z — vt] P;lk[ﬂ(R/); w, z' — vt]
X pi(r, ', t)

More complex forms of pf are obtained when using
nonclassical light. In this respect, recent advances in quantum
light sources (e.g, squeezed light generation®”’) provide a
practical way to induce nonclassical sample states, which in
turn modulate the electron density matrix through PINEM-like
interaction.'"> We illustrate this idea by showing in Figure 7d
the diagonal part of the density matrix (ie., the electron
probability density) for both laser and nonclassical illumina-
tion. When the phase uncertainty in the light state is decreased
(phase-squeezed and minimum-phase-uncertainty”>* optical
states), the electron density peaks are found to be more
compressed in time, and in addition, because of conservation
of the total probability, a complementary elongation takes
place along the propagation direction. In contrast, the opposite
trend is observed when using amplitude-squeezed light. In the
limit of illumination with maximum phase uncertainty, such as
Fock and thermal optical states, the electron does not undergo
compression because there is no coherence among sample
states of different energy.'"

If the length of the e-beam—specimen interaction region is
sufficiently small as to assume that eq 20 holds during the
passage of the electron, the real-space representations of the
initial and final electron density matrices (before and after
interaction) depend on time as p*/ (r — vt, r’ — vt). Then, after
linear interaction with a specimen prepared in the ground state,
these quantities are related as

ol =vt,r —vt)
=exp [K(R, R, z — 2)] p'(x — vt, ' — vt)

where
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KR, R,z-2)
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- iG,(R, Z', R, 2", ) + iGZ*Z(R’, Z/, R, 2", w)]

for v along z. We have derived a linearized form of this
expression (i.e., with e substituted by 1 + K) only assuming
time reversal symmetry and the nonrecoil approximation as a
direct extension of the techniques used in the Methods section
when proving eqs 4 and 9. The full result (with eX) was
obtained elsewhere within a quantum-electrodynamics formal-
ism.'*" Reassuringly, we have K(R, R, 0) = 0, so the norm
[ & p(r, r) = 1 is preserved. In addition, the property
K*(R, R, z — 2') = K(R’, R, 2 — z) guarantees the
Hermiticity of the transformed density matrix. We note that
the Im{ . .. } term originates in inelastic scattering, while the
remaining two terms are associated with elastic processes from
the electron viewpoint, which are essential to conserve the
norm.

For completeness, we note that, incorporating in eq 20 the
lowest-order nonrecoil correction (i.e., Eq— Eg RV (q—-q')
+ (h/2m®) (Iq — qo* = Iq" — qol*) with qo = m.vy/h), free
electron propagation over a distance d transforms the density
matrix as

PRz R, Z,t)

= f dz” / dz" T(z — 2", 2 — 2")p'(R, 2, R, 2", t)
with T(z, z') = (—iy’qe/27d) exp [(iy*qo/2d)(Z* + 2’*)]. In
particular, this procedure readily yields eq 15 from eq 11.

Nanoscale Sampling of the Nonlinear Optical
Response. Electron beams potentially grant us access into
the nonlinear response of materials with unprecedented
nanoscale spatial resolution. Specifically, PINEM offers a
possible platform to perform nonlinear nanoscale spectrosco-
py’** (Figure 7e): under intense laser pulse irradiation, the
sample can generate evanescent near fields not only at the
fundamental frequency but also at its harmonics, which
produce a departure from the gain-loss symmetry in the
resulting EELS spectra. These types of asymmetries have
already been demonstrated by performin¥ PINEM with
simultaneous @ and 2@ external irradiation”" (i.e., through a
combination of two PINEM interactions at such frequencies,
as described by eq 10, but with the 2w component now
produced by external illumination having phase coherence
relative to the w laser field).

At lower kinetic energies, electrons produce an increasingly
stronger perturbation on the sample, which has been
speculated to eventually trigger a measurable nonlinear
material response.””> The idea is that the electron acts as a
relatively high-fluence optical pulse (Figure 7f, left), so the
resulting nonlinear field emanating from the sample could be
traced through the shift in spectral features revealed by EELS
or CL as the e-beam velocity or impact parameter are scanned
(Figure 7f, right).

