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Nanoscale plasmonic systems combine the advantages of optical frequencies with those of small spa-
tial scales, circumventing the limitations of conventional photonic systems by exploiting the strong
field confinement of surface plasmons. As a result of this miniaturization to the nanoscale, electron
microscopy techniques are the natural investigative methods of choice. Recent years have seen the
development of a number of electron microscopy techniques that combine the use of electrons and
photons to enable unprecedented views of surface plasmons in terms of combined spatial, energy,
and time resolution. This review aims to provide a comparative survey of these different approaches
from an experimental viewpoint by outlining their respective experimental domains of suitability and
highlighting their complementary strengths and limitations as applied to plasmonics in particular.
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investigative techniques employed is crucial, and elec-
tron microscopy methods form the mainstay of plasmon-
ics studies. Most often, the spatial characterization thus
obtained is supplemented by measurements performed
using optical techniques [3] such as (surface- or tip-
enhanced) Raman microscopy [4-7] and scanning near-
field optical microscopy (SNOM) [8-11]. Despite the lim-
ited spatial resolution of such optical methods, this com-
bination of independent electron microscopy characteri-
zation and optical measurements has led to a tremen-
dous amount of progress in the understanding of the
field.

To properly resolve the full plasmonic picture, how-
ever, one would ideally require an adequate experimental
resolution in all three domains, viz. space, energy, and
time. Considering the typical experimental ranges of in-
terest, this corresponds to having a spatial resolution on
the subnanometer to few-nanometer scale, an energy res-
olution in the millielectron volt range, and an attosecond
to picosecond time resolution. The need for such a chal-
lenging combined resolution is illustrated in Fig. 1, which
shows a finite-difference time-domain (FDTD) simula-
tion of the spectral and temporal response of a gold
nanowire antenna. In this idealized model, a nanowire
antenna is excited by a point dipole source radiating
a broadband single-cycle electromagnetic pulse with its
electric field oriented along the wire long axis [Figs. 1(a)
and (b)]. This excitation pulse induces a traveling plas-
monic wave packet in the nanoantenna, the correspond-
ing spectral and spatial distributions of which are de-
picted in Fig. 1(c). Here, the signs in the plot repre-
sent the relative phases of the intensity antinodes of the
clearly distinguishable resonant eigenmodes that are ex-
cited. Figure 1(d) illustrates several spectral intensity
profiles along the wire axis (calculated from the Fourier
components |E,(w)[?), which show that the plasmonic
resonances occur in a broad spectral range of around
2 eV and have a natural full width at half-maximum
(FWHM) of ~120 meV. This sets the ideal energy res-
olution requirement from the infrared to the ultravio-
let (UV) regime in the sub-100 meV range. Figure 1(e)
shows the associated back-and-forth propagation of the
wave packet in the nanowire in the time domain, which
occurs on a few-femtosecond timescale. Figure 1(f) rep-
resents the dynamics of the plasmonic near-field energy
confined to the wire (calculated from the F, field enve-
lope), which dissipates with an exponential time constant
of ~12 fs [see also Fig. 1(e)]. Depending on whether
one wants to resolve plasmonic field oscillations, plas-
mon decay processes, or plasmon propagation, one thus
requires a subfemtosecond to picosecond time resolution.
Overall, considering that each of the relevant dimen-
sional scales is at the current frontier of experimental
science, the direct probing of plasmons in space, energy,

and time presents a formidable experimental challenge.
Nevertheless, a number of electron microscopy tech-
niques have emerged in recent years to meet this chal-
lenge and explore the corresponding experimental void in
plasmonics.

This review presents an overview of the ensemble of
these techniques. By describing the underlying physical
mechanisms of each method in turn, and highlighting
their individual strengths and limitations, this review in-
tends to convey an intuitive understanding of their appli-
cability to measurements in plasmonics. Moreover, ow-
ing to the adopted modular layout, each of the individual
methodology sections in Section 2 may also serve as a
stand-alone introductory overview of the corresponding
technique in terms of plasmonics. To maintain accessi-
bility, we take a descriptive rather than an exhaustive
approach throughout the review and refer the interested
reader to more in-depth resources where appropriate.

2 Electron-based techniques for plasmonics

2.1 Overview

Before reviewing each of the relevant electron-based tech-
niques in turn, it is useful to first place them in a gen-
eral perspective by considering the underlying elemen-
tary mechanisms. We start with those techniques that
use the microscope’s electron beam itself to induce plas-
monic excitations through the mechanism sketched in
Fig. 2(a). In its most elementary description, an incident
fast electron excites a surface plasmon in the specimen,
losing energy in the process. The details of such elec-
tron energy loss (EEL) events can be retrieved through
spectral analysis of the transmitted electrons; this proce-
dure forms the basis of electron energy loss spectroscopy
(EELS). After electron excitation, the plasmon can be
dissipated either nonradiatively (through energy absorp-
tion in the specimen) or radiatively. In the latter case
[Fig. 2(b)], the specimen emits a photon carrying infor-
mation about the plasmon, which can be captured and
spectrally analyzed using a cathodoluminescence (CL)
detection system. EELS and CL were the first electron
microscopy techniques employed to study plasmonics;
consequently, they are presently the most widespread
and well-understood. As they yield very similar infor-
mation, they are discussed together in Section 2.2.
Although EELS and CL are highly suitable for ob-
taining information about the plasmon modes of a sys-
tem, the electronic excitation used by these techniques
(i) does not directly reflect how the sample responds to
light excitation and (ii) limits the dynamical informa-
tion that can be obtained. As a consequence, new ap-
proaches that employ in-microscope optical excitation in-
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Fig. 1 FDTD simulation illustrating the relevant scales for plasmonics. (a) Sketch of the three-dimensional (3D) FDTD
model geometry. The dielectric function for Au was taken from Johnson and Christy [12]. (b) Pulsed excitation field Eex//x
at the position of the point dipole source (at z = —10 nm, y = z = 0; see panel a). The total duration of the single-cycle pulse
is ~ 2.7 fs. The corresponding energy spectrum (inset) features a broad excitation bandwidth (1.9 eV, FWHM), peaking
at 1.3 eV. (c) Spectral distribution of the induced plasmonic near-field intensity (Fourier components of the induced wave
packet, |E.(w)|?) along a straight line 10 nm above the wire, parallel to the wire long axis (z = 0 — 500 nm, y = 0 nm,
z = 35 nm). Signs indicate the relative phase of the intensity antinodes of the excited resonant eigenmodes. Horizontal
dashed lines indicate selected positions along the wire (see panel d). (d) Induced plasmonic near-field spectral intensity
versus energy (black curve), calculated as the integral over the Fourier components |E,(w)|? along the straight line defined
above. Representative of the resonances excited by the broadband pulse, it exhibits peaks with a FWHM of ~120 meV
corresponding to eigenmode damping. Colored curves illustrate the spectral dependence of the induced near-field intensity
at different positions z along the wire, which correspond to the colored horizontal lines in panel c. (e€) Time dependence of
the induced plasmonic near-field amplitude E.(t) along the straight line defined above. Arrows indicate the back-and-forth
reflections of the plasmonic wavefront; their slope provides an estimate of the corresponding group velocity vg ~ 2.1 x 10®
m-s~! ~ 0.7¢, and their length corresponds to the relative near-field strength. Horizontal dashed lines indicate selected
positions along the wire (see panel f). (f) Induced plasmonic near-field strength (black data points) versus time, calculated
as the integral over the field envelope of E.(t) along the straight line. Representative of the relative electromagnetic energy
in the near field, it exhibits an overall monoexponential temporal decay corresponding to Ohmic losses (fitted solid blue line,
E. x exp(@))7 with a time constant 7 ~ 12 fs. Filled shaded curves represent the time dependence of the F. field
envelopes at different positions z along the wire, which correspond to the dashed horizontal lines in panel e.

stead have been developed more recently, thus enabling
time-resolved measurements as well. Compared to the
use of electron excitation, the use of optical excitation
provides better selectivity in driving specific plasmon
modes through its additional degrees of freedom (photon
energy, polarization, angular orbital momentum, and an-
gle of incidence) on the one hand, whereas on the other
hand, the symmetry-based selection rules involved leave
other modes optically inaccessible. The first of these op-
tical excitation methods that was implemented is based
upon the photoemission of electrons from a laser-excited
specimen (so-called photoelectrons). When the energy
of the exciting photon is sufficiently high (i.e., it ex-
ceeds the work function of the material), a photoelectron
can be directly ejected from the specimen, correspond-

ing to linear photoemission [Fig. 2(c)]. Because plasmons
are not directly involved in this process, this mechanism
does not provide information on the plasmonic proper-
ties of the sample. Lower-energy incident photons, how-
ever, can excite (multiple) plasmonic modes in the sam-
ple through light absorption [Fig. 2(d)]. These plasmonic
modes can subsequently couple with another incident
photon or photoexcited plasmon to eject a photoelectron
[Fig. 2(e)]. Such nonlinear photoemission does depend on
the plasmonic properties of the sample, which can thus
be investigated using photoemission electron microscopy
(PEEM), as described in Section 2.3.

