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ABSTRACT: We present a combined scanning transmission electron micros-
copy−electron energy loss spectroscopy (STEM−EELS) investigation into the
mode symmetries of plasmonic nanoparticle trimer and tetramer structures. We
obtain nanometer-resolved energy loss spectra for both trimer and tetramer
structures and compare these to boundary element method simulations. We show
that EELS, in conjunction with eigenmode simulations, offers a complete
characterization of the individual superstructures, and we trace the evolution of
both optically dark and bright modes and identify multipolar mode contributions.
We then apply this technique to tetramer structures that exhibit an expanded
range of mode symmetries for two-dimensional and three-dimensional self-
assembled geometries. These findings provide a comprehensive experimental
account of the available photonic states in self-assembled nanoparticle clusters.

KEYWORDS: STEM−EELS, surface plasmon, nanoparticle assemblies, non-negative matrix factorization,
electron energy loss spectroscopy

Planar arrangements of self-assembled nanoparticles have
generated a substantial research following due to the
unique surface plasmon phenomena they support.

Circularly arranged nanostructures are of particular interest
due to the accommodation of Fano-like resonances which can
lead to enhanced localized electric fields in the vicinity of these
structures.1−3 Such field enhancements are useful in the
amplification of Raman signals for chemical sensing,4,5 and it
has been proposed that circular two-dimensional (2D)
nanoassemblies could be used for plasmon-based optical
switching.6 Moreover, three-dimensional (3D) nanostructures
are predicted to be useful meta-materials with negative
refractive indices that could have potential application in
cloaking devices.7−9 A comprehensive understanding of the
surface plasmon modes in discrete plasmonic structures, the
underlying states of these photonic systems, is essential for both
understanding and optimizing the design of these nanoscale
elements.

Plasmon coupling in small nanoparticle assemblies has been
likened to that of molecular orbital theory, where plasmons
from interacting particles can hybridize giving rise to “bonding”
and “antibonding” states.10 Discrete nanoparticle assemblies
can thus be viewed as “plasmonic molecules”, where the
plasmon modes of individual nanoparticles behave collectively
as a result of plasmon hybridization. Furthermore, the overall
plasmonic behavior of discrete nanoparticle assemblies has been
shown to be largely dependent on structure symmetry.
Irreducible representations of nanoparticle assemblies, derived
from group theory, have been demonstrated to provide a solid
basis for understanding the plasmon modes of these
systems.11,12 However, the experimental observation of the
plasmonic properties of such nanoparticle structures has been
achieved predominantly with optical techniques.7,11−16 Modes
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that do not interact with light due to their negligible dipole
moment (termed “dark modes”) cannot be easily probed
optically. Optical effects that rely on coupling and interference

between two or more modes (e.g., Fano resonances) are
consequently better understood by experimental measurements
of both bright and dark plasmon modes.

Figure 1. (a) Schematic of the EELS geometry. (b,c) Comparison between the experimental results (b) and BEM simulations (c) of a gold
trimer consisting of 45 nm diameter spheres and a 55° semiangle is shown. The inset in (b) shows an ADF STEM image of the trimer. The
blue dots represent the recorded signal, averaged over a 3 × 3 pixel area (shown as the blue squares in the insets). The black spectrum
represents the sum of the model components. The gray component extracted by NMF in (b) represents the ZLP tail. For simulated EELS, the
model consisted of four Lorentzian resonances (α−δ) and the gold loss function (ε).

Figure 2. (a) Simulated eigenmode energies for systematic variation in the trimer semiangle as depicted in the overlaid schematic.
Eigenmodes are defined in the quasi-static approximation. (b) (i−iv) Simulated (full BEM calculations with electrodynamic retardation
effects) and experimental EELS maps of the plasmon modes detected in the nanosphere trimers, with corresponding ADF STEM and bright-
field TEM images shown in (v). Scale bars are 50 nm. Gold nanospheres used in this work have diameters of approximately 45 nm. White
numbers on the simulated EELS maps represent scaling factors. The simulated intensities for the 1.64 eV mode were low and are presented on
a normalized intensity scale relative to the mode adjacent in energy (marked with a scaling factor of ×1). Greek letters correspond to NMF
spectral factors corresponding to experimental maps (see also Figure 1 and Figure S2).
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Scanning transmission electron microscopy−electron energy
loss spectroscopy (STEM−EELS) is an effective technique for
the interrogation of dark modes.17,18 The technique involves
measuring the energy lost in a focused high-energy electron
beam (80−300 keV) after interaction with a sample. When
incident upon a metallic nanoparticle, a small amount of kinetic
energy from the fast electrons can be transferred to the free
electrons in the metal, leading to a collective plasmonic
excitation of the electron gas and a characteristic energy loss in
the transmitted beam.19−21 This interaction of the electron
beam with nanoparticle surface plasmons, combined with the
subnanometer resolving power of the STEM technique, enables
spatially resolved mapping of electron energy losses22,23 and
allows direct observation of plasmon modes that are
inaccessible to optical techniques.17 Furthermore, the
STEM−EELS technique allows for the simultaneous morpho-
logical and spectral analysis of individual nanostructures, a
significant advantage over current time-consuming methods
used to correlate the optical scattering spectra with separate
structural characterization by electron microscopy.24−28 The
spatial information obtained through EELS enables definitive
mode assignments excited in assembled plasmonic structures.
Single metal nanoparticles including spheres,22,29,30 rods,22,31

