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Understanding how light interacts with matter at the nanometre scale is a fundamental issue in optoelectronics and nanophotonics.
In particular, many applications (such as bio-sensing, cancer therapy and all-optical signal processing) rely on surface-bound
optical excitations in metallic nanoparticles. However, so far no experimental technique has been capable of imaging localized
optical excitations with sufficient resolution to reveal their dramatic spatial variation over one single nanoparticle. Here, we
present a novel method applied on silver nanotriangles, achieving such resolution by recording maps of plasmons in the near-
infrared/visible/ultraviolet domain using electron beams instead of photons. This method relies on the detection of plasmons as
resonance peaks in the energy-loss spectra of subnanometre electron beams rastered on nanoparticles of well-defined geometrical
parameters. This represents a significant improvement in the spatial resolution with which plasmonic modes can be imaged, and
provides a powerful tool in the development of nanometre-level optics.

The remarkable optical characteristics of metallic nanoparticles
observed over an extended domain, encompassing the visible
range, have been investigated by many photonic spectroscopical
techniques, including absorption/scattering/reflection optical
spectroscopy (averaged over a whole homogeneous or
inhomogeneous population of nano-objects in solution or on
substrates)! and optical near-field microscopy’. In the latter
case, enhanced electromagnetic field techniques have opened the
possibility of recording the optical response of individual objects’.
However, the results reported up to now are limited to a spatial
resolution of about 50 nm. They exhibit sensitivity for analysing
a single particle but have not reached the level of mapping local
variations in its optical response. Consequently, exploring an
alternative approach can open new avenues.

It is well known that the energy loss encountered by a fast
electron travelling along a linear path at a constant speed through
or close to an object yields information on the latter optical
properties*®. Combination of a subnanometre electron probe with
access to the near-infrared/visible/ultraviolet range is in principle
possible in an electron energy-loss spectroscopy (EELS) experiment
in the context of a scanning transmission electron microscope
(STEM). One specificity of this instrument is to allow multi-
signal detection so that both energy-loss spectra and the associated
projected mass signal (high-angle annular dark-field (HAADF)
signal) can be acquired simultaneously for each probe position
while scanning the probe over the region of interest. In parallel to
the development of several theories predicting spectral features”®
as a function of the fast-electron position, EELS measurements
of bulk and surface plasmons have been carried out over the
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past two decades on a variety of nano-objects (see, for example,
refs 9,10). Up to now, these measurements were generally limited
to the ultraviolet spectral range (above 3 eV of energy loss)>''. The
few experiments demonstrating the detection of spectral features
down to 2eV were carried out with a resolution limited by
the size of the electronic probe (10 nm at most) in EELS" and
limited photon-counting statistics in related cathodoluminescence-
like experiments'. One major limitation of the EELS technique
is that the low-energy part of the spectrum is usually masked
by the tail of the so-called zero-loss peak (ZLP), that is, the
peak of electrons interacting elastically or encountering losses too
small to be experimentally resolved (for example, phonons). Here,
by relying on new instrumental and methodology developments,
we demonstrate, on individual triangular silver nanoprisms, the
feasibility of mapping the spatial variation of surface plasmon
resonances in the near-infrared/visible/ultraviolet domain with a
spatial accuracy of the order of 1/40, where A is the wavelength of
the related excitation.

Triangular silver nanoprisms were synthesized by light-induced
aggregation of small (5.5 nm) Ag nanoparticles, following a method
previously reported'. Most nanoprisms are equilateral with flat
tops and bottoms (Fig. 1a, inset). The length of their sides ranges
between about 20 and 300 nm and they are typically 10 nm thick
(see the Supplementary Information).

The EELS measurements were carried out in a VG-HB501
STEM operated at 100 kV and fitted with a Gatan 666 spectrometer
and a home-made detection system. Spectra were recorded using
the so-called spectrum-imaging (spim) mode', in which the
I-nm-diameter focused electron probe is rastered, with a constant
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Figure 1 STEM-EELS measurements on an equilateral Ag nanoprism with 78-nm-long sides. a, HAADF-STEM image of the particle, showing the regular geometry that
is characteristic of most triangular particles synthesized in this sample. The projected mass image of the scanned region shows the flat top and bottom morphology of the
particle (inset). The image contrast around the particle is due to radiation damage in the mica caused by the electron beam. b, EEL spectra acquired at corner A before (raw
data) and after deconvolution. After deconvolution, resonances (here, one peaked at 1.75 eV) in the ultraviolet/near-infrared domain are more clearly resolved. ¢, A series of
32 successive low-loss STEM-EEL spectra acquired, in the spectrum-image mode, along an axis (A to B) of the nanoprism as illustrated in the inset. The position of the three

