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Abstract

We present the surface plasmon resonance modes in three-dimensional (3D) upright
split ring resonators (SRR) as studied by correlative cathodoluminescence (CL) spectros-
copy in a scanning electron microscope (SEM) and electron energy loss spectroscopy
(EELS) in a transmission electron microscope. We discuss the challenges inherent in
studying the plasmon modes of a 3D nanostructure and how meeting these challenges
benefits from the complementary use of EELS and SEM-CL. With the use of EELS, we
detect a strong first order mode in the SRR; with comparison to simulations, we are able
to identify this as the well-known magnetic dipole moment of the SRR. Combining the
EELS spectra with SEM-CL on the same structure reveals the higher order modes pre-
sent in this 3D nanostructure, which we link to the coupling and hybridization of rim
modes present in the two upright hollow pillars of the split ring.

Key words: electron energy loss spectroscopy, cathodoluminescence, surface plasmon resonance, correlative
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Introduction

Surface plasmons are collective oscillations of electron
density on the interface between conducting media and
insulating dielectrics. Confining these oscillations within a
nanostructure discretizes them into localized resonance
modes: surface plasmon resonances (SPR). SPRs present in
sub-wavelength structures provide a way to engineer the
properties of light, giving the material unique optical

properties difficult to obtain in natural materials; materials
such as these are known as metamaterials [1,2].

The split ring resonator (SRR) is a well-known example
of a sub-wavelength structure used as a building block for
metamaterials, giving the metamaterial a negative perme-
ability and thus a negative refractive index [2–4]. The SRR
produces this property because of its structure: an oscillating
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SPR mode produces a magnetic dipole moment through the
arms of the split ring (Fig. 1). The wavelength of light with
which the SRR interacts is determined by the structure size;
to achieve operation in the infrared or visible regime, the
SRR must be scaled down to the nanoscale. Scaling down of
the SRR involves increasingly complex fabrication techniques:
from macroscale assembly of millimeter size SRRs [5], to
photolithography on the micrometer scale [6,7], to electron
beam lithography (EBL) for nanoscale structures [8–11].

On the nanoscale, most studies concern the planar SRR
due to the relative ease of fabrication compared to an
upright 3D SRR. With the planar SRR, the magnetic dipole
moment is normal to the surface (Fig. 1a), making it diffi-
cult to couple this magnetic moment directly with incom-
ing light. Fabrication of an upright SRR makes this
coupling much easier because of the in-plane magnetic
moment (Fig. 1b), but brings with it the challenges of 3D
nanofabrication. Fabrication of the upright SRR has been
realized on the millimeter scale [12], micrometer scale [13],
and nanoscale [14,15]. We accomplish the fabrication of
our structure using a double patterning step of EBL.

The 3D SRR breaks the 2D symmetry often assumed
with planar plasmonic structures. The use of ‘plasmon
tomography’ demonstrates the potential of mapping SPR
modes in 3D [8,16–19], something which is particularly
relevant with complex 3D nanostructures where the struc-
ture itself does not possess planar symmetry. Previous

studies have shown that even planar structures have bro-
ken symmetry along the normal direction because of the
presence of a substrate, which causes a slight energy shift
in modes adjacent to the substrate [17]. Studies on other
3D structures have reconstructed the 3D eigenmodes of the
shape [18] and the 3D electric fields of individual plasmon
modes [19]. We believe that with the 3D nature of the
upright SRR in our study, plasmon tomography may
reveal unique and interesting insights into the vectorial
nature of the different modes and the localization of plas-
monic fields. The use of cathodoluminescence (CL) plas-
mon tomography has very strict sample requirements,
since the large CL mirror prevents tilting of the stage, and
would not be possible with our fabricated sample. In our
work, we study the 2D projection of the SPR modes with
two complementary techniques: electron energy loss spec-
troscopy (EELS) and CL spectroscopy.

Surface plasmons can be probed with either the use of
photon-based techniques or fast electron-based techniques.
The use of fast electron-based techniques, namely EELS
and CL, provides detailed spatial mapping of the field
intensity of SPR modes [20–24]. In EELS, SPR modes are
visible in the low-loss region of the spectrum, typically
within the first few electron volts of energy loss. We use a
monochromated electron beam and post-processing decon-
volution techniques [25] to resolve low-energy SPR signals
down to the mid-infrared energy range. While EELS probes
the excitation of SPR modes, CL collects the light emitted
from the decay of SPR modes into far-field radiation and is
thus limited to the detection of radiative modes [26].