In a related context, nanoscale ultrafast probing could
eventually assist the exploration of quantum nonlinearites, such
as those imprinted on bosonic cavity modes due to
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hybridization with two-level systems (e.g., quantum emitters),
which have been a recurrent subject of attention in recent
years, 111225228

Optical Approach to Electron-Beam Aberration
Correction. Advances in electron microscopy have been
fuelled by a sustained reduction in e-beam aberrations and
energy spread. In particular, both aberration-correction and
lateral beam shaping rely on our ability to control the lateral
electron wave function. This can be done with great precision
using static microperforated plates, which, for example, enable
the synthesis of highly chiral vortex electron beams.”*”**
Dynamical control is however desirable for applications such as
fast tracking of sample dynamics. Substantial progress in this
direction is being made through the use of perforated plates
with programmable potentials that add a position-dependent
electric Aharonov-Bohm phase to the electron wave
function.”®’ In a separate development, intense laser fields
have been used to optically imprint a ponderomotive phase on
the electrons'®™'%” (i, as described by eq 13). Combined
with UTEM and structured illumination, one could use strong,
spatially modulated lasers to imprint an on-demand transverse
phase profile on the electron wave function in order to correct
aberrations and customize the focal spot profile. This general
approach has been theoretically explored through PINEM
interaction for light reflected on a continuous thin foil,>** as
well as by relying on the free-space ponderomotive elastic
phase.">® A recent study also proposes the use of PINEM
interactions with spectrally shaped light pulses to reduce e-
beam energy spreading.''” These advances constitute promis-
ing directions to enhance our control over the wave function of
free electrons for application in improved e-beam-based,
spectrally resolved microscopies.

Nanoscale Electron-Beam Photon Sources. By inter-
acting with material boundaries, the evanescent field carried by
electrons is transformed into propagating CL light emission.
This effect has been extensively exploited to produce efficient
light sources,”*”*** for example with the e-beam ﬂying Zparallel
to a grating surface (Smith-Purcell effect'**'7%!19%235236)
where superradiance (i.e., when the emission intensity scales
quadratically with the e-beam current) has been demonstrated
in the generation of THz radiation.'® Electron wiggling
caused by periodic structures is equally used in undulators at
synchrotrons, while a nanoscale version of this effect has also
been proposed.””” A particularly challenging task is the
production of X-ray photons with nanometer control, which
recent studies have tackled following different strategies, such
as through the simultaneous generation of polaritons in a
nonlinear two-quanta emission process,238 or by an atomic-
scale version of the Smith-Purcell effect using atomic planes in
van der Waals materials as the periodic structure.”*” Addition-
ally, a quantum klystron has recently been proposed based on
spatially modulated intense electron beams in a PINEM-
related configuration followed by free-space propagation,
giving rise to a periodic train of electron bunches that could
trigger superradiance from two-level emitters,”*” in analogy to
the intriguing Schwartz-Hora effect,'®”'® which modern
technology could perhaps revisit.

Toward Free-Space Nanoelectronics at Low Kinetic
Energies. In nanophotonics, there is a plethora of photon
sources that can be integrated in nanostructured environments
to control the flow of light for information processing, sensing,
and other applications. When using free electrons instead of
photons, things become more complicated because of the

unavailability of nanoscale sources. As a preliminary step to fill
this gap, multiphoton photoemission amplified by strong
plasmonic field enhancement at the nm-sized tips of metallic
nanoparticles has been demonstrated to provide a localized
source of free electrons that can be generated using relatively
weak light intensities down to the continuous-wave limit.”*"
Free-space nanoelectronics, consisting in molding the flow of
these electrons through nanostructured electric-potential and
magnetic-field landscapes, thus emerges as an appealing
research frontier with applications in micron-scale free-electron
spectroscopy for sensing and detection devices.

