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ABSTRACT: Swift electrons can undergo inelastic interactions not only with electrons but also
with near-fields, which may result in an energy loss or gain. Developments in photon-induced
near-field electron microscopy (PINEM) enable direct imaging of the plasmon near-field
distribution with nanometer resolution. Here, we report an analysis of the surface plasmonic near-
field structure based on PINEM observations of silver nanowires. Single-photon order-selected
electron images revealed the wavelike and banded structure of electric equipotential regions for a
confined near-field integral associated with typical absorption of photon quanta (nfim).
Multimodal plasmon oscillations and second-harmonic generation were simultaneously observed,
and the polarization dependence of plasmon wavelength and symmetry properties were analyzed.
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Based on advanced imaging techniques, our work has implications for future studies of the
localized-field structures at interfaces and visualization of novel phenomena in nanostructures, nanosensors, and plasmonic devices.
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ultrafast transmission electron microscopy

Itrafast transmission electron microscopy (UTEM) has

become a powerful tool for characterizing dynamic
processes in physics, chemistry, materials science, and biology.
Importantly, this technique offers the ability to visualize
transient states of nanometer-sized objects.l_3 Furthermore,
when nanostructures are optically excited, photon-induced
near-field electron microscopy (PINEM) that developed from
UTEM can be used to directly observe the surface plasmon
near-field structure with high spatiotemporal resolution.*”” In
UTEM, near-relativistic electrons not only interact with the
specimen, but also the near-field generated by photoexcited
collective electrons in nanomaterials. In particular, swift
electrons strongly interact with the confined evanescent near-
field, yielding characteristic inelastic scattered electrons, as
detected in PINEM investigations.*’

For a silver nanowire, surface plasmon polaritons (SPPs) can
be excited and propagate along the axial direction.'” Certain
fundamental structural features of SPPs have been observed by
scanning near-field optical microscopy,'" electron energy-loss
spectroscopy (EELS),'” photoemission electron microscopy,"
etc. In PINEM observations, plasmonic near-fields can be
detected with nanoscale spatial resolution at the femtosecond
time scale in nanomaterials, such as nanoparticles,m’15
16 graphene strips,’” and silver mirrors.
However, direct imaging of the near-field distribution with
an energy window with single-photon order has never been
achieved. Furthermore, no nonlinear feature of SPPs has been
experimentally revealed by PINEM.
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Here, we report an extensive study of the surface plasmon
near-field structure based on PINEM observations of silver
nanowires. Single-photon order-selected electron images
(SPOSEIs), i.e., energy-filtered imaging with a width only a
single photon energy, revealed that wavelike and banded
structures of the near field were associated with absorption of a
specific number of photon quanta. In addition, multimodal
plasmon oscillations and second-harmonic generation (SHG)
were simultaneously observed at a high pump power density.
We also analyzed the optical polarization dependence of the
SPP wavelength and asymmetric distribution of the near field.

A schematic diagram of the UTEM setup used for
investigation of a silver nanowire after femtosecond-pulsed
laser excitation is shown in Figure la. This setup was based on
a microscope fitted with a Schottky-type field-emission gun.*’
This setup could operate in continuous or pulsed mode, and
electron-pulse emission was achieved by integrating a laser port
between the electron gun and the TEM column. The left panel
of Figure la shows an enlarged view of a specimen in the
modified UTEM chamber, in which interactions took place
between the femtosecond-pulsed laser, swift electrons and the
silver nanowire. In previous studies, it has been established that
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Figure 1. Schematic illustration of the ultrafast transmission electron microscopy (UTEM) apparatus and electron energy-loss spectroscopy
(EELS) data for pulsed-electrons interacting with the plasmon near-field. (a) Schematic diagrams of the optical and electric components of the
UTEM system. (left) Electron—specimen interaction and the optical pump beam for exciting surface-plasmon oscillations in the specimen. Electron
emission in the UTEM system from a tungsten filament was driven by femtosecond laser pulses (wavelength: 257 nm), and the specimen was also
illuminated by femtosecond pulses (wavelength: 515 nm). (b) Electron populations in different quantum states revealed by time-resolved EELS for

a silver nanowire.

pulsed electrons via the optical near field can be strongly
modulated by absorbing or emitting photons with energy
quanta of nfiw, where n is an integer, 7 is the reduced Planck
constant, and @ is the photon frequency of the pump
laser.>®*" Energy levels exist in ladder states spaced by the
photon energy of Aw, and the population of electrons in
energy level is visibly modulated by strong electron—photon
coupling,**’ as observed in time-resolved EELS spectroscopy
(Figure 1b). A strong plasmon near field modulates free
electrons to form an electron energy comb, where each energy
state has a slight slip owing to dispersive propagation of the
electron pulse.”” This is because the lower-energy electrons
interact with the near field earlier than the higher-energy
electrons in the pump—probe framework.