Characterization of the SPR modes of the planar SRR
has been carried out in great detail with EELS [10], includ-
ing tilting the SRR to different angles under the beam [8].
To date, studies of the upright SRR have been done with
photon-based methods on large scale metamaterial struc-
tures [12,15], but to the best of our knowledge electron-
based spectroscopies have not been used to study an
upright SRR. We fabricate the upright SRR and perform
both EELS and CL on the same sample to study the SPR
modes present. Examining the EELS data, we find a strong
magnetic dipole mode in the near-IR, as described in the
Discussion section, but the scattering of the electron beam
within the sample is strong and the signal of the higher
order SPR modes is weak. From the EELS data alone, we
cannot positively identify the nature of the higher order
SPR modes. Instead, we turn to the CL data in this energy
range to identify three major modes and the spatial loca-
tions of the mode intensities. Using this information, we
further examine the EELS data in the visible regime and
through subtracting neighbouring modes we are able to
discover more subtle structure in the higher order modes in
the EELS data as well. Our work shows that both EELS

Fig. 1. Surface plasmon electrons oscillate around the split ring, repre-
sented by current density (

→
J ), creating a net magnetic dipole moment

(
→
M) through the center of the (a) planar and (b) upright split ring
resonator.
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and CL can be used in complement to increase the infor-
mation gained from either technique alone. With a growing
interest in producing layered or 3D plasmonic nanostruc-
tures, EELS faces challenges as a transmission technique
through thick samples, but can be used effectively to probe
lower order SPR modes, which tend to have larger evanes-
cent fields detectable with an aloof electron beam. CL spec-
troscopy then fills the gap as a probe of higher order SPR
modes in the visible regime, with strong collection efficiency
irrespective of the thickness of the sample.

Methods

Simulations

We simulate EELS and CL experiments with the use of the
Metallic Nanoparticle Boundary Element Method (MNPBEM)
toolbox in Matlab [27]. The MNPBEM toolbox uses the
boundary element method [28] to solve Maxwell’s
equations on the surface of the nanoparticle. The mesh for
the SRR was defined using Blender 3D modelling software
[29]. To calculate the CL scattering cross-section, we inte-
grate the far-field intensity around the structure. We calcu-
late the spectra by simulating an electron beam positioned
at a given point and extracting either the EEL probability
or the CL scattering cross-section as a function of energy,
using the full retarded calculation available in MNPBEM.
The maps are obtained by calculating the EEL probability
or scattering cross-section for a given energy in a grid
across one quarter of the structure, taking advantage of
the mirror symmetries present to reduce the computational
time required. We use the MNPBEM eigenmode solver, in
the quasistatic approximation, to calculate the eigenmodes
of the upright SRR and an SRR with different symmetry
on the rims to explore how fabrication defects could affect
the eigenmodes.

Fabrication

EBL is a technique frequently used to fabricate custom
nanostructures on a variety of substrates. We use EBL to
fabricate the upright SRR on a TEM grid with 50 nm thick
silicon nitride windows [30]. In the first fabrication step,
we spincoat a layer of electron beam resist, 950 kg/mol
poly(methyl methacrylate) (PMMA), onto the TEM grid at
a speed of 6000RPM for 90 s, followed by baking at 175 °C
for 5min. We then use a JEOL 7000F SEM equipped with
Nanometer Pattern Generation System (NPGS) software to
expose the resist. We develop the sample in a solution of 1:3
methyl isobutyl ketone (MIBK):isopropanol (IPA) for 120 s,
followed by rinsing with isopropanol. We coat the developed
grid with 2 nm of chromium as an adhesion layer and 30 nm

of gold using electron beam evaporation, before lift-off of
the remaining electron beam resist in acetone.

To fabricate the 3D structure, we must repeat the EBL
process with precise alignment to the first deposition. We
spincoat a layer of 495 kg/mol PMMA, followed by two
layers of 950 kg/mol PMMA at the same conditions as
used in the first step, following each spincoat step with a
5-min bake at 175 °C. In the SEM, we align to sacrificial
alignment marks deposited in the first step and expose the
fresh electron beam resist. Once again, we develop in
MIBK:IPA for 120 s and deposit 70 nm of gold before lift-
off in acetone.

As a result of the differences in fabrication between the
horizontal and upright SRR, the details of the SRR are dif-
ferent: the horizontal SRR (modelled in Fig. 1a) is a solid
planar structure; the upright SRR (modelled in Fig. 1b) is
not merely the same structure rotated by 90°, but has hol-
low vertical pillars. During coating of the second gold
layer, gold coats the sidewalls of the thicker photoresist
and creates the hollow pillars.

Electron energy loss spectroscopy

We use a monochromated FEI Titan 80–300 (‘low-base’
configuration) scanning transmission electron microscope
(STEM), operating at 80 kV with a beam current of
~50 pA, to acquire EEL spectrum images with an energy
resolution of ~60meV. EEL spectra are acquired with a dis-
persion of 5meV per channel on a Gatan Tridiem (model
865) spectrometer. We apply the Richardson–Lucy algorithm
[25,31] to reduce the broadening effect of the system point
spread function and increase the effective energy resolution to
40meV. With this, we are easily able to resolve the lowest
order peaks present in the SRR structure. In addition, due to
the high noise present in the EEL signal transmitted through
the structure itself, we perform a threshold on the spectrum
images before deconvolution to filter out low signal pixels.
The acquisition time used for each spectrum is 1ms, in add-
ition to the read-out time of the spectrometer.