The second, and youngest, of the combined tech-
niques also uses optical excitation, but instead uses sub-
sequently incident fast electrons to probe the sample.
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Fig. 2 Schematic diagrams of the elementary processes underlying the techniques discussed here. Reproduced, adapted,
and expanded from Asenjo-Garcia and Garcia de Abajo [13]. All schematics are drawn such that time flows from left to
right. (a) In an EEL event, an incident fast electron excites a plasmon, losing energy in the process. (b) CL occurs when
a plasmon excited through an EEL event decays radiatively by emitting a photon. (¢) Linear photoemission corresponds to
the direct ejection of a photoelectron (i.e., without plasmon excitation) upon photon absorption by the specimen. (d) At
lower photon energies, incident photons are absorbed by the specimen, resulting in excitation of an optically active plasmonic
mode. (e) In nonlinear photoemission, several incident photons excite one or several plasmons, leading to the ejection of one
photoelectron. (f) In a photon-assisted EEG process, a photoexcited plasmon is absorbed by a subsequently incident fast
electron. (g) Instead, in a photon-assisted, or stimulated EEL (SEEL) process, the subsequently incident fast electron emits
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a second plasmonic excitation.

When interacting with the sample, the fast electron can
absorb the photoexcited plasmon [in a photon-assisted
electron energy gain (EEG) process, Fig. 2(f)] or ex-
cite a second plasmon in the sample [through stimu-
lated electron energy loss (SEEL), Fig. 2(g)]. Both types
of photon-assisted events rely on the presence of the
photoexcited plasmonic near field; thus, analysis of the
transmitted electrons is particularly suitable for prob-
ing plasmonics. The corresponding photon-induced near-
field electron microscopy (PINEM) methodology is dis-
cussed in Section 2.4.

In each section, we will provide an introductory
overview of the technique that is reviewed. We first
discuss the scientific emergence and underlying physical
concepts of the method and then describe selected im-
portant and representative experiments that illustrate its
current state of the art. Next, we consider the outlook
for the technique and examine future directions it may
take. In line with common usage in each field, we will
interchangeably use the acronyms to refer to either the
technique (where M stands for microscopy) and the ap-
paratus (where M signifies microscope), as appropriate.

2.2 Electron Energy Loss Spectroscopy (EELS) &
Cathodoluminescence (CL)

2.2.1 Spatially resolved EELS and CL experiments

The study of surface plasmons shares a long history with
EELS and CL. Because the past few years have seen a
number of excellent in-depth reviews [14-18], we restrict
the introduction here to a brief historical and conceptual
perspective of the field. The concept of surface plasmons
was first introduced in 1957 by Ritchie, who calculated
the corresponding energy loss of fast electrons when they
passed through thin metal foils [19]. The predicted EELS
resonance was subsequently measured in aluminum films
by Powell and Swan as early as 1959 [20] and interpreted
as a surface plasmon excitation by Stern and Ferrell in
1960 [21]. In parallel, in 1958, surface plasmons were
predicted to also emit radiation [22], which was verified
experimentally by recording CL spectra from silver films
in 1960 [23]. EELS reports of surface plasmon maps,
which visualize the spatial distributions of the excited
plasmon modes, were first reported a couple of decades
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later, perhaps most notably in Batson’s observation of
a coupled surface plasmon resonance in clusters of small
metallic spheres in 1982 [24, 25]. Given the new and
illustrative insights obtained by such spatially resolved
experiments, many more EELS mapping studies on a
variety of (nano-)objects followed [26-33]. In this pe-
riod, however, energies in the visible (VIS) energy range
and below (E < 3 €V) could not be accessed because of
the limited experimental spectral resolution. It took a
number of instrumental and analytical advances in terms
of spectral and spatial resolution before, in 2001, Ya-
mamoto et al. demonstrated the first CL-based mapping
of different plasmon modes in the VIS range [Fig. 3(a)]
[34]. This pioneering work then triggered experimen-
tal efforts to also extend EELS-based plasmon mapping
to the sub-UV energy range. These efforts resulted in
the first EELS maps in the near-infrared (NIR) and VIS
range in 2007 [Fig. 3(b)] [35, 36].

In essence, both EELS and CL rely on the excita-
tion of (surface) plasmons in the sample through inter-
action with the transient electric field generated by the
fast electron beam. This transient electric field essentially
corresponds to a very short excitation pulse, whose cor-
respondingly broad frequency range effectively extends
from (near) 0 to several tens or hundreds of electron
volts, depending on the electron speed [14, 37-39]. More-
over, because this transient field has components both
along and perpendicular to the electron propagation di-
rection, the electron beam can couple to the photoex-
citable plasmon modes, as well as to the plasmon modes
that cannot be excited by light (for instance, multipo-
lar modes in small quasistatic particles) [40]. Through
this coupling to the electron’s transient field, plasmonic
EELS and CL signals scale with the electric field inten-
sity of the corresponding plasmonic eigenmodes [41, 42].
Energy-selected images can then be used to map their
spatial distribution [Figs. 3(a—c)]. The quantities mea-
sured are closely related to the projections of the electro-
magnetic local densities of states (EMLDOSSs) [43] along
the electron propagation direction, where the EELS sig-
nals measure the full EMLDOS [44, 45], and CL mea-
sures only the subset of these included in the radiative
EMLDOS [46, 47].

In terms of instrumentation, the EELS and CL
methodologies are complementary but conceptually sim-
ilar. Typically, one focuses the electron beam in an elec-
tron microscope [either a scanning transmission electron
microscope (STEM) or a scanning electron microscope
(SEM)] down to a nanometer-scale diameter at the sam-
ple so that only a very local response is probed. In a
microscope equipped with a CL detector, the light ra-
diated by the electron-excited sample is collected by a
parabolic mirror and subsequently analyzed by an opti-
cal spectrometer, yielding an optical spectrum resulting

from the local interaction between the electron probe
and the sample [Fig. 3(d)]. In EELS, one analyzes the
spectral distribution of the transmitted electrons using
an electron spectrometer instead, producing a local EEL
spectrum [Fig. 3(e)]. In either case, one obtains a 3D
dataset (x,y, E) containing a full energy spectrum for
each x,y beam position by raster-scanning the beam lat-
erally across the sample. In what is commonly referred
to as spectrum imaging (SPIM) [48], one can then selec-
tively analyze the spatial variation of the signal intensity
in a given spectral range to spatially resolve the sample
response at those energies. In practice, the resulting spa-
tial resolution varies from a few nanometers to 10 nm,
depending on the instrument, sample, and experimental
conditions. Complementary information on the corre-
sponding topography and morphology can be obtained
simultaneously through either high-angle annular dark-
field (HAADF) measurements or secondary electron de-
tection, depending on the microscope.

An alternative EELS approach to plasmon mapping
can be realized in a conventional transmission electron
microscope (TEM) configuration, where instead of point-
focusing, one employs a field-of-view electron beam to
image the sample [Fig. 3(f)]. An example of this tech-
nique from Schaffer et al. [51] is depicted in Fig. 3(c).
In this approach, the transmitted electron beam is an-
alyzed by an advanced imaging energy filter [53, 54],
which physically selects only electrons within a given
spectral range and then reconstructs a two-dimensional
(2D) filtered image corresponding to that energy range
[55]. This technique is known as energy-filtered transmis-
sion electron microscopy (EFTEM) and is also used for
time-resolved experiments, as discussed in Section 2.4.
For a more in-depth comparison of EELS mapping in the
SPIM and EFTEM configurations, we refer the reader to
Ref. [56].

In contrast to that of EELS, the spectral resolution
of the CL method does not depend on the energy distri-
bution of the electron beam. Moreover, because the CL
method detects the absolute photon energies, there is no
zero energy peak in the spectrum that can potentially
mask low-energy features [as opposed to the elastic zero
loss peak (ZLP) in EELS; see the spectra in Figs. 3(d)
and (f)]. For these reasons, the spectral resolution of
the CL method has long been superior to that of EELS.
On the other hand, the experimentally accessible energy
range in EELS is generally much broader and more flex-
ible.

