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ABSTRACT: We demonstrate coherent control over the
optical response of a coupled plasmonic resonator by highenergy electron beam excitation. We spatially control the
position of an electron beam on a gold dolmen and record the
cathodoluminescence and electron energy loss spectra. By
selective coherent excitation of the dolmen elements in the
near ﬁeld, we are able to manipulate modal amplitudes of
bonding and antibonding eigenmodes. We employ a
combination of CL and EELS to gain detailed insight in the
power dissipation of these modes at the nanoscale as CL
selectively probes the radiative response and EELS probes the
combined eﬀect of Ohmic dissipation and radiation.
KEYWORDS: Plasmonics, coherent control, metamolecules, cathodoluminescence spectroscopy, electron energy loss spectroscopy,
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eﬀorts to coherently control the amplitude and phase of nearﬁelds in plasmonic structures by structuring conventional farﬁeld illumination in the temporal and spatial domain. In the
case of temporal control, appropriately shaped femtosecond
laserpulses are used that directly inﬂuence the plasmon
dynamics on the relevant time scale.18,19 Spatial wavefront
shaping has also been used as an alternative method for
coherent control.20 In such experiments the polarization of the
incoming ﬁeld(s) provides yet another degree of freedom.21,22
However, most of these approaches are still limited in
resolution by diﬀraction, and as a result, it is not possible to
individually excite the constituent elements of the resonant
system. This severely limits to what extent the modal
interaction can be studied and controlled, as the plasmonic
interaction occurs on length scales as small as 10 nm.
As an alternative to optical excitation, we use a tightly
focused electron beam as a local coherent excitation source. A
fast electron traversing a polarizable medium provides a very
“pure” source of optical excitation in which the time-varying
electric ﬁeld about each electron’s trajectory couples to the
resonant eigenmodes’ electric ﬁeld distribution in the direction
of the beam. The excitation resolution is determined by the
electron beam waist and the extent of the evanescent ﬁeld,

ocalized surface plasmons, the optical-frequency resonant
modes of unbound electrons in metal nanoparticles,
provide a unique way to control light−matter interaction at
the nanoscale. The surface plasmon resonance frequency of a
nanoparticle is determined by the density of free carriers in the
metal, its geometry, and its dielectric environment. The
interaction of light with plasmonic structures can be tailored
even further when plasmonic elements are coupled. When
particles are placed in each other’s near-ﬁeld, modal hybridization occurs, leading to plasmonic “bonding” and “antibonding” modes.1 Such plasmonic coupling is enabled by the
near-ﬁeld overlap of the resonant modes. The coherent
interaction between the coupled plasmonic modes can lead to
strongly directional emission into the far-ﬁeld.2,3 Further
control over the resonant spectra, near-ﬁelds, and angular
scattering distributions can be achieved when resonant modes
of diﬀerent nature interact. For example, the interference
between a high quality factor (high-Q) subradiant mode and a
low-Q superradiant mode, can lead to a dispersive Fano line
shape or plasmon-induced transparency (PIT) window where
low extinction goes hand in hand with locally enhanced nearﬁelds.4−17 Coupling resonant plasmonic systems thus provides
a unique way to control how light is absorbed and scattered and
how the optical near-ﬁeld is distributed over space.
However, the functionality and optical response of a
plasmonic nanostructure is not only determined by its
geometry but also by the way it is excited. There have been
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Figure 1. (a) Plasmonic dolmen structure composed of a resonantly coupled monomer and dimer is excited using high-energy electrons. CL and
EELS spectra are measured as an electron beam is scanned over the surface. (b) Hybridization scheme for the dolmen. The subradiant antisymmetric
dimer mode hybridizes with the superradiant dipolar momomer mode giving rise to a low-energy bonding mode and a high-energy antibonding
mode. The ⊗ symbol indicates that a mode is symmetry forbidden for plane-wave excitation at normal incidence. (c) Bright-ﬁeld TEM image of a
gold dolmen structure studied with EELS and CL; size parameters are indicated. The blue (A), green (B), and magenta boxes (C) indicate excitation
areas that are investigated in detail. The red box corresponds to the image ﬁeld in (d). Scale bars: 25 nm.