Cathodoluminescence

After acquiring the EELS data in the STEM, we collect the
CL data on the same sample using an FEI XL-30 field
emission SEM, operated at 30 kV with a beam current of
7.5 nA, equipped with a CL mirror and spectrometer (com-
mercial version available from Delmic BV). The system has
an acceptance angle of 1.46π and a numerical aperture of
0.95. We are able to acquire a CL spectrum image on the
same sample that we studied with EELS for a direct com-
parison of the surface plasmon modes. CL data were pro-
cessed by subtracting a reference spectrum taken from an
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area of the substrate and correcting for the system response
over the spectral region of interest. Use of SEM-CL allows
a high collection efficiency and free-space coupling out of
the microscope chamber, with the possibility of inserting
polarization filters or imaging cameras. Even so, emission
from plasmon decay is low and to optimize the signal to
noise ratio (SNR), we use a 1 s acquisition time for each
CL spectrum with a dispersion of ~0.85 nm per channel.

Data processing

We use custom code [32] written in the Python program-
ming language to analyze the spectrum images acquired
with both techniques. We extract and average spectra from
selected pixels within the 3D spectrum image or extract
maps of the plasmon resonance modes by plotting the
intensity at each pixel summed over a given spectral range.
Subtraction of EELS resonance maps was done by first
rescaling the intensity of each map between 0 and 1 and
then doing a simple pixel-by-pixel subtraction.

Results

The lowest energy mode which appears in the MNPBEM
simulations is the strongest mode in both EELS and CL.
This mode has a strong peak at 1.035 eV, around the outer
edges of the pillars, with no signal between the pillars in
the center (Fig. 2).

There follows a cluster of high order mode peaks start-
ing after 1.9 eV and extending to around 2.4 eV, corre-
sponding to the visible regime of the spectrum from 650 to
500 nm. These modes are stronger in EELS than they are
in CL relative to the intensity of the lowest energy mode.
We select the four main peaks, at 1.905, 2.038, 2.384, and
2.446 eV, in this region and display the simulated maps in
Fig. 2c. To help us identify the nature of the different
modes present, we also plot the surface charge density at
each peak for a given position of the electron beam
(Fig. 3b–g). We note that these peaks are closely spaced in
energy and overlap with each other, making it difficult to
distinguish all of the modes which might be present.

The eigenmode calculation reveals the different plasmon
modes which the upright SRR (Fig. 4a) supports. We plot
the first six eigenmodes in Fig. 4, showing two classic SRR
modes (Fig. 4b and g) and four coupled dipole modes con-
centrated on the rims of the pillars (Fig. 4c–f). Further
eigenmodes consist of higher order SRR modes and coupled
quadrupole and higher order rim modes (not shown). We
also plot the eigenmodes of an upright SRR in which we

Fig. 2. MNPBEM simulations (a) locations of electron beam excitation
for calculated spectra on upright split ring resonator (mesh shown); (b)
calculated EELS loss probability and CL scattering cross-section; and
(c) calculated plasmon intensity maps of structure at indicated energies
for EELS (left column) and CL (right column).
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have broken the symmetry of the pillar rims by making the
inner part of the rims shorter as shown in Fig. 4h. This was
done to explore the potential effects of fabrication defects
on the structure of the eigenmodes. In the SRR with broken
symmetry, we observe the same primary SRR mode fol-
lowed by four coupled dipole rim modes and a mode which
appears to be a mix of a quadrupole rim mode and the
second order SRR mode. The eigenmodes were calculated
using the quasistatic method, while the rest of the simula-
tions were performed taking retardation effects into
account; because retardation effects are important in a
structure of this size, we cannot directly compare the calcu-
lated eigenenergies with the results of the simulated spectra.
Nevertheless, we can use the surface charge eigenmodes as
meaningful descriptors of the resonances supported by this
SRR, as in the work by Collins et al. [18].

The experimental EELS results (Fig. 5a–d) show a
strong SPR mode around 0.6875 eV, followed by a broad
collection of modes between 1 eV and 2.5 eV (495 –1240 nm).
There is very little EELS signal from electrons passing through
the structure itself, making it necessary to filter out low signal
pixels to reduce the noise in the normalized and deconvolved
data. By selecting different areas around the structure (Fig. 5i),
we are able to locate individual peaks in the spectrum corre-
sponding to higher order SPR modes. We obtain the plasmon
intensity maps by filtering the spectrum image within a range
of energies, as shown in Fig. 5b–d.