2.2.2 EFELS and CL plasmon mapping

Because the spatial and spectral properties of the plas-
mon modes are contained within the measured signals,
EELS and CL are powerful tools to capture the physics
behind these modes. As a simple example, plasmon dis-
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Fig. 3 Early surface plasmon mapping in the low-energy range (sub-3 €V). (a) CL spectral imaging of plasmon resonances
in individual spherical Ag particles, where dipolar (left, particle diameter 140 nm), quadrupolar (middle, particle diameter
230 nm), and hexapolar modes (right, particle diameter 230 nm) are visualized. The CL emission is passed through a polarizer
that lifts the degeneracy of the modes. Taken (with permission) and adapted from Yamamoto et al. [34]. (b) EELS spectral
imaging of low-energy plasmon resonances in a silver triangular nanoprism (equilateral triangle, 78 nm sides), showing the
corner (left), edge (middle), and center modes (right). Solid white line indicates the outer contour of the nanoprism, as
deduced from the corresponding HAADF image. EELS spectra were processed using a maximum-likelihood deconvolution
scheme [49]. Scale bars correspond to 30 nm. Taken (with permission) and adapted from Nelayah et al. [35]. (c) EFTEM
mapping of low-energy Fabry—Pérot plasmon resonances in a Au nanorod antenna, where the m = 1 (left), m = 2 (middle),
and m = 3 (right) antenna modes are identified (m indicates the mode order, which corresponds to the number of plasmonic
field nodes along the antenna axis [50]). Scale bars correspond to 100 nm. Taken (with permission) and adapted from Schaffer
et al. [51]. (d) Conceptual sketch of CL measurements, in part after Coenen et al. [52]. The nanometer-sized electron beam
in an electron microscope (this can be a STEM or a SEM) is raster-scanned across the sample, while broadband CL radiation
is collected using a parabolic mirror. In SPIM mode, the full CL spectrum is captured for each beam position using a
spectrometer or tunable monochromator. Energy-selective maps are constructed from the 3D dataset in post-processing (see
text). Advanced detection variants such as angle-resolved CL polarimetry use additional optical elements such as a quarter-
wave plate, polarizer, and chromatic filter in combination with a 2D imaging CCD detector (see also Fig. 5 below). (e)
Conceptual sketch of EELS measurements in the SPIM configuration [48]. The nanometer-sized electron beam in a STEM is
raster-scanned across the sample, and the energy distribution of the transmitted electrons is recorded for each beam position
using an EELS spectrometer. Here, energy-selective maps can also be constructed from the 3D dataset in post-processing.
Complementary topographical and morphological information can be obtained by HAADF imaging. (f) Conceptual sketch
of the alternative EFTEM approach, where the electron beam is spatially dispersed on the sample, and the transmitted
electrons are energy-filtered by a post-column imaging filter to yield 2D selected energy images.

persion curves can be extracted from EELS and CL mea-
surements to unveil the corresponding mode characters
[see Fig. 4(a)]. This methodology was first applied by
Vesseur et al., who used CL to show that gold nanowires
behave as one-dimensional (1D) plasmonic resonators
[57]. The same approach was employed using EELS to
demonstrate that the plasmon modes of flat nano-objects
with arbitrary shapes have the same nature [55, 58, 59].
Subtle features of the modes, such as their spatial coher-
ence, can also be probed [60]. Furthermore, because fast
electrons and plane waves have different selection rules,

EELS and CL can highlight plasmon modes that are not
always accessible to all-optical techniques [Fig. 4(b)] [61-
63].

Until recently, the main drawback of EELS was that
its spectral resolution was limited to a few hundred mil-
lielectron volts because of the inherent energy spread of
the incident electrons (the width of the ZLP). However,
in recent years, the development of electron monochro-
mators has pushed this energy spread down to around
the 10 meV mark [68-70], resulting in two significant
advances for EELS plasmon mapping. First, low-energy
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Fig. 4 Applications of EELS and CL plasmon mapping. (a) Dispersion relation of metal-insulator-metal (MIM) struc-
tures. The data points are obtained from CL measurements. The energies correspond to the CL resonances, and the wave
vectors are obtained from the spatial distribution of the CL intensity. Solid lines show the dispersion relations of the plasmon
modes of corresponding infinite interfaces as obtained from analytical calculations (for various insulator spacings). Black
solid line is the light dispersion curve. The measurement agrees very well with the analytical calculations, showing that
(i) the spatial and spectral properties of the modes can be derived from the measurement, and (ii) the MIM structures are
plasmon resonators. Taken (with permission) and adapted from Kuttge et al. [64]. (b) EELS spectrum measured as an
electron beam passed through the center of a silver nanodisk (solid blue line). The observed resonance is due to a breathing
mode, whose spatial distribution is shown on the right. The experiments are in good agreement with numerical simulations
(in red). The breathing mode escaped all previous optical measurements performed at normal incidence, as it can be pho-
toexcited only under oblique angles of incidence [65]. Taken (with permission) and adapted from Schmidt et al. [63]. (c)
EELS spectra averaged over a 2 pm long bent silver nanowire. Resonances as low as 0.17 eV are distinguished because the
ZLP width is reduced by an electron monochromator. Taken (with permission) and adapted from Rossouw and Botton [66].
(d) EELS spectrum recorded close to a Au cross-shaped particle (data points). Single Lorentzian lineshapes (solid colored
lines) were summed to fit the EELS spectrum. The observed peak broadening originating from the finite spectral resolution
can be quantitatively taken into account in the fit because the incident electron energy spread is reduced by an electron
monochromator. The numbers indicate the Lorentzian linewidths and correspond to the intrinsic mode damping values.
Taken (with permission) and adapted from Bosman et al. [67]. (e) EELS (solid blue line) and CL (solid red line) spectra
recorded at the tip of a single gold triangular nanoprism using a STEM (see inset). The CL resonance is shifted compared
to the EELS resonance, showing that the dipolar plasmon mode resonates at different energies in EELS and CL. The shift
occurs because EELS measures the energy lost by the fast electrons interacting with the particle, whereas CL measures the
part of this energy radiated into the far field, and is related to the mode damping. Reproduced and adapted from Losquin
et al. [42].

modes in the NIR-VIS range, which are particularly rele- sic (physical) values, allowing the latter to be extracted
vant for plasmonics [71, 72|, have become accessible with —quantitatively [Fig. 4(d)] [67]. Therefore, EELS now
the narrowing of the ZLP [Fig. 4(c)] [66, 73]. Second, the provides a nanometric probe of plasmonic mode damp-
spectral widths of the resonances approach their intrin- ing that is entirely free of inhomogeneous broadening
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[74, 75]. In contrast to that of EELS, the spectral res-
olution of CL does not suffer from the energy spread of
the incoming electrons and can now reach 10 meV with-
out any monochromator [76]. However, detection in the
infrared is limited by the efficiency of optical spectrome-
ters and detectors, and linewidth analysis is complicated
by a broad luminescence background [14, 77]. On the
other hand, an advantage of CL over EELS is that the
light emission can be analyzed using optical elements,
providing additional information about the modes (see
next subsection).

Although EELS and CL plasmon mapping were first
applied to simple nano-objects, they are being applied to
increasingly complex samples, including particles a few
nanometers in size [78, 79], objects with complex geome-
tries [80, 81], manufactured nanoantennas [82, 83], meta-
materials [84, 85], and disordered media [74, 86]. Over
the last few years, EELS and CL have thus evolved to-
ward accurate characterization techniques for plasmonic
devices [64, 87], where EELS is used mainly for smaller,
thinner objects, and CL is applied mostly to larger,
thicker specimens. Moreover, the first combined EELS
and CL experiment using a STEM demonstrated that
the different behavior of EELS and CL leads to differ-
ences in the recorded EELS and CL signals of metallic
nano-objects [Fig. 4(e)] [42]. Most notably, for small
objects, only dipolar modes are probed by CL, whereas
both dipolar and nondipolar modes can be probed using
EELS. In the future, combined EELS and CL experi-
ments should provide a powerful tool to quantify the
radiative damping of plasmon modes [47, 88].