cubes,32 bipyramids,33 and nanowires34−37as well as nano-
particle dimers,18,31,38 trigonal planar particle trimers,39 and
nanosphere chains17 have been analyzed using STEM−EELS,
but the technique has, to the best of our knowledge, yet to be
applied for the systematic study of surface plasmon resonance
modes in nonlinear 2D and 3D three-particle (trimer) and four-
particle (tetramer) assemblies.
In this work, we present a comprehensive EELS investigation

of the mode symmetries giving rise to surface plasmon
excitations in trimers and tetramers. A complete analysis of
the mode evolution of trimer structures upon ring-opening (i.e.,
moving from a three-fold symmetric trimer to a linear chain
trimer) informed by boundary element method (BEM)
simulations and analyzed on the basis of point group irreducible
representations is presented and compared to experimental
EELS data. The addition of a fourth particle promotes a greater
range of possible self-assembled geometries in the form of 2D
and unique 3D structures. We investigate the role of tetramer
symmetry for both in-plane (2D) and out-of-plane (3D)
geometries, drawing on numerical simulations and experimental
EELS spectrum imaging. In turn, we report modal symmetry
assignments and the mode symmetry and energy evolution as a
function of trimer and tetramer geometry. The results from the
present study are discussed with reference to the optical
response of similar structures throughout.12 The combined
systematic study of spatially resolved mode mapping and
symmetry assignment by experimental EELS and eigenmode
analysis enables correct assignment of mode contributions in
these increasingly complex nanoparticle ensemble structures.
These mode assignments are not possible directly from far-field
spectroscopy or from simulations on a single structure,
particularly due to the complex interplay and significant
resonance energy shifts associated with geometric distortions.
Our systematic mode symmetry analysis now outlines the
optical design toolbox for three- and four-particle 2D and 3D
nanophotonic structures.

RESULTS
EELS measurements on trimer and tetramer systems offer
simultaneous spectral and spatial information about the

plasmonic resonances of gold nanoparticle ensembles. Figure
1a displays a schematic of the experimental setup. The incident
electron beam is scanned in a 2D raster over a region enclosing
a nanoparticle cluster. At each point in the scan, the transmitted
beam is collected by an annular dark-field (ADF) detector and
an EELS spectrometer, resulting in the acquisition of an image
and an EELS spectrum image data cube from the region. Figure
1b,c presents spectral analysis of EELS signals recorded from a
trimer with a 55° semiangle between the terminal particles.
This trimer has two mirror planes, one in the plane defined by
the centers of each particle and a second mirror plane
orthogonal to the first. The semiangle here is measured relative
to the second orthogonal mirror plane, as additionally
illustrated in Figure 2a. Figure 1b depicts electron energy loss
from a selected area (3 × 3 pixels) recorded at the tip of the
right terminal particle (blue square, inset). Non-negative matrix
factorization (NMF) was applied to further decompose the
entire spectrum image, and the separated spectral components
are each presented according to their weighting at the selected
trajectories.40,41 Briefly, NMF decomposes the spatio-spectral
data cube into a linear combination of spectral factors and
corresponding amplitude maps, indicating the weighting of
each spectral factor at each pixel. The black line shows the sum
of all components. The corresponding amplitude maps are
shown in Figure 2b. The NMF decomposition model
reproduces the original data with high fidelity and significantly
reduced noise. The background due to the spread in the
incident beam energies, the zero loss peak (ZLP) tail, was
recovered by NMF decomposition and separated from the
energy losses due to excitation of surface plasmon resonances
of the trimer. The spectra were further separated into four
features attributed to the surface plasmon resonances (α−δ)
and one further component (ε) attributed to the interband
transitions of gold. These were identified according to the
dominant peak or band edge signature in the spectral factor,
and the center or edge onset was used to estimate the energy of
the resonance (see also Figure 2b for experimental energies).
While the numerical NMF algorithm returns spectral factors
with some residual satellite peaks, most factors are dominated
by a single peak or show the shape of the interband edge and
bulk plasmon excitations expected for gold. Here, the
symmetry, and accordingly the spatial distribution of the
EELS intensity, and the relative peak energies are the key points
of comparison for understanding the underlying mode
structure. NMF is well-suited to this analysis despite imperfect
peak shape recovery as it imposes minimal assumptions (non-
negativity) on the data set and allows for separation of surface
plasmon resonance features from an irregular background
consisting of ZLP and bulk and interband transition
contributions.
Each of the components α−ε was reproduced in BEM