CL results are obtained in the visible region of the elec-
tromagnetic spectrum only, scanning a range from
~1.25 eV to 3 eV. There are three dominant SPR peaks in
CL at around 1.37 eV, 1.72 eV, and 2.12 eV (Fig. 5i).
Filtering the spectrum image around these peaks reveals
that there is significant structure in the intensity of the SPR
modes around the outer edges of the 3D pillars (Fig. 5f–h).

There is some asymmetry present in each of the intensity
maps, both between the left and right pillars and in the
emission from the top to the bottom.

Discussion

Plasmon mode identification

Before we can begin to identify the different modes present
in the sample, we must address the differences in energy
between the peaks present in simulation and those present
in the experimental data. The mode energies of the simula-
tions (Fig. 2), when compared to experiment (Fig. 5), are
blue-shifted. We attribute this to the presence of the sub-
strate in the experiments [33], which was not taken into
account during simulation, and to differences in the simu-
lated structure compared to the fabricated structure. The
presence of the substrate causes additional damping of
the SPR modes and changes the dielectric environment of
the mode, thereby changing its energy. The dimensions
of the structure may be slightly different between simula-
tions and experiment and there will be small defects in the
fabricated structure which will particularly affect the high-
er order modes. In particular, it seems that the pillars are
closer together in the fabricated SRR compared to the
simulation, which will result in a stronger coupling
between the pillars and would make the differences
between the different modes more evident in the surface
charge maps. We also expect that there will be some
imperfections in the shape of the pillars which could affect
the energies of the rim modes.

The change in energy between the EELS and CL peaks
has been observed in previous studies, for instance in the
work of Losquin and Kociak [34] and is correlated with

Fig. 3. Simulation results for single SRR, green arrow indicates position and direction of electron beam excitation; (a)
magnetic field vectors for SPR mode at 1.035 eV; (b–g) surface charge density maps for (b) magnetic dipole SPR
mode at 1.035 eV; (c) longitudinal bonding rim mode (excited by an electron beam placed at ‘End’ position, as shown
in Fig. 2a) mixed with (d) transverse bonding rim mode (excited by an electron beam placed at ‘Side’ position) at
1.905 eV; (e) transverse anti-bonding rim mode (excited by an electron beam placed at ‘Side’ position) mixed with (f)
longitudinal anti-bonding rim mode (excited by an electron beam placed at ‘End’ position) at 2.038 eV; and (g) fourth
order SRR mode at 2.384 eV.
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the damping of surface plasmon modes [35] and differ-
ences between the full (EELS) and the radiative electromag-
netic density of states (CL) [21,34]. We also note that
changes in the SPR peak locations could result from
changes to the dielectric environment because of the mul-
tiple acquisitions in the TEM and subsequently in the
SEM, during which the electron beam may cause the
deposition of a layer of carbon over the structure leading
to additional and possibly significant shifts in the CL
peaks.

Considering the lowest energy mode found, we identify
a strong mode in EELS at 0.69 eV (Fig. 5b), too far into
the infrared for the CL system to detect. This mode has a
broad evanescent field which matches with that seen in the
simulation data at 1.035 eV. Calculating the magnetic field
lines (Fig. 3a) reveals that this mode is the magnetic dipole
mode expected in a typical SRR [10], notable in our struc-
ture for its direction within the plane of the sample and
perpendicular to the incident electron beam.

In analyzing the higher order SPR modes, we are now
within the spectral range of the CL spectrometer and can
take full advantage of the information contained therein.
Before we begin to classify the modes we find, we must
address the asymmetries found in the CL maps. The asym-
metry in the first two CL maps (Fig. 5f and g) may be at
least partially attributed to the asymmetries present in the
structure as-fabricated; compared to the ideal SRR, the
fabricated structure contains some defects which may
strongly affect the emission and strength of the higher
order modes. The higher order modes have short effective
SPR wavelengths and so can be more greatly affected by
small defects in the fabricated structure. For instance, the
height of the pillar may not be exactly equal all around the
circumference, affecting the electron beam interaction
probability and the strength of the emission at different
locations around the pillar. We note that all the plasmon
maps, in both EELS and CL, show greater intensity on the
left pillar (Fig. 5b–d and f–h), which we attribute to a
smoother and more refined shape of the left pillar com-
pared to the right.