In a parallel approach, electrical and magnetic manipulation
of ballistic electrons has recently been achieved in
graphene”**™** and other 2D materials,”*® sharing some of
the properties of free electrons, includin% the possibility of
generating single-electron wavepackets.”"” Based on these
developments, we envision the implementation of photon-free
spectroscopy performed within 2D material devices, whereby
electrical generation and detection of inelastically scattered
ballistic electrons provides spectral information on the
surrounding environment. A recent exploration of this idea
has resulted in the proposal of ultrasensitive chemical
identification based on electrical detection of EELS-like
vibrational fingerprints from analytes placed in the vicinity of
a 2D semiconductor exposed to a nanostructured potential
landscape that could be achieved using existing gating
technology.”*”

B METHODS

Expressing the EELS Probability in Terms of the
Electromagnetic Green Tensor: First-Principles Deriva-
tion of Equation 4. We start from eq 21 for the probability
I') of exciting a mode 1, which is in turn derived below. The
spectrally resolved EELS probability is then given by

FEELS(w)=Z Fg 5w — wnO)

= [ W' OF L BE 5 - o,)

(36)

where f3,(R) is defined in eq 23. Starting from the Dirac
equation, we derive an effective Schrodinger equation to
describe the electron and its interaction with an external light
field in the linearized-minimal-coupling and nonrecoil
approximations (see details in ref 111). The interaction
Hamiltonian then reduces to

2~ (AN
Hw) = <A -

where A(r) is the vector potential operator, using a gauge in
which the scalar potential vanishes. Inserting eq 37 into eq 23,
and this in turn into eq 36, we find

2 [oe] [oe]
€ 2 ’ n iw(z"=z")/v
Tiprs(w) = hz—czfd3r y°(x)| [ dz [ dz" e =)/
X 2 (04, (R, 2)ln)(nlA. (R, 2")]0)5(w — @)

(38)

where we have used the hermiticity of A(r) and taken v = vz.
This result can be expressed in terms of the electromagnetic
Green tensor, implicitly defined in eq 3 for local media (and by
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an analogous relation when including nonlocal effects'*’), by
using the identity (see below)

D (0IA, (1) In) (nlA, (x)I0)3(@ — w,0)

= —4h*Im{G_(r, ¥, w)}

which is valid for reciprocal materials held at zero temperature,
with n = 0 referring to the sample ground state. Combining eqs
38 and 39, we find

462 3 0 2 © ’ © "
7/dr|l//(r)|/ dz/ dz

G.(R,Z,R 2", w)}

(39)

FEELS(CU) =

cos[w(z”" — 2')/v] X Im{—
where we have transformed ¢ " ~#)/” into a cosine function
by exploiting the reciprocity relation G,(r, t', ®) = G_(v, r,
®). Finally, eq 4 is obtained by considering an electron wave
function that is tightly confined around a lateral position R =

R, (i, for [* dzly’(x) = 6(R - Ry)).

Derivation of Equation 39. Starting with the definition of
the retarded electromagnetic Green tensor in a gauge with zero
scalar potential at zero temperature,

G:;/(r, r,t—t) =

1), A, (r', )110)6(t — ¢')

where a and 4’ denote Cartesian components, whereas 0 is the
step function, we introduce a complete set of eigenstates In) of

the light+matter Hamiltonian ﬂo (ie., 7t(0|n) = haw,ln)), use
the relation A(r, t) = et/ hA(r)e_i(A /% between operators
in the Schrodinger and Heisenberg pictures and apply the
integral /0 ®dte™ = i/ (s + i0%) to write®*

1o | e e)  Jhnr, o)
2/ dw! aa - — aa
4rhc™Jo o — o +i0

R /
Cua (5, ¥/, @) = o+ o' +i0*

(40)

where

]M,(r, r,w) = 2 (O|Aa(r)ln)(nlz@ar(r’)|0>5(a) - w,)

is the spectral tensor, w,, = w, — w, and GX(rr ,w) =
f © dt e GR(r, r', t). The electromagnetic Green tensor in
eq 40 can be shown™" to satisfy eq 3 (i.e, we have G* = G),
provided the optical response of the system is assumed to be
described by a local, frequency-dependent permittivity e(r, ®).