2.2.8  Advanced spectral imaging and tomography

As discussed in the previous sections, both EELS and
CL are well-established methods for obtaining 2D maps
of the electromagnetic eigenmodes of nanoscale objects
and structures. In the most recent development, these
fields have advanced into the realm of 3D mapping by ap-
plying electron beam tomography and 3D object recon-
struction approaches [89-92]. In the latter, one records
a series of planar signal maps (i.e., 2D projections) of a
3D object in various orientations, combining the orien-
tational degrees of freedom of the sample with powerful
post-processing techniques to allow for 3D image recon-
struction. In 2013, 3D mapping of plasmon resonances
through EELS tomography was both theoretically for-
mulated by Horl et al. [94] and experimentally demon-
strated by Nicoletti et al. [93] The latter used a combina-
tion of electron tomography, non-negative matrix factor-
ization, [95] and compressed sensing [92, 96] to visualize
the 3D spatial distribution of five distinct localized sur-
face plasmon resonance (LSPR) components of a silver
nanocube [Figs. 5(a) and (b)]. More recently, in 2015,
Atre et al. [97] demonstrated the feasibility of 3D spectro-

scopic CL tomography by using a filtered back-projection
approach [98-100] to reconstruct 3D CL intensity maps
of a metal-dielectric nanocrescent at selected energies
[Figs. 5(c) and (d)]. Although extremely valuable, these
reconstructed 3D tomograms have been obtained under
some rather restrictive assumptions and approximations
(such as the use of a virtual or multi-object tilt series, an
artificially imposed idealized object/substrate symmetry,
application of the quasistatic approximation, and/or as-
sumption of a single plasmon mode response), and the
interpretation is nontrivial. Improvements on the to-
mography scheme will focus on extracting reliable quan-
titative information, for example, by applying inverse-
problem schemes [101] or by using exact 3D nano-object
geometries, which are themselves obtained through 3D
electron tomography [102]. It has been established theo-
retically that a tomographic dataset can allow for recon-
struction of the surface charge distribution of the plas-
monic eigenmodes in the quasistatic approximation [94]
or the full 3D EMLDOS in a general case [101]. In this re-
gard, these methods are extremely promising. Successful
retrieval of the surface charge distribution of plasmonic
eigenmodes from an experimental dataset was reported
recently [103]. Alternatively, a more conventional vector
tomography approach could be implemented by decou-
pling the excitation and probing processes by combining
optical plasmon excitation with EELS detection, as in
electron energy gain spectroscopy (EEGS) [13, 104] and
PINEM [105] (these are discussed in detail in Section 2.4
below).

Another recent advance in CL spectroscopy involves a
different detection approach. Instead of spectrally ana-
lyzing all the CL radiation collected in a spectrometer,
one can project the CL radiation onto a 2D CCD detector
to capture the directionality of the CL emission [Fig. 5e].
In this scheme, each emission direction in the hemisphere
above the sample is mapped onto a unique y, z position
in the detection plane through a nontrivial coordinate
transformation. In this way, one can extract the emission
directionality of a plasmonic structure for any excitation
position, as shown by Coenen et al. in 2011 [52]. Very
recently, this approach was extended to additionally re-
solve polarization information, in what has been termed
angle-resolved CL imaging polarimetry [106, 107]. In
this case, one employs the polarization-sensitive detec-
tion method introduced by Yamamoto et al. [34] in 2001
by passing the collected CL radiation through a rotat-
ing plate polarimeter, and optionally a color (bandpass)
filter, before detection [Fig. 5(e)]. By performing mea-
surements at six polarimeter settings, one can thus fully
characterize the polarization state of the angle-resolved
CL emission in terms of Stokes parameters in the Mueller
matrix formalism [108, 109]. One can then determine the
relevant parameters of the CL radiation, such as the ra-
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Fig. 5 Advanced SPIM experiments. (a) 3D EELS spectroscopic tomograms of the five hybridized localized surface
plasmon resonance (LSPR) components of a silver nanocube on a SisNy4 substrate, described as a bottom-corner LSPR («), a
mixed top-corner and bottom-edge LSPR (f3), a mixed top-corner and bottom-face LSPR (7), a mixed top-edge and side-edge
LSPR (§), and a mixed top-face and side-face LSPR. (g). The plots, which correspond to voxel projections of tomographically
reconstructed 3D datasets based on an experimental tilt series of 2D EELS maps, clearly visualize substrate-induced mode
splitting in the nanocube. Color bar indicates the relative LSPR intensity. Taken (with permission) and adapted from
Nicoletti et al. [93]. (b) Combined 3D rendering of the five plasmonic LSPR components of panel a, reflecting the overall
symmetry of the nanocube. Taken (with permission) and adapted from Nicoletti et al. [93]. (c) Schematic of the metal—
dielectric nanocrescent particle used in the first demonstration of CL spectroscopic tomography. Taken (with permission) and
adapted from Atre et al. [97]. (d) 3D CL spectroscopic tomograms at two wavelengths reconstructed from an experimental
tilt series of 2D CL maps of different nanocrescent particles in varying orientations (the tomograms thus represent an average
object response). At higher energies (left panel), the detected signal originates from Au luminescence, which is concentrated
primarily in the metallic shell of the particle. Conversely, at lower energy (right panel), the CL radiation is dominated
by radiative decay of the crescent’s plasmonic gap mode, near the tip. Taken (with permission) and adapted from Atre et
al. [97]. (e) Scheme of CL polarimetry detection. As in conventional CL, a point-focused electron beam is used for local
excitation. The radiation is collected using an in-column parabolic mirror and subsequently passed through a quarter-wave
plate (oriented at an angle «), a linear polarizer (angle ), and an optional color filter (not shown) before being detected
using a 2D CCD camera. The CCD image shown corresponds to the angle-resolved CL emission from a plasmonic bullseye
structure (panel f) for « = 8 = 0°. Taken (with permission) and adapted from Osorio et al. [107]. (f) SEM micrograph of
a plasmonic bullseye nanostructure (pitch 600 nm). The blue circle indicates the position of the incident electron beam for
the measurements shown here, and the scale bar corresponds to 2 pm. Taken (with permission) and adapted from Osorio et
al. [107]. (g) Angle-resolved field amplitude distributions of the CL radiation emitted by the center-excited bullseye structure
in panel f for spherical and Cartesian electric field components. These polar maps, which plot the CL emission intensity as a
function of zenithal angle 6 [ranging from 0° (surface normal) to 90°] and azimuthal angle ¢ (0°-360°), were retrieved from
the experimentally measured polarimetry data after coordinate transformation and correction for solid angle sampling and
parabolic mirror reflectivity. All components share the same relative color scale. Taken (with permission) and adapted from
Osorio et al. [107].

tio of polarized to unpolarized light and the degrees of
linear and circular polarization. This was experimentally
demonstrated by Osorio et al. [107], who observed a radi-
ally polarized CL donut beam emitted from a symmetric
plasmonic bullseye grating [Figs. 5(f) and (g)]. The abil-
ity to characterize both the directionality and polariza-
tion characteristics of CL emission is particularly inter-

esting for asymmetrical excitation geometries and intrin-
sically asymmetric or chiral plasmonic nanostructures,
such as Archimedean nanospirals [107, 110]. Moreover,
for advanced plasmonic device development and func-
tionality testing, angle-resolved CL imaging polarimetry
offers a unique local probe that provides access to many
important features such as emission handedness, opti-
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cal activity, and material birefringence and anisotropy.
Given the experimental feasibility of the corresponding
detection upgrade and the wealth of information it can
provide, angle-resolved CL imaging polarimetry can be
expected to become a benchmark characterization tech-
nique in plasmonics in the near future.

Other current directions being explored include the use
of electron vortex beams in EELS and time-resolved CL
experiments. In the former, one utilizes either diffractive
phase plates [111-114], magnetic lens aberrations [115],
effective magnetic monopoles [116], or Kapitza—Dirac-
type scattering from photons [117] to generate electron
beams that carry angular orbital momentum (AOM).
These so-called vortex electron beams can be used to
measure magnetic phenomena on the nanoscale [118, 119]
and enable magnetic plasmon mapping [120] and mag-
netic dichroism measurements in plasmonic structures
[121]. Moreover, they allow for momentum-resolved
AOM dichroism measurements in chiral plasmonic sam-
ples [122]. Most time-resolved CL studies to date have
focused on semiconducting materials and nanostruc-
tures, as the attainable time-resolution is limited to hun-
dreds of picoseconds (for interferometric temporal au-
tocorrelation measurements [123]) or a few picoseconds
(for streak camera measurements with pulsed electron
sources [124, 125]). Pushing the resolution of time-
resolved CL to the femtosecond regime, the time scale
most relevant for plasmonics, is still a significant ex-
perimental challenge because conventional pump-probe
schemes cannot be applied. Such schemes are feasible for
time-resolved EELS measurements, however, which typ-
ically employ pulsed optical excitation combined with
a pulsed electron probe [126]. As this approach offers
femtosecond-scale time resolution, it is very suitable for
measuring plasmon dynamics, as discussed in detail in
Section 2.4 below.