The PINEM images obtained from light with normal
incidence (6 = 0) are shown in Figure S1. It exhibited a
wavelike structure when the external instantaneous electric
field was parallel to silver nanowire (Figure Sla) and was
uniform when the electric field was perpendicular to the
nanowire (Figure S1b), which is consistent with previous
reports.”' ®**~*> The wavelike structure in Figure Sla can be
acknowledged as an SPP standing wave, which is a basic
surface plasmon mode with m = 0 (TM, mode),'® further
analysis shown in Figure S2. In previous studies of nano-
systems and related nanodevices, interactions between photons
and electrons have shown to be related to the near field on a
scale comparable with the optical wavelength. Moreover,
interactions between swift electrons and the optical near field
in UTEM can be exopressed by a quantum mechanical
multilevel system.””>>*

Figure 2a shows typical EELS results from a silver nanowire
irradiated with a femtosecond-laser beam, illustrating the
presence of a spectral comb with multiple sidebands arising
from photon absorption or emission. Measurements of the
energy-filtered images of a specific quantum state can
simultaneously provide insight into the spatial distribution of
the plasmon field and its correlation with spectral features.
Here, using a newly developed field-assisted UTEM system, we
achieved SPOSEIs with an energy window of 2.4 eV for the
energy states of n = 2, 3, 4, and 5, as indexed in Figure 2a. In
comparison with the method using electron beam scanning to
record local spectra,4’27’28 here quantitative imaging individual
photon quantum states was achieved by energy-filtered images
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with single photon energy resolution. It should be an efficient
method to reveal near-field distribution of nanomaterials upon
laser excitation. As shown in Figure 2c, these images reveal the
spatial alteration and microdomains of a selected quantum
state. For example, a high energy state is typically excited in
regions neighboring the nanowire surface, and adjacent
quantum states overlap slightly in the PINEM images. In
Figure S3, we show theoretical SPOSEIs, which exhibit the
same characteristics. By contrast, the PINEM images obtained
by collecting multiorder electrons (Figure 2d) (energy window
from —3.6 to —50 eV) and the results reported in the
literature™"*~"7** cannot distinguish each photon order state
distribution, only contained mixed characteristics.

The banded structural features specifically assigned to the
quantum states can be regarded as the electric equipotential
regions for a confined near-field integral. This is because the
probabilities of electrons being in the quantum state In) can be
determined from the near-field integral Il at the (x, y)
position:(”zs’26

B(x,y) = J:(21B(x, y)I)

where f is the spatial integral of the near-field of the z-
component:

By == [z By, D
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Here ], is a Bessel function of the first kind with the order n; e
is the elementary charge; and v is the electron speed. Figure 2b
presents the theoretical multiorder spectral sideband occupa-
tion obtained by the interaction of electrons with a uniform
near field. It can be seen that the spatial location of a certain
quantum state is dependent on the specific near-field strength.
For example, the electron image with a gain of 2/ indicates
the distribution of the near-field integral (ff), which has a
strength of approximately 1.53, corresponding to an electric

potential (| f_oo dz E(x, y, z)e"“*'*|) of approximately 1.83 V

in our experiments. We note that another 27i@ gain peak
should theoretically appear at 3.35 (as indicated by the arrow
in Figure 2b). However, this was not observed in the image,
which is possibly because of the sharp increase of the near field
close to the nanowire and the limited spatial resolution of the
UTEM system. A more detailed analysis of the near field in the
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Figure 2. Spectrum and electron images of the plasmon near field on
a silver nanowire at ¢ = 50°. (a) Electron energy-loss spectroscopy
data showing multiple photon absorption and emission. The four
colored areas represent the energy ranges of the imaging electrons
that formed the patterns in c. (b) Theoretical result of n-photon order
occupation as a function of near-field strength. The white lines on the
left indicate the first maximum for photon occupation numbers from 2
to S. (c) Single-photon order-selected electron images illustrating the
electron population of quantum energy states arising from electron—
photon interactions of the nanowire. The white line in the 2/ image
was obtained by connecting the maximum value of counts in the
normal direction of nanowire. This line represents the electric
equipotential plane of # = 1.53. Nanowire diameter 110 nm; energy
window 2.4 eV; scale bar 100 nm. (d) Photon-induced near-field
electron microscopy image obtained from the energy-gain region of
—3.6 to —50 eV. (e) Intensity profile in the direction perpendicular to
the nanowire axis (obtained by integrating the region indicated by the
red line in ¢ and the same region in other images of c). The
theoretical results were obtained by considering that the intensity of
the near field decays exponentially with distance from the nanowire.

direction perpendicular to the nanowire axis is shown in Figure
2e. The profile of the population for each examined quantum
order was reproduced by the Bessel function of the first kind.
These results predict that the population in each photon state
will show oscillation in real space, if existence of an enough
strength and smooth distribution near field.