Now, we introduce the quantum mechanical version of the
time-reversal operator ®. Under the assumption of time-

250

reversal symmetry, we have [71[0, é)] = 0, and consequently,

ffol@)n) = fza)nl@)n). Furthermore, assuming a nondegenerate
ground state 10), it must obviously satisfy 1G0) = 10), and
therefore, because the time-reversed eigenstates form a
complete basis set with the same energies, we can rewrite
the spectral tensor as

Jo(6 ¥, @) = Y (O0IA, (r)1On)(Onld, (r)IO0)s(w — @,0)

Then, using the relation””"’ (nlélni}* = i(@)nlél@n’), which is
valid for any Hermitian operator O (e.g., with — for O = A), we
find that J(r, r', @) = J*(r, r', ®) is real. Finally, taking the
imaginary part of eq 40 and using the above property of ],
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together with 1/(s + i0*) =
Lo (r, v, ) = —4hc* Im{G,
39fora=a =z

Inelastic Electron Scattering at Finite Temperature:
Derivation of Equation 5. The large kinetic energy of beam
electrons allows us to safely distinguish them from other
electrons in the sample. A free electron initially prepared in
state q can experience transitions to final states q’
accompanied by excitations i in the sample. The most general
Hamiltonian that describes this interaction, assuming linear
coupling to the sample and neglecting electron spin-flips, can
be written as

H, = Z q’cq( iaq%i t qu’q“t

P[1/s] — ind(s), we obtain
21, ¥', w)}, which reduces to eq

where g; and ¢, (af and c;) annihilate (create) an excitation i
and an electron in state q, respectively. The label i runs over all
possible modes in the system, including plasmons, excitons,
phonons, and photons in the radiation field. The details of the
interaction are fully contained in the coupling coefficients V.

Within the linear response approximation and assuming the
sample to be initially prepared in thermal equilibrium at
temperature T, we can write the transition rate between q and
q’ electron states using the Fermi golden rule as

ST ol -Znt|

{ni} {n;}

2
X ‘<q/: {n/}|Hi|q, {”,}>‘ 5[%’ —&t Z (] = n)a,
where wr = kg T/# is the thermal frequency, {n;} describes the
initial state of the system through the occupation numbers n; of
modes i having energies 7iw; the sum in {n’;} runs over all
possible final occupations; we introduce the partition function

2= Y, e(-Xno/or) =X, e el
us to weigh each initial configuration {n,} by Z7' x
exp(— Y mw;/wr) (its statistical probability at temperature
T); and the electron initial and final energies are denoted he,

an
Brq= hz

, which allows

and heg, respectively. Now, - given the linear dependence of '7‘(
on the operators a; and 4], the initial and final occupation
numbers within each term of the sum in Py, must differ only
for a single i, with n] = n; & 1. We can factor out the rest of the

i’s and separate the rate in energy loss (n] = n; + 1) and gain

= [ daByy(w),
Py q0(®) + N7(0)Pyq()

(n] = n, — 1) contributions to write P,

where
Fyg(®) = N¥(o) (41)

is the spectrally resolved transition rate,
2 2 ,

Praol®) = 5 2 Vi 8 = @)0l(@ = Qv = 0]
(42)
are temperature-independent loss (+) and gain (—) rates, and
Z e—n,m/aJTKn‘ +
n; =
Zn e—nla)/w,v

i

; 2
1|“ik + ail"i)l

N*¥w) =

In the derivation of these expressions, we have adopted the
nonrecoil approximation for the electron energy difference (eq

20) and assumed the condition Y,V iaq’ 1°6(w ;)
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YlVigg’6(w — ;) for each partial sum restricted to
degenerate modes i sharing a common frequency w. This
condition, which is satisfied in reciprocal media, also renders

Zq, Py q)o(a)) = Zq/ P;/ q/o(a)) after summing over final states q'.
Finally, we obtain the EELS probability 'z g by dividing the
rates P by the electron current.

For bosonic excitations (e.g, photons, phonons, and
n)? =n +1 and
I(n, — 1la] + aln)* = n, which allow us to carry out the n,
sums to find N*(w) = np(w) + 1 and N (w) = np(w), where

1

e?/or — 1

plasmons), we have I(n, + 1|af + ajl

ny(w) 3)
is the Bose—Einstein distribution function. Using these
elements in combination with eqs 41 and 42, we directly
obtain eq S for the relation between the finite- and zero-
temperature EELS probabilities.