2.3 Photoemission Electron Microscopy (PEEM)
2.3.1 Plasmon-mediated nonlinear PEEM

When light impinges on a solid, it can trigger the emis-
sion of photoelectrons from the material surface through
the photoelectric effect. This well-known effect is the
basis of PEEM. In PEEM, one images the spatial varia-
tion of the photoelectron emission (also called photoemis-
sion) from the surface of an illuminated sample. Images
that reflect local differences in the overall photoemission
intensity are then obtained by collecting all the emit-
ted photoelectrons, regardless of their kinetic energy.
Energy-filtered PEEM images, on the other hand, pro-
vide spectrally selective information and can be obtained
using imaging energy filters, which filter out photoelec-
trons depending on their kinetic energies. In general,
PEEM images depend strongly on the light source em-

ployed, as the photon energy dictates the photoemission
mechanism. For instance, a UV lamp induces linear pho-
toemission by providing photons whose energy is greater
than the work function of the sample material [Fig. 2(c)].
In contrast, one can alternatively induce nonlinear pho-
toemission using femtosecond laser pulses with sub-work-
function photon energies [Fig. 2(e)].

Although nonlinear photoemission is in general rela-
tively weak, it can be boosted through a surface plas-
mon resonance [133]. As an example, early PEEM ex-
periments using a femtosecond laser on metallic samples
reported strong localized nonlinear photoemission and
attributed these hot spots to enhanced coupling through
sample surface roughness [Fig. 6(a)] [127]. As proposed
by Merschdorf et al. [128], a plasmon-enhanced photoe-
mission mechanism can be rationalized from a semiclas-
sical perspective [Fig. 6(b)]. In this picture, nonlinear
photoemission occurs through coupling to the plasmonic
near fields that are linearly induced by the femtosecond
laser pulses incident on the sample [128]. A nonlinear
PEEM image thus reflects the spatial variation of the
photoinduced near field at its surface. This is in con-
trast to a complementary linear PEEM image obtained
using a UV lamp, which instead reflects the sample mor-
phology. This was demonstrated in 2005 by Cinchetti et
al. [134], who proposed PEEM as a near-field technique.

Today, PEEM has become a well-established technique
for imaging plasmonic near fields [see Fig. 6(c) for exam-
ples|] and measuring the dispersion relations of surface
plasmon polaritons (SPPs) [135, 136]. By keeping the
laser fluences low to avoid space charge effects [137], one
can achieve a spatial resolution of around 50 nm in con-
ventional instruments. Aberration correctors can further
push this resolution down to around 10 nm. We refer the
interested reader to Ref. [138] for a general review of plas-
monic near-field imaging using PEEM. In the following,
we focus primarily on time-resolved PEEM experiments.

2.3.2  Time-resolved PEEM

The photon-in electron-out nature of PEEM makes it
particularly suitable for time-resolved experiments. A
generic time-resolved PEEM experiment for plasmonics
is sketched in Fig. 7(a). Here, a sample is excited by two
laser pulses that are delayed with respect to each other
through an optical interferometer. The bandwidth of
the first (pump) pulse overlaps the plasmon resonances
of the sample. The pump pulse is thus resonantly scat-
tered, generating a transient plasmonic near field at the
sample. The delayed pulse can then serve as a direct or
indirect probe of this induced transient field by modulat-
ing the photoemission at the sample. Scanning the delay
between the two pulses allows one to obtain a series of
images that contain information about the spatiotempo-
ral evolution of the pump-induced plasmonic near field
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Fig. 6 Plasmon enhanced nonlinear photoemission. (a) Laser PEEM image showing strong localized nonlinear photoe-
mission from a permalloy-covered silicon substrate. Taken (with permission) and adapted from Schmidt et al [127]. (b)
Semiclassical picture of plasmon-enhanced photoemission. An excitation electric field Eexc(t) is elastically scattered and gen-
erates a spatially varying plasmonic near field E(r,t) at the surface of the sample. In the frequency domain, the excitation
spectrum FEexc(w) is multiplied by a classical scattering local response function G(r,w) (here, a single harmonic response is
assumed). The near field then drives nonlinear photoemission. Reproduced and adapted from Merschdorf et al [128]. (c)
Examples of PEEM plasmonic near-field imaging: SPPs on metallic films [top left, taken (with permission) from Lemke
et al. [129]] and nanowires [bottom left, taken (with permission) from Douillard et al. [130]], and LSPRs on nanoantenna
arrays [middle, taken (with permission) from Wiemann et al. [131]] and single nano-objects [right, reproduced from Marsell

et al. [132]].

on the sample.

The most straightforward and widely used time-
resolved PEEM experiment uses identical pump and
probe pulses that are spatially overlapped on the sample.
Schmidt et al. [143] first proposed such an experimental
setup, in analogy to time-resolved two-photon photoe-
mission experiments [144, 145]. In 2005, Kubo et al. em-
ployed this approach to identify and quantify different
local resonances on a rough silver sample [Fig. 7(b)] [139].
In these experiments, the pump and probe pulses induce
identical near fields at the sample surface, and the result-
ing near-field interference drives the nonlinear emission
of electrons from the sample. Assuming that photoemis-
sion occurs via virtual states, the number of electrons
emitted from a given point r on the sample surface as
a function of the delay 7 between the pump and probe
pulses is described by a nonlinear autocorrelation of the
pump-induced near field [140, 142]:

Y (r,7) o /dt|Ez(r,t) + E.(r t+1)", (1)

where F, denotes a scalar projection of the linearly in-
duced near field, and n is the nonlinearity order. This
quantity can be compared to, for example, signals mea-
sured in optical nonlinear interferometric experiments
[146, 147]. The obvious advantage of experiments such as

these is that they are the simplest time-resolved PEEM
experiments to perform. The drawback is that the mea-
sured signal is not a direct measurement of the spa-
tiotemporal evolution of the near field, such that inter-
pretation is not straightforward [129, 148, 149]. However,
signal analysis can be supported by classical electrody-
namics calculations, as was demonstrated for large metal
surfaces [150], single nanoparticles [151, 152], or more
complicated plasmonic devices [153, 154]. Such interfer-
ometric time-resolved experiments have recently been ex-
tended to few-light-cycle laser pulses, enabling the mea-
surement of extremely short-lived transient near fields
involving multiple plasmonic eigenmodes within single
nanoparticles [Fig. 7(c)] [140]. Most generally, it is now
well established that such experiments provide qualita-
tive insight about the near-field temporal envelope and
instantaneous oscillation frequency [140, 155].

Variants of the interferometric experiment described
above use different pump and probe pulses with the same
spectral bandwidth. Here, the measured photoemission
signal can be viewed as a local nonlinear cross-correlation
of the pump- and probe-induced near fields [142]. Such
an experimental scheme can be useful for probing
the pump-induced near field more directly. As an
example, Gong et al. used spatially separated pump
and probe beams to directly visualize SPP propagation
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Fig. 7 (a) Sketch of a time-resolved PEEM experiment for plasmonics. Two laser pulses are incident on a sample in
sequence. The delayed pulse probes the transient near field induced by the first pulse by modulating the photoemission
at the sample. A series of images that contains information about the spatiotemporal evolution of the transient near
field is obtained by scanning the delay At between the two pulses. Generally, two types of two-pulse techniques can be
distinguished: those in which the pump and probe pulses are identical and overlap spatially (autocorrelation techniques) and
those in which they differ (cross-correlation techniques). (b) 10 fs UV pulses induce photoemission from a rough silver sample
by exciting various plasmon modes at different sites. Reproduced and adapted from Kubo et al. [139]. (c) 5 fs IR pulses
induce photoemission from single ellipsoidal particles by exciting multiple longitudinal modes. Reproduced and adapted
from Marsell et al. [140]. (d) A probe pulse spatially separated from a pump pulse detects the near field of a pump-induced
SPP propagating along a gold film. Taken (with permission) and adapted from Gong et al. [141]. (e) A short (40 fs) probe
pulse samples the near field induced by a long (600 fs) pump pulse on a silver nanostructure. Taken (with permission) and
adapted from Aeschlimann et al. [142].

on a metal surface [Fig. 7(d)] [141]. This experimental
approach was recently extended to pump and probe
pulses with different polarizations in normal incidence
PEEM experiments, allowing for precise investigation of
the physical mechanism underlying the image contrast

[156, 157]. Furthermore, Aeschlimann et al. combined
complex-shaped pump pulses with much shorter probe
pulses (several hundreds of femtoseconds vs. 40 fs) [142].
In the latter case, the measured signal corresponds to
the temporal envelope of the pump-induced near field
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sampled with a temporal resolution given by the probe
pulse duration [Fig. 7(e)].

2.3.8 Toward attosecond-resolved direct near-field
measurements

In the previous subsection, we discussed a variety of
time-resolved PEEM setups used to measure the spa-
tiotemporal variation of plasmonic near fields. As should
be clear from this discussion, the main advantage of
time-resolved PEEM experiments is that both the pump
and probe are optical, which offers great flexibility in
experiments. Both the pump and probe can be ma-
nipulated using well-established pulse-shaping technol-
ogy [159]. Arbitrarily complex experiments can thus be
performed to measure the sample response to light exci-
tation [160, 161]. Asymmetric pump-probe experiments
can also be performed by using, for example, a nonlinear
harmonic of the pump pulse as a probe pulse.