The asymmetry from the top to the bottom of the SRR
may come from the collection parameters of the CL sys-
tem. The mirror in the CL system collects light from only a
finite solid angle of emission; in our case, the parabolic
mirror is located towards the top of the image and will
only collect light emitted in that direction. Light emitted
towards the bottom of the image or underneath the sample
will not be collected at all. Because of the 3D nature of our
structure, we would expect that the emission of light nor-
mal to the structure is not symmetrical around the sample

Fig. 4. Calculated eigenmodes for an upright SRR (a–g) and an upright
SRR with broken symmetry around the rims (h–n). Structure of the
upright SRR is shown in (a), followed by the first six calculated eigen-
modes in order of increasing energy: (b) SRR dipole mode; (c) longitu-
dinal bonding rim mode; (d) transverse bonding rim mode; (e)
transverse anti-bonding rim mode; (f) longitudinal anti-bonding rim
mode; (g) third order SRR mode. Structure of the upright SRR with bro-
ken rim symmetry is shown in (h), followed by the first six calculated
eigenmodes in order of increasing energy: (i) SRR dipole mode; (j) lon-
gitudinal bonding rim mode; (k) longitudinal anti-bonding rim mode; (l)
transverse bonding rim mode; (m) transverse anti-bonding rim mode;
and (n) higher order mode, combination of quadrupole rim modes and
third order SRR mode.
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plane. Using the EELS and CL data and comparing with
the results of our calculations, we can begin to identify the
high order modes present in the SRR structure.

We do not see, in the upright SRR, exactly the same set
of eigenmodes as expected for a planar SRR [10,36]. The
classic SRR resonances are present as eigenmodes (Fig. 4b,
g, and i), but are comparatively weaker and are not seen in
experiment. As the orientation of the electron beam rela-
tive to the SRR changes, the excitation probability for
these modes changes [8] and we expect that these classic
SRR resonances have a very small excitation probability
when the SRR is in this upright orientation. We observe in
our experimental data and simulations that the 3D shape
gives the opportunity for a different set of modes to

dominate the collected signal, as we shall discuss next.
Examining the hollow structure of the pillars on the upright
SRR, we can consider the modes in the pillars (Fig. 4c–f and
j–m) as arising from the coupling of dipole modes around
the rims of the pillars.

In a single rim, the lowest order mode will be the dipole
mode and will appear at the same energy for all polariza-
tions across the rim; when another rim is brought into
proximity with the first, this dipole mode splits into longi-
tudinal and transverse bonding and anti-bonding modes
found at different energies [37], as can be seen in the plas-
mon eigenmode expansion (Fig. 4c–f). Changing the sym-
metry of the coupled rims (Fig. 4h) will change the order
of the rim eigenmodes. With the ‘perfect’ structure

Fig. 5. Experimental results from EELS (a–d, i) and CL (e–h, i). (a) High angle annular dark field image of
SRR; (b–d) SPR maps extracted from EELS showing (b) the SRR magnetic dipole mode (0.6875 eV); (c)
the longitudinal anti-bonding rim mode (1.420 eV); and (d) a transverse rim mode (1.772 eV). (e) SEM
image of SRR; (f–h) SPR maps extracted from CL data showing (f) the longitudinal bonding (1.375 eV)
and (g) anti-bonding (1.725 eV) rim modes; and (h) a transverse rim mode (2.120 eV); (i) EELS and CL
spectra, insets indicate the areas from which the spectra were extracted.
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(Fig. 4a), we observe that the longitudinal bonding mode is
at the lowest energy, followed by the transverse bonding
and anti-bonding modes, then the longitudinal anti-
bonding mode. With a relatively small change in symmetry
(Fig. 4h), the longitudinal bonding and anti-bonding
modes appear first, followed by the transverse bonding
and anti-bonding modes, because of the small change in
the shape of the pillars. This suggests that the order of the
coupled rim modes may depend strongly on the fabrication
quality and exact geometry.

In the lowest energy mode visible in CL, at 1.375 eV
(Fig. 5f), we observe higher intensity in the gap between
the pillars, allowing us to match it with the second mode
seen in simulations, at 1.905 eV (Fig. 2c). Comparing this
with the surface charge distribution (Fig. 3c), we classify
this mode as the longitudinal bonding mode of the coupled
rim modes on the pillars. Expecting that the spatial distri-
bution of this mode would be the same in the EELS data, it
would be very difficult to retrieve any signal because of the
high scattering of the electron beam within the structure,
where the mode intensity should be highest. We also
observe that in the simulated spectrum, the longitudinal
bonding mode is, at most, a shoulder on the peak of other
rim modes (Fig. 2b) and therefore, we conclude that this
mode has very weak coupling to the electron beam. We
suggest, however, that because the mode has a strong
dipole moment, it may couple strongly to radiation, pro-
viding a strong CL signal despite a weak EELS signal.