Figure 2. (a) CL (blue) and EELS (red) spectrum for excitation of the dolmen at position A as shown in Figure 1c, directly driving the monomer.
CL (gray curve) and EELS (black curve) measurements taken at position A on an isolated monomer are shown for reference. (b) CL and EELS
spectrum for excitation position B where we directly drive one of the dimer rods. Again, CL (gray curve) and EELS (black curve) measurements
taken at position B on an isolated dimer are shown for reference (c) 2D EELS (images 1−3) and CL (images 4−6) for λ0 = 590, 725, and 860 nm,
respectively, integrated over a 30 nm bandwidth. Scale bars: 50 nm.

which is typically 10−20 nm. Electrons can be used to
eﬃciently excite local electromagnetic modes with symmetric
charge distributions such as vertical dipole or linear quadrupole
modes, which are inaccessible to light under normal incidence.
Furthermore, electrons can directly excite guided modes below
the light line in vacuum such as surface plasmon polariton
modes, which are momentum forbidden for light. The coupling
between the electrons and the polarizable medium is probed by
studying the light emission (cathodoluminescence (CL)
spectroscopy12,23−27) or the energy-loss experienced by the
electrons (electron energy-loss spectroscopy (EELS)28−33). CL
and EELS provide complementary information, as CL
selectively probes the radiative response, whereas EELS probes
the combined eﬀect of Ohmic dissipation and radiation.34−38
In this Letter, we use an electron beam to coherently control
and probe an elemental coupled plasmonic system at a deepsubwavelength scale. In particular, we perform EELS and CL
spectroscopy on the well-known plasmonic “dolmen” structure
in which a single plasmonic nanorod is capacitively coupled to

an orthogonally oriented dimer that is composed of two parallel
coupled nanorods (Figure 1a).4−6,39−43 The monomer rod
supports a superradiant dipole resonance that couples to a
subradiant resonance with an antisymmetric ﬁeld distribution in
the dimer. The two “bare states” hybridize into a low-energy
bonding mode and high-energy antibonding mode (Figure 1b).
We demonstrate that the electron beam excitation method
provides an alternative pathway to coherent control in
plasmonics and can be employed to tailor the local ﬁeld
distributions, which in turn directly inﬂuence light emission and
absorption processes in the structure.
Gold dolmens were fabricated on 15 nm thick Si3N4
membranes using a combination of electron beam lithography
(EBL), thermal evaporation, and lift-oﬀ. A transmission
electron microscopy (TEM) image of the structure under
consideration is shown in Figure 1c in which the relevant
excitation positions A, B, and C are indicated. The EELS
measurements were performed in a transmission electron
microscope (TEM) with a 200 pA probe current and a 300 kV
B
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as calculated with FDTD (see Figure S5 in the Supporting
Information).
The identiﬁcation of the dolmen modes and their coupling is
corroborated by the spatial maps in Figure 2c for the three
resonances. Due to the deep-subwavelength resolution of the
electron beam excitation techniques, these maps provide a
direct probe of the local ﬁeld distributions for each mode and
give direct visualization of the coupling between the modes. For
the λ0 = 860 nm resonance, a strong excitability is observed at
the monomer ends, both for EELS and CL (maps 3 and 6),
consistent with the excitation of the bonding dolmen mode in
which the dipolar monomer resonance plays an important role.
Similarly, at λ0 = 590 nm, a strong signal is observed for the
monomer, both in EELS and CL (maps 1 and 4),
corresponding to the transverse dipolar resonance in the
monomer, as reﬂected by the transverse CL/EELS distribution
in the monomer. The mode at λ0 = 725 nm (maps 2 and 5)
clearly has more dimer character, although there is still a
signiﬁcant excitation probability at the monomer extremities.
The relative excitation eﬃciency of the antibonding mode
compared to the bonding mode does not signiﬁcantly decline as
the beam is moved toward the top of the monomer (this is
visualized in Figure S6 in the Supporting Information). From
this trend we conclude that the antibonding dolmen mode
excitation at A is indeed mediated by the monomer and does
not (solely) occur through direct excitation of the dimer with
the evanescent electron ﬁelds, for which a rapid signal decay is
expected away from the dimer. The experimental results shown
here have been reproduced on other dolmens with comparable
size parameters (see Figure S9 in the Supporting Information).
Thus far we have focused on excitation positions A and B
where just one of the dolmen elements is excited by the beam.
Next, we investigate the region between the monomer and one
of the dimer rods (C), where simultaneous excitation of the
dolmen elements occurs. The area of interest is indicated by the
multicolored box in the TEM image in Figure 1d. Figure 3a,b
shows the CL and EELS spectra when the electron beam moves
from the dimer toward the monomer rod (from bottom to
top). The colors in the box in Figure 1d are matched to the
curve colors of the spectra in (a,b) and indicate the
corresponding electron beam position in this direction. The