Ideally, a time-resolved PEEM experiment would pro-
vide a direct movie of the plasmonic near field at the
sample surface. This would happen when electrons pho-
toemitted from the probe pulse encounter a near field
that is “frozen in time”, which requires that the photoe-
mission induced by the probe pulse should occur during
a time much shorter than one oscillation period of the

(@ PEEM

Optical pulse

Local plasmonic field

Photoemission

pump-induced near field. Therefore, such direct mea-
surements cannot be achieved using only commercial
laser systems, whose pulse duration comes up against the
single light oscillation cycle limit (a few femtoseconds at
optical frequencies) [162]. The pulse duration can, how-
ever, be decreased beyond the femtosecond limit by us-
ing higher-frequency radiation, which can be obtained
through nonlinear harmonic generation. In particular,
high harmonic generation from intense laser pulse trains
can generate attosecond pulses with a bandwidth falling
within the extreme ultraviolet (XUV) range [163], which
have been used to measure laser pulses directly in time
[164]. Stockman et al. proposed to use these attosec-
ond pulses as a probe in PEEM experiments to achieve
direct access to the near-field spatiotemporal dynamics
(Fig. 8) [158]. In contrast to the experiments discussed
previously, here an energy analyzer is used to track the
pump-induced plasmonic field. Electrons that are lin-
early emitted by the attosecond probe pulse are acceler-
ated by the pump-induced plasmonic near field. Under
the assumption of instantaneous acceleration [158], the
kinetic energy of the electrons would then correspond
to a measure of the instantaneous local plasmonic elec-
tric potential. However, further theoretical works have
argued that the interpretation of such datasets would
be less straightforward [165]. Today, any time-resolved
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Fig. 8 Attosecond pump-probe PEEM experiment. (a) An XUV attosecond pulse induces linear emission of electrons
that are accelerated by the near field generated by a femtosecond optical pulse. Taken (with permission) and adapted from
Stockman et al. [158]. (b) Calculated energy distribution of electrons emitted locally from a random nanosystem for two
incidence times of the attosecond pulse. The energy distribution of the electrons reflects the electric potential at the sample
at each incidence time. Taken (with permission) and adapted from Stockman et al. [158].
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PEEM experiment using attosecond pulses remains ex-
tremely challenging, although steps have been taken in
this direction, and experimental effort is ongoing [166—
170].

2.4 Photon-Induced Near-field Electron Microscopy
(PINEM)

2.4.1 FElectron energy gain (EEG)

The EELS technique discussed in Section 2.2 is based on
processes in which fast probing electrons induce an ex-
citation in a sample, thereby losing energy. The inverse
energy exchange, in which fast electrons gain energy by
interacting with the sample, can occur as well. Such pro-
cesses were in fact observed as early as 50 years ago, when
Boersch et al. recorded electrons gaining energies corre-
sponding to thermally populated phonons when passing
through a thin LiF film [171], as sketched in Fig. 9(a).
As explained at the time, the intrinsic likelihood of either
EEL or EEG occurring during the exchange is the same,
so the overall probabilities of EEL and EEG are deter-
mined by the thermal occupation probability of the cor-
responding initial states [104]. Indeed, when the sample
temperature was reduced, the thermal EEG originally
observed in LiF was found to disappear [171]. Unfortu-
nately, the consequence of this temperature dependence
restricts these energy gains to energies on the order of
kT, which corresponds to only ~ 26 meV at room tem-
perature (300 K).

This limitation is easily overcome, however, by pho-
toexcitation of the sample and subsequent coupling to
photoinduced nonequilibrium states, as originally sug-
gested by Howie [172-175]. In this scenario, light of a
particular excitation frequency w induces an excitation
in the sample (e.g., a plasmon), which is subsequently ab-
sorbed by the probe electron [Figs. 2(f) and 9(b)]. The
energy gained thus corresponds exactly to the photon
energy E,, = hw, which can in principle be chosen to
lie anywhere within the few-millielectron-volt to several-
electron-volt range, depending on the source availability.
It is important to note that such a net energy exchange
cannot occur between freely copropagating electrons and
photons in vacuum, as the photon momentum cannot
match the necessary momentum change of the electron
[104]. In contrast, spatially confined optical near fields,
such as those corresponding to localized and propagating
plasmonic modes, do carry the appropriate momentum
to enable the exchange. Therefore, these photon-assisted
electron energy transfers are entirely sample-mediated,
which makes them ideally suited to application as selec-
tive and natural probes for plasmonics.

As is the case for energy loss features measured with
EELS, the width of the energy-gain peak, which is lo-

cated on the left (“negative energy loss”) side of the
ZLP in an EEL spectrum, is determined by the width
of the ZLP (or, in some cases, by the electron analyzer).
However, given the photon-assisted nature of the gain
interaction, the entire gain peak necessarily corresponds
to electrons that coupled to a material excitation having
an energy within the bandwidth of the exciting illumina-
tion. Consequently, the integrated area of the electron
gain peak is a measure of the sample response in this
excitation bandwidth, as indicated in Fig. 9(c). It has
thus been proposed that by varying the excitation energy
(using well-established, limited-bandwidth tunable laser
sources) and monitoring the integrated EEG response,
one can perform EEGS, as sketched in the lower panel
of Fig. 9(c). EEGS would combine the spatial resolution
of electron microscopes with the potential submillielec-
tron volt energy resolution of optical spectroscopy, but is
yet to be realized experimentally [13, 14, 104, 172, 175].
Though EEGS would thus be able to substantially out-
perform current EELS technology in terms of spectral
resolution, it would also encounter similar difficulties in
resolving low-energy excitations (e.g., modes below 100
meV) because of (partial) masking of these features by
the elastic ZLP tail and thermally assisted energy gain
contributions.

Realization of EEGS faces several practical challenges.
In addition to the need to excite a nanoscale object in-
side a TEM with a continuously tuned laser, the cor-
responding light intensity should also generate measur-
able probabilities of photon-assisted energy gain without
damaging the sample. It is not surprising, then, that the
first experimental observation of photon-assisted EEG
in a TEM used temporally overlapping electron bunches
and optical excitation pulses. Such a configuration can
be achieved by generating electron bunches from a pho-
tocathode using UV laser pulses that are appropriately
synchronized to the optical pump pulses. Using this
methodology, also called PINEM, Barwick et al. pho-
toexcited a transient evanescent near field on multiwalled
carbon nanotubes and recorded its multiple energy trans-
fers with the probing electrons in electron energy spectra
[Fig. 9(d)] [105]. The observed equidistant gain and loss
peaks correspond to different orders of photon-assisted
net energy quantum exchange resulting from the com-
plex evolution undergone by electrons during their sub-
femtosecond interaction time with the evanescent near
field [178]. In such strongly driven near fields (i.e., in the
presence of large numbers of a given evanescent mode),
the probability of either plasmon absorption or emission
by the electron is the same, so observed photon-assisted
EEG (left of the ZLP) and SEEL events (right of the
ZLP) occur symmetrically [13].

The true potential of PINEM becomes clear when one
subsequently employs energy-filtered imaging [53, 54] to
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Fig. 9 Different contributions to energy exchange with fast electrons. (a) Early experimental evidence of EEG (shaded
green area) through absorption of thermally populated phonons in a LiF thin film (sub-100 nm thickness) at room temper-
ature. Reproduced from Boersch et al. [171] and adapted according to Garcia de Abajo [14]. (b) Schematic mechanism of
photoassisted contributions to electron energy exchange. A photon of energy Epn. = fiw photoinduces a localized (plasmonic)
near field, which then interacts with a passing fast probe electron. Multiple energy exchange events can occur during the
subfemtosecond interaction time. (¢) EELS (upper panel) vs. EEGS (lower panel), after Garcia de Abajo [14]. The upper
panel shows a schematic EEL spectrum of a photoexcited sample (Ep,. = hw). Color-coded peaks indicate the expected
contributions to the EEL spectrum: Regular electron induced EEL contributions (bulk and surface plasmons, phonons,
and so on), SEEL [stimulated loss (emission) of one hw quantum], the ZLP (here masking any thermally assisted EEG
contributions), and photoassisted EEG [gain (absorption) of one 7w quantum]. The integrated area under the EEG peak
is proportional to the photoinduced near-field strength at frequency w. A measurement of the integrated EEG signal as a
function of the photon energy would provide a spectrum of the excitation modes of the sample, as sketched in the lower
panel. (d) EEL spectrum of multiwalled carbon nanotubes photoexcited with an intense femtosecond pulse (at zero delay
between optical and electron pulses, At = 0). The equidistant energy gain and loss peaks correspond to different orders of
photon-assisted net energy quantum exchange. Color-coded shaded areas indicate the different spectral contributions. Taken
(with permission) and adapted from Barwick et al. [105]. (e) Energy-filtered PINEM imaging of photoinduced evanescent
near fields in various nanostructures: a multiwalled carbon nanotube [left, taken (with permission) and adapted from Barwick
et al. [105]], a silver nanoantenna [middle, taken (with permission) and adapted from Piazza et al. [176]], and a protein vesicle
[right, taken (with permission) and adapted from Flannigan et al. [177]]. All images were recorded using linearly polarized
excitation light (polarization direction indicated by arrows marked E,p.) at zero delay (At = 0).