For Fermionic excitations (e.g., two-level atoms), n; can take
the values 0 or 1, so we have instead N*(@) = 1 — n}(®w) and
N (@) = ni(w), where ni(w) = 1/(e”/*" + 1) is the Fermi—
Dirac distribution function for zero chemical potential. The
loss and gain probabilities are then given by eq S, but with
nr(w) substituted by —n%(w).

Derivation of Equation 9. For a free electron prepared in
an initial monochromatic state y;(r)e ™ of energy fie, the
inelastic scattering probability can be decomposed in
contributions arising from transitions to specific final states
w{r)e™". Working within first-order perturbation theory, we
consider the transition matrix element

(fnlf{IIiO) = %fd% w;‘(r)l//i(r)(nlﬁz(r)IO)

for electron-sample transitions driven by the interaction
Hamiltonian in eq 37. From here, Fermi’s golden rule yields

the transition probability I'; = fo * da)rﬁ(w) with

27re UL

Fﬁ(a)) = ‘/d% l/jj;k(r)y/i(r)(11|1‘A§z(1.‘)|0)‘2

X o(w — wnO)(S(Ef - &+ ) (44)
where L is the quantization length along the e-beam direction
and we have multiplied by the interaction time L/v to
transform the rate into a probability. Incidentally, this quantity
is related to the EELS probability through I'ggg(w) =
2ji(®). Now, expanding the squared modulus in eq 44
and using eq 39, we find

D) = 222 [ & [ S ©w @)

X Im{=G,_(r, v, )}5(¢; — & + ) (45)

Finally, eq 9 is derived from eq 45 by factorizing the incident
and final electron wave functions as l[/ilf(r)
Wi J_(R)eiqﬂf,zz/ JL, summing over final longitudinal wave
vectors by means of the prescription qu
(L/2r7) f ® dqf , and using the & function in combination

with the nonrecoil approximation & — & ~ (q;, —
20).

qi,z)U (eq
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Derivation of Equation 21. We calculate the excitation
probability of a sample mode n by tracing out over all final
electron states as

r'= ZI (o0)I?

2

(27[) z 25(8 — gt o O)(an‘HIqO)a/

(46)
where the rightmost expression is obtained by using eq 19. We
now apply the prescription Y, — V/d’q/(27)* to convert
electron wave vector sums into integrals, adopt the nonrecoil
approximation (eq 20), and express the electron part of the
matrix element in eq 46 as a real-space integral, using the
representation (rlq) = V126197 for the electron momentum
states. Then, taking the electron velocity vector v along Z, we

obtain (qnlFlq'0) = V_lfd3r el =D (4, (r)|0), and from
here

0_ \4 3
= (2z) n*v* fd 4

X /dSr ei(q,_q)"<nl7’[1(r)|0>a§

&£q'8(q, — . + w,e/v)

2

We can use the ¢ function to perform the g, integral and then
change the integration variable from g, to q, + @,o/v, so Iy
becomes

0 __ \4 3 2 —iq,-R 2 7 0 iq|'R
O = Gt ) €| [ R [ Eaaf e

% /-oodz ol oZ/U<n|7.{
—0o0

where we adopt the notation r = (R, z) and q = (q, ¢,) with R
and q; standing for real-space and wave-vector coordinate
components in the plane perpendicular to the beam direction.
This expression can be simplified using the relation

, 2
[&q | [ERTRR)[ = (22)’ [ERIf(R)P and then
changing q’; to q, to obtain

0 \4 2 2 i
b= G % [0 | [t

o0
‘ / dZ eia)wz/n
—00

Finally, using the identity

/ dq ‘ / dij_ SR

we find the result

= /d3 1/2/ o%eidT
(2n)’

0 ) . 2
x [ 1 f dz e /Y (OIF (r) In)
h J-

= x) / dz

/d3qa0e1q r

} (47)
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which reduces to eq 21 with y°(r) and ﬁ;(R) defined by eqs 22
and 23.