acceleration voltage. The CL measurements were performed in
a scanning electron microscope (SEM) with a 800 pA probe
current and a 30 kV acceleration voltage (see Supporting
Information for more details on fabrication and experimentation). In order to facilitate a proper comparison, the EELS and
CL experiments were performed on the same dolmen structure
(shown in Figure 1c). As suggested by Guillaume et al. the
impact parameter of the electron beam on the dolmen is highly
relevant for the resulting EELS and CL response.39 Figure 2a,b
shows EELS and CL spectra measured at locations A and B. At
A the electron eﬃciently drives the longitudinal dipole mode in
the top bar. This monomer mode can couple to the
antisymmetric dimer mode as observed earlier in optical
scattering experiments.4−6,40,41 The EELS and CL spectra show
three peaks at this excitation position, while the CL and EELS
spectra for an isolated monomer (gray and black curves in a),
taken for reference, only show two clear resonant peaks that
correspond to the transverse (λ0 = 590 nm) and longitudinal
(λ0 = 860 nm) dipole resonances of an individual monomer
rod. For excitation at position B we ﬁnd a clear peak in the CL
and EELS spectrum for the bare dimer at 750 nm (gray and
black curves in b), which corresponds to the antisymmetric
subradiant dimer mode. A similar spectral shape is observed in
the EELS and CL spectra for the coupled system excited in
region B where the dimer is directly excited. We note that in
the EELS spectra there is an additional contribution around λ0
= 500 nm, which at least partly is due to the vertical electrical
dipole mode in the bar. Gold absorbs strongly in this spectral
region due to interband transitions so all modes are heavily
damped and hence only show up in the EELS measurements.
The extra resonant peak observed at λ0 = 725 nm in Figure
2a is attributed to the coupling between monomer and dimer.
Indeed, in the modal hybridization picture of Figure 1b, the
monomer and dimer modes, which each have diﬀerent energies,
will hybridize to form a low-energy bonding mode, with an
energy below that of the bare monomer resonance, and a highenergy antibonding mode, with an energy above that of the
bare dimer resonance. In this model, the peak at 725 nm is thus
attributed to the antibonding mode and the peak at 860 nm
corresponds to the bonding mode. Because the dimer and
monomer mode are detuned and relatively weakly coupled, the
hybridized bonding and antibonding modes are close in
frequency to those for the bare monomer and dimer states,
where the bonding mode has more monomer character and the
antibonding mode has more dimer character.
Even though coupling eﬀects are clearly visible in our
measurements, they do not translate into a distinct Fano line
shape, a pronounced plasmon-induced transparency window, or
a large spectral peak shift between the total extinction (EELS)
and radiative response (CL). We envision that increasing the
coupling strength by, for instance, going to even smaller particle
spacings will make such phenomena more pronounced so that
they can be visualized by the combination of EELS and CL
spectroscopy at the nanoscale. As the modes at λ0 = 590 and
725 nm have subradiant character, absorption plays a more
important role. This is clearly reﬂected in the diﬀerence in the
relative peak amplitudes between EELS and CL. However,
these modes are not truly “dark”, i.e., invisible in the CL
spectrum, as was also suggested in ref 44. The observed EELS
and CL lineshapes for A qualitatively match the total extinction
(scattering + absorption) and scattering cross section curves for
plane-wave excitation with the polarization along the monomer