main resonances detected along the line scan are marked by dotted lines.
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Figure 2 Experimental and simulated EEL spectra. a, Deconvoluted EEL spectra (solid lines) measured at (A) the corner (B) the edge and (C) the centre of the particle
together with (D) the spectrum of the mica support. The last spectrum demonstrates the interest of the choice of a mica support that does not contribute at all to the EEL
spectra over the energy domain of interest (1-5 eV). Spectra showing (c) the corner mode of a smaller equilateral triangular nanoprism and () the silver bulk mode (3.80 eV)
and dipolar surface plasmon mode (3.00 eV) of a quasi-spherical Ag nanoparticle are also represented by dashed lines. The energy of the mode identified at the corners is
size-dependent (compare spectra A and o). b, Simulated EEL spectra for a 10-nm-thick equilateral Ag nanoprism with 78-nm-long sides supported on mica at three impact
parameters (A = triangle corner, B = triangle edge and C = triangle centre). Three major peaks at 1.9, 2.9 and 3.4 eV are seen at the corners, edges and centre of the

particle respectively.

spatial displacement of 1-4nm, over two-dimensional regions
(typically 32 x 32 pixels) of the sample. At each point of the raster,
a given number of spectra (typically 50) were acquired, with a
dwell time per spectrum as short as 3ms, in parallel with the
HAADEF signal shown in Fig. la. Figure 1c shows the evolution of
the spectra as the electron probe is line-scanned along an axis of
the nanoparticle. The fast acquisition rate of this detection system,
together with the high brightness and small energy dispersion
of the cold field-emission gun, made it possible to detect the
presence of peaks at energies as low as about 1 eV, that is, in the
near-infrared range (see Supplementary Information, Fig. S2). For
easier quantitative analysis, a maximum-likelihood deconvolution
scheme'® was used and gave striking improvements in the
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signal-to-background ratio for low-energy resonances (see Fig. 1b
and Supplementary Information, Fig. S2).

Figure 2a shows deconvoluted EEL spectra at three distinct
positions (A = triangle corner, B = triangle edge and C = triangle
centre) on a 10-nm-thick equilateral triangular nanoprism with
78-nm-long sides. The spectra vary considerably from one position
to the next. Four features are identified at 1.75, 2.70, 3.20 and
3.65 eV, respectively. In comparison, spectra acquired at the corner
of a 25-nm-long equilateral nanoprism (curve o) and at the centre
of a reference 20 nm quasi-spherical nanoparticle (curve f3) from
the same sample are represented by dotted lines. In the latter
spectra, the Ag bulk plasmon at 3.80eV (ref. 17) and a single
surface plasmon at 3.00eV are resolved, as expected for regular
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Figure 3 Experimental and simulated EELS amplitude maps. a, Distribution of the modes centred at 1.75, 2.70 and 3.20 eV respectively, in the spectra of the triangular
particle shown in Fig. 2a. For each spectrum, the amplitudes of the modes are measured at their corresponding maxima after subtraction of the ZLP. The outer contour of the
particle, deduced from its HAADF image, is shown as a white line. The colour scale, common to the three maps, is linear and in arbitrary units. b, Simulated amplitude maps
of the three main resonances resolved in the simulated EEL spectra of the nanoprism with 78-nm-long sides. The colour linear scale, in arbitrary units, is common to the
three maps. The simulated amplitude distributions for the different modes qualitatively match the experimental ones in a. ¢, EELS amplitude distributions obtained after
gaussian fitting of the three modes mapped in a. The colour scale, common to the three maps, is linear and in arbitrary units (this scale is however different to the one in a).
These maps were obtained by processing a 32 x 32 spectrum image. In each pixel, the amplitude of a given mode is deduced from the gaussian parameters. This method
produces more well-localized spatial distributions as no artificial extension and background blurring of the modes is introduced during the analysis. d, Simulated induced
near-field distribution around the particle at the resonance energy of 1.9 eV and at off-resonance energy of 3.4 eV for a probe (black circle) positioned at one corner. For the
two maps, the square of the induced electric field is calculated at 3 nm above the nanoprism.