Since then, PINEM has been used for imaging in a mul-
titude of different nanostructures, ranging from stained

select only the electrons that have gained energy. This
yields a spatially resolved map of the photoinduced near

field itself. Because photon-assisted contributions exist
only on the electron gain side of the ZLP (at energies
where the ZLP and thermal contributions are negli-
gible), such PINEM images are thus ideally suited to
provide background-free direct images of near-field dis-
tributions in plasmonic structures and devices. In their
pioneering work, Barwick et al. [105] thus visualized the
excited near field surrounding their carbon nanotubes.

bacterial cells and protein vesicles [177] to metallic
nanoparticles [179, 180] and nanoantennas [105, 176, 181]
[Fig. 9(d)]. Time-resolved PINEM experiments can also
be performed by varying the time delay between the
optical excitation pulses and the UV laser pulses gen-
erating the electron bunches [182, 183]. In a very re-
cent advance, Lummen et al. [183] directly visualized
the interference of propagating SPPs in the first time-
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resolved PINEM imaging experiments, enabling quan-
titative measurement of the corresponding propagation
parameters (propagation speed, carrier wavelength, and
decay length) even at buried metal-dielectric interfaces.
The technique’s flexibility is indicated by the fact that, in
addition to imaging in a field-of-view approach, PINEM
can also be performed using a nanoscopic scanning beam
(in STEM fashion) [184, 185].

2.4.2  The electron—near-field interaction

In fact, such a nanoscale beam approach was recently
used to experimentally confirm the nature of the inter-
action between the photoinduced near field and passing
electrons [185]. Theoretically, the multiple energy trans-

direction (i.e., perpendicular to the sample plane, often
denoted E.). During the interaction time, an electron
can undergo N single-quantum exchange events (where
N is the scattering order), so its net energy gain or
loss corresponds to an integer number of photon quanta
|IL] < N [13, 178]. Consequently, it is convenient to
describe the final state of the electron as a superposi-
tion of equidistant quantum ladder states, as sketched
in Fig. 10(a) [185]. In electron energy spectra, each of
these energy levels is broadened by convolution with the
much broader ZLP (typically, ZLP FWHMs are on the
order of 1 €V in femtosecond-pulsed electron microscopes
[181, 187]).

Figure 10(b) depicts the theoretical probability for the

electron to end up in each of these channels as a function
of the excitation light intensity [178]. Both semiclassi-
cal and quantum approaches yield the same expected
behavior [13, 178, 185, 186], where the occupation prob-

H‘

\ 1

‘ i01
0.0

5 10 15

fers that occur during the subfemtosecond interaction
time are well understood [13, 174, 178, 186]. Impor-
tantly, the electron couples only to the component of
the evanescent near field along the electron propagation
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Fig. 10 Complex energy exchange between fast electrons and (plasmonic) near fields. (a) Diagram of coupled equidistant
energy levels representing the possible electron energy states (experimentally observed in channels labeled L) during and
after the subfemtosecond interaction time. Color-coded arrows indicate sequential (multi-)exchange pathways of type A
(gain-only or loss-only) or B (both gain and loss processes). Reproduced and adapted from Feist et al. [185]. (b) Probability
of photon-assisted energy gain (EEG, L < 0) and energy loss (SEEL, L > 0) for different net exchange channels L (see text)
as a function of incident intensity. Taken (with permission) and adapted from Garcia de Abajo et al. [178]. Energy spectra
(horizontal cross sections) are normalized to their respective maxima. (c) Experimentally measured incident field strength
dependence of the electron energy distribution after interaction with a uniform plasmonic near field. Taken (with permission)
and adapted from Feist et al. [185]. (d) Experimental normalized electron energy spectra at selected incident field strengths
of 0, 0.023, 0.040, 0.053, and 0.068 V-nm™" (vertical cross sections in panel c). Taken (with permission) and adapted from
Feist et al. [185].
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ability for channel |L| is well described by the L*"-order
Bessel function of the first kind, Ji(cEes;.) (here ¢ is
the near-field coupling constant describing the propor-
tionality to the optical driving field Fey ) [185]. Intu-
itively, this behavior can be understood by considering
that the scattering order N increases with the incident
field strength. Consequently, at lower fields (where N
is limited), a given channel L is reachable exclusively by
sequential gain-only or loss-only pathways [labeled A in
Fig. 10(a)], and its occupation probability initially in-
creases with Fey . At higher driving fields, contributions
from more complex pathways become significant as well
[i.e., those involving both gain and loss energy transfers,
such as the pathway labeled B in Fig. 10(a)], and the en-
suing interference between different quantum pathways
results in the oscillatory behavior of the channel’s oc-
cupation probability. In effect, the entire complex in-
teraction can be viewed as a coherent phase and mo-
mentum modulation of the initial electron distribution
by the optical driving field, in which the photoinduced
plasmonic near field acts as a coherence-preserving inter-
mediate coupler [13, 185].

To experimentally capture these phenomena, Feist et
al. employed a variation of the PINEM technique in
which the pulsed electron probe beam (~800 fs pulse du-
ration) was spatially narrowed to the nanoscale, and the
exciting optical pulse was stretched to a 3.4 ps duration.
In this way, the probing electrons encountered a mostly
uniform and continuous near-field strength [185]. This
is in contrast to ultrafast, field-of-view PINEM measure-
ments (such as those described in Figs. 9 and 11), where
probing electrons experience different field strengths due
to the spatially and temporally varying near field, yield-
ing energy spectra in which the channel occupation prob-
ability decreases monotonically with |L|. In their exper-
iment, Feist et al. photoinduced a plasmonic near field
on a sharp gold tip and measured the resulting energy
distribution of the transmitted probe electrons as a func-
tion of the incident field strength [Figs. 10(c) and (d)].
The results essentially correspond to the observation of
near-field-driven Rabi oscillations in the populations of
equally spaced electron momentum states in the electron
beam [188], in excellent agreement with established the-
ory. On the whole, this experiment underlines the quan-
tum coherent nature of the complex energy exchange pro-
cesses between fast electrons and plasmonic near fields.

2.4.8 Hybrid imaging

As the previous sections made clear, all the details of
the complex interaction with the plasmonic near field
are encoded in the spatial and energy distributions of the
transmitted electron beam [Fig. 11(a)]. Generally, when
PINEM is applied in spectroscopy mode, the spatial dis-
tribution is collapsed (i.e., focused down), and the energy

analyzer is set up to disperse the electrons according to
their kinetic energy. This yields a 1D spectral distribu-
tion that reveals the quantized energy exchange of the
interaction. In contrast, in PINEM imaging mode, the
electron distribution is first energy-filtered by the ana-
lyzer (typically leaving only electrons that have gained
energy), after which a 2D image of the original spa-
tial distribution of these remaining electrons is projected
onto the detector. This produces an image of the inter-
ferometric plasmonic field itself.

In a recent experiment, Piazza et al. [176] established
a third, “hybrid” PINEM modality, in which the energy
distribution of the electrons is projected along one di-
mension of the 2D detector, while one of the spatial axes
of the electron distribution is projected along the other.
As sketched in Fig. 11(b), this yields a hybrid energy—
space map of the transmitted electron distribution, com-
bining both spectroscopic and spatial information in the
same image. By resonantly photoexciting a symmetric
higher-order plasmonic mode in a silver nanowire an-
tenna and aligning the latter with the spatial axis in such
an energy—space map, they were able to simultaneously
capture the dual aspects of the plasmonic near field. The
experimental hybrid PINEM image in Fig. 11(c) visual-
izes both the spatial interference of the near field along
the vertical direction (showing its wave-like nature) and
its quantized energy exchange along the horizontal di-
rection (indicating its particle-like character). These
results, as well as the recently described diffraction of
electron beams from plasmon waves [189], showcase the
flexibility and richness that can be obtained by combin-
ing light and fast electrons to study plasmonic systems.
Among similar lines, the possibility of interference be-
tween inelastic energy losses (EEL contributions) and
photon-assisted losses (SEEL contributions) has recently
been discussed as well [190].