The longitudinal anti-bonding mode occurs at 2.038 eV
in the simulations (Fig. 2c), with the calculated surface
charges shown in Fig. 3f. We would expect the map from
this mode to show more intensity towards the outer edges
of the pillars, as we see in the experimental CL peak at
1.725 eV (Fig. 5g). With the overlapping of tails from the
peak at 1.375 eV, we still note some intensity towards the
center of the structure in the CL data, but the intensity dis-
tribution of this mode can be made very clear by observing
the difference map (Fig. 6a). The longitudinal anti-bonding
mode might be expected to be non-radiative, however, we
see it clearly in both the CL data and simulation. The large
size of the SRR compared to the wavelength of light means
that retardation effects will contribute significantly to the
SPR modes seen; non-dipole modes may be radiative when
retardation effects play a role [38,39]. In addition to this,
we suggest that the conductive coupling of the pillars
through the rest of the SRR structure changes the charge
configuration of the anti-bonding rim mode (Fig. 3f)
enough to produce a net dipole configuration and allow
the anti-bonding mode to radiate. This is further aided in
the experimental structure by asymmetries from the fabri-
cation of the SRR, which can cause modes which would
typically be considered dark to radiate [40].

In the EELS data, we observe two peaks in addition to
the first-order magnetic dipole mode: at 1.420 eV (Fig. 5c)
and 1.772 eV (Fig. 5d). These two peaks are at high ener-
gies and their fields are more tightly confined to the SRR
than the magnetic dipole peak at 0.6875 eV. Combined
with the noise in the spectrum, the tight confinement
makes it difficult to distinguish the differences between the
two peaks and identify the type of mode to which each
corresponds. To make it easier to see the structure asso-
ciated with each peak, we take difference maps between
neighbouring peaks (Fig. 6c).

The low energy peak, at 1.420 eV, has a high intensity
towards the left outer edge of the SRR (Fig. 6c), implying
that this mode is a longitudinal mode. It is difficult to dis-
tinguish between the bonding and anti-bonding longitu-
dinal modes based on the EELS data alone, because of the
high scattering of the electron beam within the structure,
where the intensity for the bonding mode should be high.
The high intensity at the outer edges of the pillars suggests
that this mode is most likely to be the longitudinal anti-
bonding mode, implying that the longitudinal bonding
mode is not visible in our EELS data at all, because of a
combination of the scattering of the electron beam and the
low excitation probability, as seen in the simulated spectra
(Fig. 2b).

The highest energy EELS peak, at 1.772 eV, is difficult
to identify without the difference maps. In comparison to
the 1.420 eV peak, the 1.772 eV peak has more intensity

Fig. 6. Difference maps of neighbouring peaks, as seen in the spectra
and extracted energy slices available in Fig. 5. (a) CL difference map
of the longitudinal bonding mode (1.375 eV) subtracted from the lon-
gitudinal anti-bonding rim mode (1.725 eV); (b) CL difference map of
longitudinal anti-bonding rim mode (1.725 eV) subtracted from trans-
verse rim mode (2.120 eV); (c) EELS difference map of longitudinal
anti-bonding mode (1.420 eV) subtracted from transverse mode
(1.772 eV); (d) repetition of (b) with pixels corresponding to the phys-
ical sample removed for a clear comparison with the same modes in
the EELS data (c).
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around the sides of the pillars, suggesting it might be a
transverse rim mode.

To more easily compare the EELS and CL data, we also
create difference maps between neighbouring CL modes
(Fig. 6a and b). The CL difference map between the
1.725 eV and 1.375 eV peaks, in Fig. 6a, has been dis-
cussed above. The other CL difference map (Fig. 6b),
between the peaks at 2.120 eV and 1.725 eV, shows that
the higher energy peak has strong intensity at the sides of
the pillars, while the lower energy peak has a high intensity
at the left outer edge of the SRR. Masking the pixels which
correspond to the location of the sample (where the scat-
tering is strong and recorded EELS intensity is very low)
allows us to visually compare this difference map with the
EELS difference map between 1.772 eV and 1.420 eV. The
two difference maps, from CL and EELS, compare very
well. The comparison supports the argument that the
1.772 eV EELS peak is the same as the 2.120 eV CL peak
and that the 1.420 eV EELS peak is the same as the
1.725 eV CL peak, despite the differences in energy
between the two techniques, which may arise from the dif-
ferences between the full and the radiative electromagnetic
density of states, damping in the substrate, or the build-up
of carbon contamination under the electron beam in the
SEM vacuum chamber.

The highest energy SPR mode of the three that we
observe in CL (2.120 eV, Fig. 5h) and EELS (1.772 eV,
Fig. 5d) can be immediately identified as a transverse rim
mode because of its high intensity towards the sides of the
pillars. The transverse bonding and anti-bonding modes
show clearly in the eigenmode calculation (Fig. 4d and e),
but do not have clearly separated peaks in the spectrum
(Fig. 2b). By placing the simulated electron beam towards
the sides of the pillars, we can see that the transverse mode
response is mixed with that of the nearby longitudinal
mode responses (Fig. 3d and e). The surface charge distri-
bution in Fig. 3d, at 1.905 eV, hints that the transverse
bonding mode is near this energy, but perhaps dominated
by the longitudinal bonding mode. At 2.038 eV, the peak
we identified as the longitudinal anti-bonding mode, pla-
cing the electron beam at the side of the pillar (Fig. 3e)
induces surface charges similar to the transverse anti-
bonding eigenmode in Fig. 4f. Although in the simulation
of the ideal structure, the transverse modes are in between
the two longitudinal rim modes, we would like to empha-
size that small changes in the symmetry can cause changes
in the order in which the eigenmodes will appear (Fig. 4j–m).
Without the use of tomography and quantitative measure-
ments of the precise and exact dimensions on such a complex
3D structure, it is difficult to know exactly what the shape of
each rim is. Due to this sensitivity, we can only suggest that
the symmetry of the rims is broken in such a way as to