spherical silver nanoparticles®. For a given prism, the identified for individual triangular silver nanoprisms and related optical
modes occur at fixed energies within the whole collection of measurements on macroscopic sets'® and individual nanoprisms’,
spectra acquired (see Fig. 1c). By comparing the characteristics we can unambiguously identify the observed energy features as
of these modes with previously published theoretical predictions those of electromagnetic eigenmodes of nanoprisms. We have
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Figure 4 Experimental EELS study of an asymmetric triangular Ag nanoprism. a, EELS amplitude map of the mode dominating at the corners. The contour of the particle
(white line) is shown together with the different values of the corner angles. The colour scale is in arbitrary units. The EELS intensity varies noticeably from one corner to
another. The higher the angle of the corner, the less intense the mode is. b, Deconvoluted EEL spectra acquired at the three corners. The energy of the mode is almost fixed
at 2.25 eV at each corner and the observed energy shifts are within experimental uncertainty.

also found that the three lower modes in energy are clearly
size dependent, their energy decreasing for increasing edge
length, as already observed experimentally for macroscopic sets of
silver nanoprisms™.

Significant variations in the relative intensities of the different
modes are observed as the probe is scanned over the particle.
This effect is quantified by an automatic estimate of the spectrum
intensity at the maxima of the different resonances present in
the spectral domain of interest. Applied to all of the spectra in
a spectrum image, it enables, over the scanned area, a quick
mapping of the amplitude distribution P(w;, x,y) of a given
mode of pulsation w;. As exemplified by the particle shown in
Fig. 1a, the amplitude distributions of the first three modes of silver
nanoprisms exhibit a typical threefold behaviour characteristic of
equilateral triangular prisms. These modes peak respectively at the
corners, the edges and centre of the particle (Fig. 3a). The highest
energy mode is barely resolved even after deconvolution. It is also
worth noting that the bulk mode is never observed. Alternatively,
at each pixel, the spectrum can be analysed to automatically detect
and fit, using gaussian functions, any resonance present in the
energy domain of interest'’. Figure 3¢ shows EELS amplitude maps
generated after gaussian fitting of the spectra. These amplitude
maps give qualitatively the same results as those generated without
any fit. However, the distributions are sharper and more localized
as they do not suffer from the spatial blurring and background due
to the energy overlap of the modes.

Theoretical studies of plasmon resonances in nanoprisms have
until now been limited to the case of light excitation'®. To
take into account the specific properties of plasmon excitation
and detection using fast electrons, further theoretical analysis
including actual calculations of EELS intensities are therefore
necessary. Accordingly, we have carried out such spatially resolved
EELS calculations using the boundary element method®"* to
obtain both EEL spectra and EELS amplitude maps. No fitting
parameter has been used and the dielectric function of silver
was extracted from optical data®. Bulk losses for penetrating
trajectories were described by using Lindhard’s dielectric function,
which incorporates spatial dispersion of the bulk response** and
seems to account satisfactorily for the so-called Begrenzung effect
(that is, the cancellation of bulk losses in favour of surface modes)
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for particles of small sizes. Figure 2b shows EEL spectra simulated
for a 10-nm-thick prism with 78-nm-long sides supported on
a mica substrate (e =2.3) for three impact positions. At each
probe position, a main resonance is observed together with minor
peaks. The simulated energies of the three main peaks are in
excellent agreement with experimental ones. In particular, spectral
features are well reproduced and the bulk signal has nearly
disappeared owing to the Begrenzung effect. The 0.2eV slight
difference between experimental and simulated resonance energy
is attributed to the rough experimental estimate of the thickness of
the silver nanoprisms.

Figure 3b shows simulated amplitude maps at the different
resonance energies resolved in Fig.2b. The agreement with
the experimental results is again excellent except that surface
imperfections and non-local effects, unaccounted for in the theory,
seem to limit the spatial extension of the plasmon modes closer
to their maxima. To get a closer insight into the origin of the
EELS amplitude, we have also simulated induced field maps for a
fixed probe position (Fig. 3d). Maxima (respectively nodes) of the
EELS maps at a given resonance frequency correspond to probe
positions at which an eigenmode is excited (respectively is not
excited) and the associated induced field is maximum (respectively
minimum). Heuristically, the observed similarities suggest that
the EELS signal maps the eigenmodes field distribution. Recently,
it has been shown that for a translationally invariant system,
the EELS signal could be related to the electromagnetic density
of states”. A description relating the EELS signal and the local
electromagnetic density of states in thin nearly planar systems,
such as our nanoprisms, is under preparation. This quantity,
already known to be measured in scanning near-field optical
microscopy experiments®®?, is defined as the sum of the square
of the electric eigenmodes of the system, by analogy to the well-
known concept of electronic density of states used in solid-
state physics.