3 Comparisons

The discussion of the different approaches in the previ-
ous sections shows that by employing a complementary
ensemble of electron microscopy techniques, it is possi-
ble to probe the various characteristics of plasmonic sys-
tems in multiple dimensions of space, energy, and time.
When electrons are used for probing, the main advantage
over all-optical techniques, including (tip- or surface-
enhanced) Raman microscopy and SNOM, is generally
the superior spatial resolution, which can reach all the
way to the atomic scale even in an ultrafast electron mi-
croscope [191]. Although all the techniques show sim-
ilarities, one should bear in mind that the information
obtained is not necessarily the same. As compared to
that in conventional EELS and CL, the optical excita-
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Fig. 11 Different PINEM methodologies. (a) Schematic of conventional PINEM approaches, which access either the

spectral information (in spectroscopy mode) or the spatial information (in imaging mode) contained in the electron probe
beam. (b) Concept of the hybrid PINEM approach, where the electron energy distribution is dispersed along the horizontal
direction, and one spatial axis is projected onto the vertical direction. When this distribution is combined with a symmetric
plasmonic mode that is photoinduced on an appropriately aligned nanoantenna (right), the resulting energy—space map of
the transmitted electron beam exhibits both the spatial interference and energy quantization of the plasmonic near field. (c)
Experimental realization of the hybrid energy—space imaging described in b. Horizontal and vertical traces correspond to
cross sections of the energy—space map. In both the map and the traces, a Gaussian-fitted ZLP contribution was subtracted.

Electron counts are plotted on a logarithmic scale. Taken (with permission) and adapted from Piazza et al. [176].

tion used in PEEM and PINEM allows for the possi-
bility of varying the optical degrees of freedom such as
the intensity, polarization, orbital momentum, and an-
gle of incidence. This possibility offers the unique poten-
tial to separately excite and/or resolve degenerate pho-
tonic or plasmonic states. On the other hand, because
of symmetry-based selection rules, using photons does
restrict excitation to the subset of optically active plas-
monic modes. To obtain information about all of the
plasmonic eigenmodes, including the spatial distribution,
resonance energy, and damping, EELS and CL are gen-
erally the established and preferred methods. Nonethe-
less, PEEM and PINEM can map evanescent near fields
associated with light-excited plasmons as well (at the
sample surface for PEEM and integrated along the elec-
tron trajectory for PINEM). Near-field images obtained
using these techniques generally differ, as PINEM is usu-
ally performed with normal incidence excitation, whereas
PEEM is most often performed with grazing incidence
excitation [156]. Overall, PINEM offers better spatial
resolution than PEEM and is typically incorporated into
a more versatile TEM setup, which allows it to be easily
combined with complementary microscopy techniques.
On the other hand, PEEM setups are simpler, better

established, and arguably lower maintenance. PINEM
is not suitable for thick samples, whereas PEEM is not
suitable for nonconducting samples.

To obtain spectral information about the sample,
EELS and CL, as pure spectroscopy techniques, are by
far the most natural and powerful methods. Access to
spectroscopic information in PEEM and PINEM requires
the use of a tunable laser source. Although this is possi-
ble [155, 192], both these techniques remain limited when
resolving low-energy excitations. Decreasing the excita-
tion energy in PEEM leads to lower signal intensities as
the photoemission nonlinearity order increases, whereas
PINEM in principle allows for an unrestricted choice of
photon energy owing to its inherent decoupling of the
plasmon excitation and probing processes. PINEM, how-
ever, faces the same issues at low energy as conventional
EELS, being arguably more limited because of its pulsed
sources. The latter offer fewer electrons and a somewhat
inferior energy resolution (currently limited to ~0.6 eV
[193]). To improve the energy resolution of PINEM, the
challenge will be to combine pulsed sources with electron
monochromator technology, keeping in mind an accept-
able compromise in pulse duration and signal intensity.
A perhaps more promising alternative is the EEGS tech-
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nique discussed in Section 2.4.1. It was recently calcu-
lated that by using the strong near-field enhancement in
resonant plasmonic structures, one could obtain measur-
able EEGS signals even under continuous-wave illumina-
tion at laser intensities as low as ~10® W-m~=2 [13]. Con-
sidering this theoretical feasibility, in particular for plas-
monics, and the recent experimental advances in PINEM
microscopy [193], it is to be expected that EEGS and its
potential submillielectron volt/subnanometer resolution
will be experimentally realized in the near future. EEGS
would then complement EELS and CL as a near-field
spectroscopy technique.

In terms of measuring plasmon dynamics, CL poses
significant practical limitations. Because CL signals cor-
respond to spontaneous radiative decay, they are not
readily triggered in a conventional pump-probe scheme.
As a result, CL dynamics are limited by streak camera
technology, which is currently limited to picosecond time
scales. Time-resolved EELS measurements are possible
in a pump-probe scheme, but they require separation of
the excitation and probing processes. This could, in prin-
ciple, be done using sequential pump and probe electron
pulses, but in practice the number of electrons necessary
for efficient plasmon excitation would drive the corre-
sponding pulse duration out of the desired femtosecond
range [194]. Instead, PEEM and PINEM, which use both
electrons and photons, are well suited to time-resolved
experiments and allow access to the near field in the time
domain. Of the two techniques, PEEM offers more flex-
ibility in terms of experimental degrees of freedom, as
both pump and probe are optical. The time resolution
of PEEM depends on the optical pulse durations and sta-
bility of the setup, and is currently close to its ultimate
few-femtosecond single-cycle limit in the optical regime.
In contrast, the time resolution of PINEM depends on
the cross-correlation between the electron probe and the
optical pump pulses. In practice, it is limited by the
electron bunch duration at the sample, which exceeds
the duration of the electron-generating UV pulses be-
cause of space charge effects and/or dispersion broaden-
ing during propagation in the microscope. The tempo-
ral resolution of time-resolved PINEM has recently been
pushed down to the several-hundred-femtosecond mark
[181, 187], enabling real-time observation of SPP prop-
agation [183]. Moreover, by introducing a third optical
pulse in a photon gating approach, Hassan et al. [182]
were able to improve the time resolution of PINEM even
further, to the point where it is limited by the optical
pulse duration (~200 fs in this case). Decreasing the
electron pulse duration even further would be possible
using advanced compression schemes [195]. These in-
clude microwave compression [196], which has recently
been implemented in a femtosecond diffraction setup
[197], and the use of standing optical waves to create

so-called “temporal lenses” [198, 199]. Interestingly, the
coherently modulated electron distribution discussed in
Section 2.4.2 was simulated to evolve into an attosec-
ond electron pulse train [185], which could allow for a
new plasmonics-based route toward probing attosecond
dynamics. On the PEEM side, the need to keep the exci-
tation fluences at the sample low in order to avoid build-
ing up space charge has, to date, conflicted with the low
repetition rate of attosecond pulse sources [166, 168]. In
the near future, attosecond PEEM experiments should
greatly benefit from the high-repetition-rate attosecond
pulse sources enabled by state-of-the-art high-repetition-
rate, high-intensity laser systems [169, 200].

4 Summary and general outlook

Overall, the rise of plasmonics research has brought to-
gether the electron microscopy, nanofabrication, spec-
troscopy, and ultrafast optical communities, resulting in
an array of novel experimental approaches offering high
spatial resolution combined with high spectral or tempo-
ral resolution. Well-established techniques such as EELS
and CL have proven very valuable in spatially mapping
surface plasmon modes. They are seeing continuous im-
provements in terms of resolution limits and quantita-
tive analysis. Moreover, recent advanced implementa-
tions have opened the door to nanoscale 3D tomography
and polarimetry of plasmonic systems, offering a wealth
of new in-depth information. Hybrid techniques combin-
ing the use of photons and electrons, such as PEEM and
PINEM, provide a unique window to map plasmonic near
fields with nanometer spatial resolution on the femtosec-
ond time scale and thus complement EELS and CL. Be-
ing younger, these methods still have ample room for ad-
vancement and specialization, with submillielectron volt
and attosecond variants already being proposed. These
techniques have distinctive strengths and specific pur-
poses, and their complementarity and relative fields of
applicability are starting to be explored through com-
parative experiments [42, 201-206]. Given the innova-
tive ideas in the field and the versatility of electron mi-
croscopes, new approaches and modalities are bound to
emerge, with the plasmonics community playing an im-
portant role as both driving force and beneficiary of these
developments.
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