The fundamental properties of the field strength with visible
spectral modifications have also been discussed based on the
coherent manipulation of quantum states of the respective level
amplitudes with multilevel Rabi oscillations.””** However, the
SPOSEIs in our study provide a quantitative tool that could be
employed in coherently control experiments and clearly reveal
the microstructural features of plasmonic near fields, paving the
way to coherently manipulate the quantum state of the free-
electron population in subnanoscale space.

Selection of specific quantum state electrons could reveal
finer structure of the near-field, but the intensities in the
images are pretty low. Therefore, considering both accuracy
and intensity, we selected a few quantum states for imaging.
Figure 3b—e shows a series PINEM images with an electron

a
Laser

k

Front Surface

Figure 3. Partial photon order-selected electron images of a silver
nanowire at an incident angle 6 = 24°. (a) Top view of side-entry laser
illumination, where pump laser is perpendicular to the electron beam.
(b—g) Series of PINEM images with electron energies encompassing
quantum states from —3.6 to —13.2 eV (i.e, n = 2—5) corresponding
the different optical polarizations (¢), as indicated in the top right of
the images. @ = 0° represents optical polarization in the x—y plane.
Electrons in high energy states (n > S) were filtered out, resulting in
low contrast near the nanowire. The red and white curves with
different periods in ¢ = 0° indicate two different modes on the front
surface: A = 385 + 10 nm, A’ = 175 + 6 nm. The brown rectangles in
Figure 3b,g indicate a minor mode that always had five periods
regardless of light polarization. The intensity of the minor mode
changed rapidly upon altering the polarization: nanowire diameter
110 nm; scale bar 100 nm.

energy window within —3.6 to —132 eV (ie., includes
quantum state n = 2—S5) for a sample excited with differential
optical polarizations. These PINEM images are obtained with
the pumping laser perpendicular to the electron beam as
illustrated in Figure S4, and a top view of experimental scheme
showed in Figure 3a. Electrons in high quantum states (n > 5)
were filtered out, resulting in low contrast in the intense near-
field region. Notably, the surface-plasmon waves and near-field
distribution depended on the light polarization. For example,
plasmonic waves had only a small fluctuation along the
nanowire at ¢ = 90° (Figure 3e); by contrast, at ¢ = 60° or
120° (Figure 3d, Figure 3f) the PINEM image showed clear
wave nodes. Those near-field patterns are fundamentally
correlated with interference effects of plasmons and external
light fields.”” The full variation of the pattern upon rotation of
the optical polarization is illustrated in Figure S5, and the
unfiltered images of samples shown in Figure S6.

The distributions of the near field at the front and back
surfaces differed. For example, plasmon oscillations with a
relative short period typically appeared at the front surface
(Figure 3b). In fact, two plasmonic oscillation modes were
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revealed by the PINEM images: a major mode with a relatively
long period, which is linear excited SPPs with fundamental
frequency; and a minor mode with a short period (could be
distinguished in Figure 3b,c,g), which we attribute to SHG.
However, only the major mode was visible on the back surface,
which suggests that a nanowire with a diameter of 110 nm has
a different photoinduced near-field distribution between front
and back surface, owing to optical absorption and scattering.
Furthermore, it should be noted that the minor mode can only
be observed with a relatively high pump laser power, and the
high quantum state electrons are filtered out for PINEM
imaging, e. g. Figure 3b—g are taken with the energy window
include n = 2—5 electrons to exhibit the image contrast of
SHG. But in Figure S1, the energy window includes all of
energy-gain electrons.