Derivation of Equations 24—26. A direct extension of
the general formalism used in the previous paragraph allows us
to deal with N free independent electrons prepared in initial
states (before interaction with the sample) described by their
wave function coeflicients ail with j = 0, .., N — 1. The wave
function of the combined system formed by the sample and the
electrons can be written as

(1)) = Z a{q]n(t)e_i(zlg‘li+"’”°)tl{q}n)
{q}n

where {q} denotes the ensemble of wave vectors q;- Given the
large size of the electron configuration space in a microscope,
we consider that it is safe to disregard spin degrees of freedom
and the Pauli exclusion principle (i.e., we consider distinguish-
able electrons). We further neglect electron—electron
Coulomb interaction in the beam. Additionally, we work in
the weak coupling regime, under the assumption that the
sample is excited once at most by the passage of the N

electrons, which is a good approximation for N < 1/T"" (we
107 per
electron for single sample modes 7). This allows us to integrate

the Schrodinger equation to find the wave function coefficients
after interaction as a generalization of eq 19:

note that typical excitation probabilities are T'C <

2mi

(%) = ——Z 8(w,o + Zeqq

x <{q}nm1|{q/}o> 11
i (48)

where £, . = ¢ Now, each of the terms in the real-

99; 9 8‘1;'

space representation of the interaction Hamiltonian
H(r) = Zjﬂl(rj) depends on just one of the electron

coordinates, and thus, because of the orthogonality of the
electron momentum states, {q} and {q'} in eq 48 differ by no
more than one of the electron wave vectors. This allows us to
recast eq 48 as

(o) = —@H D Z Zcano +egy)

x <q,nl741lq;0>(ac{;/aé,) (49)

The excitation probability of sample mode n is obtained by
tracing out the final electron states as

2 la gy, (00

l—\tota.l
(50)

and the normalization
= 1, leads to (eq 24)

which, in combination with eq 49
condition of the initial states 3 la/I*
q 1

Zr‘l + ZQIQ]

J#

Ftotal
(1)

where

967

2

_ G o
I = Z Z 5(8";‘1; + a)no)(anlﬂllqu)a‘;;
q; q’/.
(82)
and
i 2 . .
T , i
Q,= 7 Z 5(€q1q; + a)no)(qJ,OI?{llan)aq; al
14; (s3)

Noticing that eq 52 is just like eq 46 with a substituted by a é}

we can write from eq 47
= [ @Pi®P

with

(54)

I(l‘) — I/Zf(dq 0!] iqr

2r)’ 4 (55)

Now, using the nonrecoil approximation Eqq) = 1)(q}_Z - q;z),
transforming wave vector sums into integrals, expressing matrix
elements as real-space integrals, and proceeding in a similar
way as in the derivation of eq 47, we can rearrange eq 53 as

J— d3 //dZRel(ql qJ_)R
Qn (2]7:)5 / / L

0/0)
X /_ dz e /Y (O () )

X al a’5(q —q + o,

(56)
which reduces to eq 25 with ﬁ; (R) defined in eq 23, whereas
M)(R) = () /d3qj/'d3q;ei(q]¢_q/ji)~Rati/a;;5(qu - q]’Z + @,y/v)
il
q/ q/ - / dz i@t @n0/v)z

o . ‘1 )
— / dz euunoz/u VI/Z/_}a/elq]»r
—00 (277.')3 9

Vl/zf 5 )30: —1q’i-rl
y s

o ) .
- / dzem)noz/vle(r)lz
—c0

X

becomes eq 26, the Fourier transform of the electron
probability density in the incident electron wave function j.
Derivation of Equations 31 and 32. We consider
electron wave functions constructed in terms of normalized
Gaussian wavepackets of the form
Ye(x) =y (R)e™ /2 /7 4N
where we factorize the transverse dependence in y, (R). For
simplicity, we approximate Iy, (R) S6(R) under the
assumption that the transverse width w is small compared
with the characteristic length of variation of the electric field
associated with the excited mode 7, or equivalently,

|VeA (R)| < 1/w. The configurations discussed in Figures S

and 6 involve electron wave functions of the general form

~
~
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w(r) = N7 Y yly(r — x,)
s (57)

where we assume the same longitudinal wavepacket width A
for all components, and N, = (ZSS/ )/Sj)/S{*ISS/)I/z is a normal-
ization constant that depends on the overlap integrals
eTEm) AN e R =R,