favour the transverse rim modes being at a higher energy
than the longitudinal rim modes.

In general, the spatial distributions of the transverse
bonding and anti-bonding rim modes will appear identical
in EELS data and be very difficult to differentiate except by
energy and prior knowledge of the mode order, since EEL
measurements are not sensitive to the plasmon phase.
However, based on the symmetries of the charge configur-
ation, we might expect that the transverse bonding mode
will be non-radiative and distinguishable from the trans-
verse anti-bonding mode based on correlative EELS and
CL. With retardation effects and the asymmetries present
in our structure which may change the radiative properties
of the modes, it is difficult to discern differences between
these two modes, and we can only identify the mode at
2.120 eV in CL and 1.772 eV in EELS as a transverse rim
mode.

The mode at 2.384 eV (Fig. 3g) in the simulations
appears to be a fourth order mode which might be found
in a classic SRR [10]. We expect that this mode, and other
classic SRR modes, may have a weak coupling to the elec-
tron beam because of the orientation of the SRR. It may be
present in the spectrum, but very weak or at a high enough
energy that it cannot be distinguished from the bulk plas-
mon, as we observe that it is also very close to the bulk
plasmon in the simulated spectrum.

In the simulations, we also observe EEL signal arising
around 2.4–2.5 eV, which we attribute to the bulk plas-
mon of gold. There is very little signal in the CL spectra
(Fig. 2b) at these energies (simulated maps are normalized
individually): any transitions in this range are non-
radiative. In the CL maps, we begin to see that the edges of
the structure develop a very narrow feature at high ener-
gies (2.384, 2.446 eV), where the CL signal is low and the
normalization of the maps emphasizes very minor differ-
ences in signal. It is likely that this is appearing as a result
of the numerical treatment of the SRR mesh and simulated
electron beam. We note that the fine variations along this
feature correspond well to the nodes used in the simulation
mesh. The EEL map at 2.446 eV becomes brighter where
the thickness of the gold is higher, corresponding to a long-
er transit time of the electron beam through the gold. We
do not see the bulk plasmon in the experimental EELS
data because of the high scattering and lack of signal from
the electron beam passing through the structure.

Correlative spectroscopy of 3D structures

Each technique we have used brings its own unique advan-
tages to the study of SPR modes; we show the value of
using both techniques in conjunction when facing the chal-
lenge of analyzing a 3D structure. EELS covers a broad
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energy range and reveals the whole spectrum of resonance
modes in a single spectrum image acquisition. EELS makes
it possible to detect both bright and dark modes, but plas-
mon peak extraction suffers from proximity to the zero
loss peak, with the peaks of interest lying on the broad tail
of the zero loss peak intensity. When studying a 3D nanos-
tructure, EELS reveals an additional weakness as a trans-
mission technique: the thick gold structure causes high
scattering of the electron beam, resulting in low signal
reaching the EEL spectrometer. EELS cannot detect the
fine spatial structure of the SPR modes within the 3D sam-
ple itself because of this scattering and we can obtain infor-
mation on the modes only from aloof excitation of SPR.

The SPR fields we are able to detect in EELS come from a
combination of inelastic delocalization of low energy loss
processes and the extent of the evanescent field of the SPR
itself. Delocalization in the low-loss regime of the EEL spec-
trum can restrict the achievable spatial resolution [41], mak-
ing low energy plasmon modes appear broader spatially than
predicted [42]. The spatial broadening of the lowest energy
modes also comes from the sloping background of the zero
loss peak; this effect is reduced after RL deconvolution is
applied [25]. These delocalization factors prove to be helpful
in detecting SPR modes in 3D structures, in which most of
the signal is scattered by the thick specimen, by increasing the
signal obtained using an aloof beam configuration.