It is worth discussing at this point the range of
interaction between an electron and a nanoprism. Although the
electromagnetic field generated by the incoming electron decays
quickly with distance from it, eigenmodes are excited over the
whole nanoparticle, that is, over more than 70 nm in the present
case (Fig. 3d). Our simulations show that the excited mode for a
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given position on the particle is a stationary wave encompassing
the whole particle and excited only at the resonance energy. This
proves that, even if the excitation of the mode is not detectable
experimentally beyond an electron beam-particle distance of
approximately 15nm, an electron close to the nanoprism has an
influence that spans over a much larger area, yielding a more
refined idea of the concept of delocalization of the interaction in
EELS?. The global character of the measured plasmon eigenmodes
is further evidenced by the influence of the triangle size on the
resonance associated with the corner of the triangle (compare
spectra A and o in Fig. 2a).

A similar analysis has been undertaken on an asymmetric prism
(Fig. 4) to get insight into the effects of particle shape on the EELS
features identified in the ultraviolet/visible/near-infrared domain
for triangular silver nanoprisms. Although the number of mode
energies is larger for an asymmetric prism than for equilateral
ones owing to reduction in symmetry, a corner-localized, low-
energy mode is still present (Fig.4a). Its common resonance-
energy value at the three different corners provides further evidence
that the corner feature resolved in the EEL spectra is truly the
signature of eigenmodes whose spatial extension involves the entire
triangular silver prism and not just the effect of a trivial local field
enhancement at the triangle corners, as already demonstrated in
Fig. 3d. Furthermore, the degeneracy of the three corner modes
of the symmetric triangles is broken here, but the resulting
asymmetry-driven energy shift seems to be smaller than the modes
width (Fig. 4b). Variations in intensity of the low-energy mode
from one corner to another depend on the local sharpness.

When mapping the intensity variations of the different plasmon
modes using our technique, the definition and estimation of the
spatial resolution deserve some further comments. In near-field
optical microscopies, it is of common practice to express this
resolution in terms of a fraction of the wavelength of the excited
optical mode. Taking as a resolution criterion the full-width at half-
maximum of the spatial maxima of the lowest mode (18 nm for
A~ 709 nm), we can conclude that a resolution of the order of /40
has been realized. However, the smoothness of the spatial variations
of the measured surface plasmons does not allow us to determine
the ultimate resolution of our technique. We see in Fig. 3a,c that
in the present experiment, the smallest, noise-limited measurable
spatial variations of the first mode is of the order of 9 nm (this is the
distance over which a maximum can be detected out of the noise,
or alternatively, the distance below which two maxima would not
be resolved owing to noise in Fig. 3a,c). In the future, we expect the
spatial resolution of the technique to be improved by better spatial
sampling and a higher signal-to-noise ratio.

We Dbelieve that these results open a new avenue for
the comprehension of plasmon physics and the development
of plasmonic engineering. Moreover, further insight into the
nature of such plasmons is expected to come from ongoing
simultaneous EELS and cathodoluminescence measurements
aimed at determining the coupling strength between specific
plasmon modes and propagating light.

METHODS

CHEMICALS AND SYNTHESIS

The synthesis of Ag nanoprisms was carried out through the photoinduced
aggregation method. Small silver nanoparticles were prepared via reduction of
0.1 mM AgNOj; (99+%, Aldrich) aqueous solution (200 ml) with 2 ml of
0.5mM NaBH, (99%, Aldrich) in the presence of 0.3 mM trisodium citrate
(98%, Sigma) under vigorous stirring. Immediately after injection of the
reducing agent, 2 ml of a 5wt% aqueous solution of poly(vinylpyrrolidone)
(MW 10,000, Fluka) was added. The growth of the nanoprisms was carried out
inside a commercial photoreactor (Luzchem LZC-Vis). Sodium chloride
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(NaCl, =99%) was purchased from Aldrich. Milli-Q deionized water
(resistivity higher than 18 MQ cm™") was used for all of the preparations. All of
the chemicals were used without further purification.

The sample was prepared by depositing and drying a few drops of an
aqueous solution of the nanoparticles on a freshly cleaved mica substrate (Agar
Scientific). Nanoparticles of various shapes and sizes were randomly and
sparsely distributed (see Supplementary Information, Fig. S1).