0, otherwise

Plugging eq 57 into eqs 54 and 25, we readily find

T ALBRIP X I PIERYP

r ! v
255[ }’s}}’sl ISS' Zs |ys}|2 (583)
. Z '7j7/{*155/eim"0(15+z5/)/Zuﬁ(Rs) Z |}/j|2eiw"ozf/”ﬂ(Rs)
Q) = 5 Zetlt L TIRR) o B
Zorr >
(58b)
where

S = e—mnzoAz/sz

The rightmost approximations in eqs 58a and 58b correspond
to the nonoverlapping wavepacket limit (i.e., lz, — z,| > A for
s # s’ and R = Ry), which yields I, = &, ;. Now, we adopt this
limit and specify eqs 51, 58a, and 58b for the beams studied in
Figures S and 6:

e Figure Sb. (1) We consider two Gaussian wavepackets s =
0, 1 with longitudinal coordinates z, = 0 and z, = a, where a >
A is the wavepacket separation, and the same lateral

coordinates R; = b, so :H:,(Rs) = ﬁ;(b) is independent of s
and factors out in eqs 58a and S58b; in particular, eq 58a
reduces to I = 17 (b)I*. (2) For two electrons j = 0, 1, each of
them fully contained in one of the two wavepackets, we have
|}/s"|2 =4, so eq S58b gives Qf = \/Eﬁn(b) and
Qi =S ﬁ; (b)e*/?; inserting these expressions in eq 51,
we find % = 2|ﬂ;(b)|2[1 + S cos(w,,a/v)] (ie, eq 31 with
the + sign; incidentally, this result remains unchanged even

when the wavepackets overlap). (3) If each of the two
electrons is equally shared among the two wavepackets, we

have I}/Sjl2 = 1/2; evaluating eq 58b with these coefficients, we
find Q= Q! = \/gﬂ; ®)(1 + eim"““/")/Z, which together with
eq S1 lead the F;Otal =
2|ﬂ;(b)|2[l + S cos*(w,ya/20)] (i.e., eq 32).

o Figure Sc. (1) We consider two wavepackets s = 0, 1 with
Ry = =R, = b, 2z, = 0, and z; = a; because |ﬁ;(RS)| is also
independent of s (see below), we can factor it out in eq 58a,
I = Iﬂ;(b)lz. (2) To describe two
electrons, each of them separated in different wavepackets, we
take I;/S"|2 =0, so eq S8b yields Q_: = \/E,B;(b) and

S5
Qi =-.S ﬂ; (b)e*/”, where we have used the property
ﬂ;(—b) = —ﬂ;(b) for the coefficient of coupling to an

excitation with the transition dipole oriented as shown in
Figure 5; we thus find from eq 51 the result % =

2|ﬁ;(b)|2[1 — S cos(w,a/v)] (ie, eq 31 with the — sign).
(3) Proceeding as above for the configuration in which each of
the two electrons is equally shared among the two wave-

to result

thus leading again to
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packets, we find Qr? = Qi = \/gﬂ;(b)(l - eiw”"“/")/Z, which
now results in [*® = 2 IB(B)P[L + S sin’(w,a/20)] (ie, eq
32 with cos replaced by sin).

e Figure 6. In this configuration, the coupling coefficient has
the same spatial periodicity as the excited mode (ie.,

A(R) = f(0)e™ ™
at the region of electron—sample interaction). With the same
choice of wave function coeflicients as in the above analysis of
Figure Sc and considering a lateral separation b = Ry — R;
between the two wavepackets, we straightforwardly find the
same expressions for the excitation probability as in Figure Sb,
but with @,9a/v replaced by w,oa/v — k,b.

In the main text, we also discuss a generalization of Figure
Sb to a beam consisting of N electrons (j = 0, .., N — 1), each
of them distributed among L periodically arranged wave-
packets (s = 0, .., L — 1) with longitudinal spacing a and the
same lateral position R = b for all. Proceeding in a similar way

picks up the mode propagation phase

as in the above analysis of Figure Sb, we take I}/Sjl2 = 1 and find
from eqs S58a and 58b the results I, =I3(b) and
Qr{ =S @(b)lz(l/L) zs e*0%/? which, combined with eq
51, leads to eq 33.
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