The lowest energy modes, such as the magnetic dipole
mode in the SRR, will have the largest plasmon wave-
length, which in combination with the dielectric functions
of the metallic structure and the medium it is present in,
affect the SPR field confinement [43]. Regardless of the
thickness of the sample, the electron beam will be able to
interact with at least the lowest energy modes outside the
structure. Higher energy modes will tend to be more tightly
confined to the metal and will be harder to detect in highly
scattering samples: the electron beam must be very close to
or on top of the structure to interact with the SPR field and
excite a resonance. This implies that for EELS on thick or
highly scattering samples, the tightly confined modes will
be very difficult to probe due to poor SNR over the top of
the structure. With lighter elements or the more common
2D thin film samples, scattering of the electron beam is less
of a problem and with sufficient current, tightly confined
modes and cavity modes are accessible with EELS.

Comparing the spatial resolution of STEM-EELS and
SEM-CL, due to the difference in probe size between the
two instruments and the operation at different accelerating
voltages (80 kV in the STEM and 30 kV in the SEM), we
are able to obtain a much higher resolution with STEM
data than what is achievable with SEM-CL (compare
Fig. 5a and f). We suggest that the high spatial resolution
of STEM-EELS could be used to determine if there are fine

details in the SPR mode structure which cannot be resolved
in the SEM-CL data. With the modes we are studying, it
does not appear that the SPR features are smaller than the
SEM-CL spatial resolution can identify.

The CL signal collected does not rely, as EELS does, on the
detection of evanescent fields through aloof excitation. We
have shown in our analysis of the plasmon modes how the CL
signal can be used to provide missing information on the
mode structure of the tightly confined higher order modes,
allowing us to identify the character of the resonance modes,
although it does not cover the same spectral range as EELS.
Interestingly, we have found that the longitudinal bonding
mode has very weak signal in EELS, but strong signal in CL,
both in simulation and experiment. This is likely due to the
configuration of the SPR electric fields; with a strong net dipole
moment it could be expected to have strong radiative proper-
ties, but because of the orientation of this dipole moment the
components of the field parallel to the electron beam are
weak, and so coupling to the electron beam is weak.

An interesting point to note for the study of a 3D struc-
ture is in the theoretical link between the EEL signal and the
electromagnetic local density of states (LDOS), as estab-
lished by Kociak and García de Abajo [44]. Included in the
derivation is invariance of the sample along the z-direction,
or beam propagation direction: the structure is assumed to
be planar. Building the 3D structure, as we have done here,
breaks the symmetry along this direction and the assump-
tion of z-invariance no longer holds, which may have some
interesting implications for the given relationship between
EEL signal and the LDOS of the structure: the relationship
is unlikely to be as simple as in the 2D case.

Finally, from a practical point of view regarding the col-
lection parameters, we must acquire for a much longer time
and much higher beam current to collect enough CL signal
compared to EELS, bringing additional problems related to
sample drift and contamination build-up. CL signal relies on
both excitation and emission probabilities, while the EEL
signal requires only excitation. We do gain benefits in CL
from the necessity of fabricating the sample on an electron-
transparent substrate for EELS analysis. With a thin mem-
brane supporting the SRR, there is very little background CL
signal coming from interactions of the electron beam with
the substrate, something which can be a significant source of
unwanted signal, but we may experience shifts in the plas-
mon energy because of the collection of carbon contamin-
ation and change in the dielectric environment under the
electron beam in the relatively poor vacuum of the SEM.

Concluding remarks

We have fabricated a single upright nanoscale SRR and
studied its plasmon resonance modes using both EELS in a
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STEM and CL in a SEM, complemented with simulations of
the plasmonic response under electron beam excitation. We
find that the use of both experimental techniques offers more
insight into the resonance modes than either technique would
if used alone. From the EELS data, we identify the magnetic
dipole moment classic to the SRR, at 0.69 eV energy loss.
Using the CL data, we identify the higher order modes in the
visible regime of the electromagnetic spectrum, and denote
these as longitudinal bonding and anti-bonding rim modes
around the rims of the hollow pillars, and a transverse mode
arising from coupling of rim modes on the upright SRR. We
further examine the EELS data by using difference maps
between modes close in energy to reveal the finer structure of
the mode intensity. We confirm our mode assignment with
calculated spectra, intensity maps, and surface charge density
distributions using the MNPBEM software.

We provide a comparison of EELS and CL and show
how each of them can compensate for deficiencies of the
other to provide more complete information on a 3D sam-
ple. The high scattering of the transmitted electron beam
inside the 3D sample is a difficult limitation to overcome for
EELS, but not for CL, where a good SNR for SPR radiation
can be obtained over the whole structure independent of
thickness. The CL signal, however, is limited to radiative
modes emitting within the spectral range covered by the cho-
sen optical spectrometer, whereas EELS can cover the full
spectral range of interest and probes both dark and bright
plasmon modes. The two techniques can be performed on
exactly the same nanostructure, as we have shown here, pro-
vided the compatibility with TEM is ensured, giving a direct
correlation between the signals obtained from each. Finally,
the results presented here highlight the need to use both
EELS and CL to study 3D nanostructures to provide a more
complete understanding of the SPR modes present.
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