Figure 3. (a,b) CL and EELS spectra moving from the dimer to the
top bar (spectra match color code in box in Figure 1d). We
transversely average along the width of the box for a better signal-tonoise ratio. The gray curves in (b) are the corresponding numerical ﬁts
from the coupled HO model. The spectra are vertically oﬀset for
clarity.
C
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width of the box (∼30 nm) represents the lateral averaging
range, which is used to improve the signal-to-noise. This
averaging does not signiﬁcantly alter the observed spectral
shape. Clearly, the spectra change completely while the electron
beam impact position is varied by only 35 nm, illustrating the
nanoscale character of the near-ﬁelds in such structures. Close
to the dimer, the peak at λ0 = 725 nm corresponding to the
antibonding dolmen mode is dominant. When moving toward
the monomer, the peak at 860 nm corresponding to the
bonding dolmen mode starts to become stronger; close to the
monomer it dominates the spectrum in CL. In the EELS
spectra the bonding mode is similar in amplitude to the
antibonding mode at this excitation position.
The resonant behavior of coupled plasmonic particles can be
described by considering a coupled harmonic mass spring
system in which electromagnetic ﬁelds act as the driving force.
The dolmen particle system response can also be described by a
coupled harmonic oscillator (HO) model in which the dipolar
monomer mode and antisymmetric dimer mode each represent
one oscillator, as was proposed in refs 4 and 6. In those cases
plane-wave excitation was considered where the light ﬁeld
exerts a harmonic force on the monomer oscillator. Here, we
use an impulse-driven HO model to more accurately describe
the transient electron excitation, where the exact electron beam
position determines the initial “velocities” that the two
oscillators instantaneously receive. The magnitude of these
initial velocities can be interpreted as the modal amplitudes of
the bare dipolar momomer mode and the antisymmetric dimer
mode. The relative sign between the velocities determines
whether the two oscillators move in or out-of-phase. To ensure
that this two-oscillator description is appropriate we check
whether the modes shown in Figure 1b are also dominant for
local excitation (see Figure S7 in the Supporting Information
for proof; a detailed description of the harmonic oscillator
model and ﬁtting procedures are also provided).
This model is most applicable to the EELS data in which the
full damping of the system is measured. The resulting spectral
curves are plotted together with the data in Figure 3b. The ﬁts
match well with the EELS data, showing that one can attain
similar lineshapes with such a coupled HO approach. Besides
these spectral curves, we also retrieve the initial velocities
between the bare dimer and monomer oscillators, which
provides a more quantitative insight into the excitation of the
two oscillators. In Figure 4 we show the initial oscillator
velocity ratio between the bare dimer and monomer mode
(v2/v1) for diﬀerent electron beam positions. We notice two
trends. First, the dimer velocity v2 decreases in magnitude
compared to v1 when moving from dimer to monomer.
Considering that the plasmonic near-ﬁelds roughly follow an
exponential decay and that these ﬁelds are probed by the pointlike electron beam, such a trend is expected. Additionally, we
ﬁnd that for all but one excitation point (closest to the
monomer) the velocity ratio is negative, indicating that the
oscillators are predominantly driven in antiphase. This is
consistent with the notion that the azimuthally symmetric
electron beam excitation pins the charges on the dimer and
monomer rod45 (see schematic (1) in Figure 4), thereby
favoring excitation of the high-energy antibonding mode. Close
to the monomer, direct excitation of the dimer is much weaker
(v2/v1 ≈ 0), facilitating excitation of both modes. These results
show that by taking advantage of the spatially distinct nearﬁelds and the local character of the electron beam excitation, we

Figure 4. Ratio between initial dimer (v2) and monomer (v1) oscillator
“velocities” as a function of electron beam position in the gap (where 0
corresponds to excitation at the dimer apex), retrieved from ﬁtting the
data in Figure 3b with a coupled harmonic oscillator model. The
schematic insets indicate the electron beam positions (blue dot),
corresponding charge distributions, and schematic indications of the
magnitude/sign of the harmonic oscillator velocities for the leftmost
(1) and rightmost (2) data points. The error bars show the 95%
conﬁdence interval of the numerical ﬁts.

are able to precisely tune the modal amplitudes providing a new
route toward coherent control.
In conclusion, we have demonstrated nanoscale coherent
control of a plasmonic dolmen structure by using a focused
electron beam. The local electron beam excitation allows for
simultaneous excitation of dolmen modes where their relative
amplitude can be tuned by precise nanoscale positioning of the
beam. We demonstrate that the electron beam excitation of the
dolmen can be described by an impulse-driven coupled
harmonic oscillator model in which the amplitude of the
oscillators is determined by both the electron driving and the
near-ﬁeld coupling between monomer and dimer. These results
imply that special care has to be taken when coupling singleemitters to such a metastructure as the exact position of the
emitter strongly inﬂuences the far-ﬁeld output and the
structure’s performance. The novel type of spatial excitation
control presented here allows probing and tailoring of the nearand far-ﬁeld in coupled plasmonic nanostructures with an
unprecedented degree of accuracy. As such, it paves the way for
a better understanding of modal interaction in the near-ﬁeld
and optimization of structures for speciﬁc optical functionality,
including radiative decay engineering, sensing, and photochemistry.
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