SCANNING TRANSMISSION ELECTRON MICROSCOPE

The VG-HB501 STEM is equipped with a tungsten cold field-emission gun.
The beam convergence half angle was set to about 7.5 mrad. This corresponds
to the formation of the smallest possible electron probe (1 nm in diameter) at
the sample surface. The half angle of collection was limited to 6 mrad by using a
600 wm collector aperture. The post-column Gatan 666 parallel spectrometer
has a maximum dispersion of 0.05 eV per channel. EEL spectra were recorded
with a two-dimensional charge-coupled device camera (1,340 x 100 pixels)
optically coupled to a scintillator in the image plane of the Gatan magnetic
sector. The initial energy resolution of the EEL spectra is about 0.3-0.4 eV.

ELECTRON ENERGY-LOSS SPECTRA ACQUISITION AND PROCESSING

Currently, the energy resolution is limited mainly by the imperfect
monochromaticity of the primary electron source, aberrations of the
spectrometer and instabilities of the accelerating voltage and the spectrometer
due to the mains a.c. power supply. Post-acquisition numerical processing of
the acquired data, on the basis of an image-restoration algorithm, the
Richardson—Lucy algorithm, is used to improve energy resolution. It requires
the measurement of the point spread function (PSF) corresponding to the
energy spread of the primary electron source and aberrations of the
spectrometer. This PSF is estimated by acquiring a spectrum in vacuum with
conditions similar to those of the spectra to be deconvoluted. For an effective
deconvolution, the main prerequisite is to minimize the influence of the
spectrometer and accelerating voltage instabilities on the recorded spectra. This
is achieved by choosing an acquisition time per spectrum much shorter than
the period of oscillation of the mains frequency of the mains power supply (in
France, it is 50 Hz corresponding to a period, t ~ 20 ms). In this way, the power
supply is almost constant over the acquisition time of a spectrum and as a
consequence, the extra broadening of the spectrum, introduced by the
instability of the power supply, is minimized. After deconvolution, the restored
spectra have an energy resolution of 0.2-0.3 eV comparable to that achieved
with a monochromator on Ag nanoparticles.

At each point of the scan in the spim, 50 spectra were acquired in the
low-loss region (<50 eV) with a dwell time of 3 ms per spectrum (~1/7 the
period of the mains power supply) and a charge-coupled-device binning of
1 x 10. The number of spectra per pixel and binning conditions were chosen as
a compromise between a substantial signal-to-noise ratio and a reasonable
acquisition time per spim (with the present conditions, the acquisition time
was about 15 min per spim) to avoid major sample drift during the scan of the
focused electron beam. Each set of 50 spectra is then re-aligned, summed and
deconvoluted. For each spim, a ZLP (that is, the PSF) is acquired by summing
300 spectra in vacuum with an acquisition time of 3 ms per spectrum. The
number of iterations in the restoration process was set to four to avoid the
introduction of artefacts (see Supplementary Information, Fig. S2).

The semi-automatized home-made routine for spectrum analysis was
implemented using IGOR Pro 5.0 software (WaveMetrics) and works as
follows. First, after deconvolution, the ZLP of the analysed spectrum is fitted
and subtracted using an experimental ZLP acquired in vacuum. Consequently,
modes present in the energy domain of interest are more clearly evidenced. The
amplitude is then estimated as explained in the main text. When this process is
repeated for all of the spectra of a spim, the amplitude of the different modes
can be mapped at the nanometre scale over a given particle. To account for the
intensity variation in the EELS signal over a spim, the amplitude of the different
modes is normalized at each point of the raster. This is achieved by dividing its
value by the total intensity under the corresponding EEL spectrum. The main
pre-requisite for using the present amplitude mapping method is that the
energies of the modes remain fixed from one probe position to another. The
simulated EELS maps have been generated in a similar way from the simulated
EEL spectra.

The above routine has also been run to automatically detect and fit the
different modes present in the EEL spectra. After subtraction of the ZLP, any
modes present in the analysed spectral domain are fitted by gaussian functions.
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The fit parameters give direct access to characteristics such as the energy
position, width and amplitude of the different modes at a given probe position.
Nanoscale mapping of the above characteristics are obtained by repeating this
process over a spim. It is worth noting that the energy maps generated have
been used to ascertain that the energies of the modes are independent of
probe position.

Received 11 October 2006; accepted 27 February 2007; published 1 April 2007.
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