Extensive examination of our experimental data revealed that
the intensity of the minor plasmon mode often rapidly
decreased to zero upon rotation of the polarization to the
vertical direction. This polarization dependence is in good
agreement with previous investigations and theoretical expect-
ations for SHG.”"~** The schematic illustration in Figure 4a is

++++E+
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Figure 4. Schematic illustration of the electric-field distribution and
changes in the pattern of surface plasmon polaritons (SPPs) as a
function of polarization angle (¢) from 0° to 180°. (a) Electric-field
distribution corresponding to the nanowire shown in Figure 3b. For
the front surface, only distribution for the minor mode is plotted (E’
and its z-component E.). For the back face, linear excitations of the
SPP electric field (E and its z-component E,) are plotted. (b)
Variation of the surface plasmon wavevector of a major mode. Here,

k

X
ko is the wavevector of the external light. The curves in b and ¢ were
both fitted with sinusoidal functions. (c) Phase difference as a
function of polarization angle. The phase difference was defined as the
asymmetric degree of the plasmon near-field distribution on the two
sides of the nanowire (marked as ¢; 0° < ¢p < 45°; see Figure 3d). ¢
was measured as the angle formed by the radial plane of the nanowire
and the line connecting one node to the nearest node on the opposite
side of the nanowire.

27”, where 1 is the period of the major mode (see Figure 3b) and
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in the case of 8 = 24° and ¢ = 0°, depicts the differences of the
electric field and its z-component distribution between the
front and back surfaces. This filed distribution is also in good
agreement with those of previous works on SHG in nanorods
and nanowires.””** The periodicity of the minor modes is
almost half that of the major mode. The measured minor mode
wavelength was 175 + 6 nm, and the major mode wavelength
was 385 + 10 nm at ¢ = 0°, which is in agreement with the
theoretical analysis (see the Supporting Information). In our
measurements, the maximum pump power density was ~4.8 X
10" W/cm? (power 150 mW; pulse duration 800 fs; spot size
50 um diameter; reptation rate 200 kHz), which is comparable
with values used in the literature,>> >’ and should be
sufficiently strong to excite high-order harmonic generation,
as estimated in the nonlinear optics.”” It is noted that the
appearance of SHG can be theoretically analyzed based on the
asymmetric features in energy-loss spectra as reported by
Konecna et al.* In another silver nanowire, we have exhibited
the relevant spectra in Figure S7 of the Supporting Materials. A
~15% local SHG intensity is estimated at an area very near
surface of the nanowire, but the average fraction of SHG in all
plasmon near fields could be much lower. Moreover, in order
to confirm the existence of SHG, we have made a grating
structure in which silver nanorods are arranged periodically
along the electron beam direction. As a result, the asymmetric
feature of spectrum appears in a large energy range. The main
results of this grating structure will be reported in a paper in
preparation.

Now we discuss the changes of the plasmon oscillation
pattern for the major mode as the polarization direction (¢)
was varied from 0° to 180°. SPPs strongly depend on the
external electric-field vector and the plasmon near field will
redistribute if there is a change in the direction of the electric-
field vector.'”***" According to classical electromagnetic
theory, there are discrete modes of the electric field in the
outer regions of the nanowire under light-excitation.'”***
Considering a nanowire with a radius of S5 nm, only m = 0, +1
modes can be excited (corresponding to TM, HE,, and HE_,
modes),”"*™* and the wavevectors of three modes are
slightly different. Because of the superposition of these modes
and the phase difference among them, the wavevector of the
major mode varies as a sine function when the polarization
angle is changed from 0° to 180°, as shown in Figure 4b.
Remarkably, the standing wave patterns of the plasmon field at
the front and back surfaces yield a spatial phase difference (¢,
indicated in Figure 3d), which also varies sinusoidally with
polarization rotation (Figure 4c). k, and ¢ have the opposite
trend with respect to optical polarization. Because SPPs are the
superposition of these modes, chiral SPPs can be generated on
the nanowire.*’ Only when those modes have no phase
difference (i.e., no phase retardation), the plasmon fields at the
front and back of the nanowire are symmetric and the
wavevectors reach their maxima (¢ ~ 135°). When the mode
phases are mismatched, chiral SPPs result in asymmetry
distributions at the front and back surfaces. In this case, a
longer distance is required to contain these modes, which
results in a smaller wavevector.

In conclusion, we directly imaged the plasmon near-field
distribution of a silver nanowire using Schottky-type field-
emission UTEM. The excitations of plasmon oscillations and
the distribution of the surface near-field strongly depended on
the polarization of the pump laser. SPOSEIs revealed a banded
structure of equipotential regions, which are associated with
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typical absorption of photon quanta in real space. At high
pump power densities, multimodal plasmon oscillations and
SHG were observed. We believe that observations and analyses
of the localized electric fields created within, or in the vicinity
of, nanostructures will offer useful fundamental insight for
photonic and plasmonic applications.
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