simulations of an ideal gold trimer consisting of 45 nm
diameter gold spheres arranged with a 55° semiangle. The BEM
simulations were performed using a purely real dielectric
environment with no substrate (Figure 1c; see also Figure 2
and Figure S1). The simulated EELS signal was also modeled as
the sum of four spectral features (α−δ) and the gold loss
function (ε), fitted using four Lorentzian peaks with the loss
function derived from the dielectric function reported by
Johnson and Christy.42 Minor discrepancies between the sum
of the four Lorentzian components and the recorded signal in
Figure 1c were observed at energies above 2.5 eV due to the
truncation of the series of higher-order multipolar resonances
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of metal spheres43 not captured in the four lowest-energy
peaks. The contribution of the gold bulk loss function is
prominent in both the experimental and simulated cases.
Furthermore, the relative energies of the four dominant
contributions to the spectral features were reproduced in the
simulation and in the experiment (see also Figure 2b). The
relative intensity of the α component was lower in the
experimental EELS than predicted by the simulated energy loss
probability at a similar trajectory. However, substrate-,
contamination-, and ligand-induced damping effects of low-
energy resonances44 and deviations from an ideal spherical
geometry likely alter the relative intensities of each mode to a
small degree. The experimental spectral components also
appeared as broader peaks, consistent with higher damping as
well as spectral broadening due to convolution with the ZLP.
Spectral factors for each NMF analysis are presented in

Figure S2. Figure 2 presents a series of eigenmode calculations
(defined exclusively in the quasi-static approximation) as well as
a set of experimental and simulated EELS maps (full
electrodynamical BEM calculations). The overlaid particle
geometry schematics show four representative structures,
tracking the evolution of three-fold symmetric trimer (left) to
a linear chain trimer (right) via bent intermediate geometries.
Each of these structures has been defined by the semiangle
between the two terminal particles. These angles are shown on
each of the schematics in Figure 2a, and the trimers were
analyzed on the basis of point group irreducible representa-
tions. In this instance, a semiangle of 30° corresponds to the
symmetric trimer of the D3h point group; a 90° semiangle
corresponds to a linear trimer of the D∞h point group, and
intermediate structures belong to the C2v point group. The
energy diagram plots the shifts in individual eigenmode
energies as a result of the changing interparticle coupling for
the geometry series. Surface charge diagrams for these mode
evolutions are shown in the Supporting Information (Figure
S1). Figure 2b(v) shows ADF STEM and bright-field TEM
images of four gold nanoparticle trimers with semiangles of
approximately 30, 35, 55, and 80° when moving from left to
right, along with experimental and simulated EELS maps of
these structures shown in Figure 2b(i−iv). Due to scan
distortions during EELS acquisition, the ADF STEM and EELS
maps were corrected by reference to the bright-field TEM
images, giving rise to black regions where the images have been
sheared, rotated, and cropped (see Methods). Critically, the
EELS spectrum imaging results here allow for experimental
mode assignment based on both spatial signal distributions as
well as mode energies. Comparisons between simulations and
experiments are common in far-field optical spectroscopy but
do not allow for inspection of spatial signal distributions. In
contrast, the direct comparisons between experimental EELS,
BEM EELS simulations, and BEM eigenmode calculations
presented here enable validation of mode symmetry assign-
ments based on both spectral energies and spatial EELS signal
distributions. These combined analyses are integral to the
confident assignment of the observed surface plasmon modes
identified by the experimental STEM−EELS mapping of
trimers (Figure 2) and tetramers (Figure 4).
A detailed description of the trends shown in Figure 2a is

given in the Supporting Information. Briefly, the trends in
individual mode energies arise from the extent of interparticle
coupling in the near-field; as the terminal particles separate with
increasing semiangle, reduced coupling results in changes to
mode hybridization and an increase in many of the trimer mode

energies. In contrast, out-of-plane dipolar modes (e.g., B1 mode,
Figure S1) exhibit minimal energy shifts as the in-plane
semiangle does not alter hybridization of the individual particle
modes significantly in this case. Figure 2b(i−iv) shows the
EELS maps (both experimental and simulated) for the trimers
shown in Figure 2b(v) that represent stages of this ring-
opening process. These maps are plotted on a normalized scale
to accommodate comparisons between experimental and
simulated maps across a range of signal intensities. The
normalization factors are presented in the Supporting
Information (see Table S11). EELS intensities are not directly
interpretable in terms of optical properties;43 however, the
underlying eigenmodes can be used to calculate optical
responses to any incident electromagnetic field.45

The energies associated with the experimental EELS maps
represent the energy of the dominant peak or band edge in the
corresponding spectral factor (see Figure S2). The correspond-
ing BEM simulations were performed in the fully retarded case
rather than in the quasi-static approximation used for
eigenmode simulations. An eigenmode decomposition of the
retarded case has not been reported to date; however, the
simulations accounting for retardation by considering the time-
varying nature of the incident and induced fields provide the
best possible model for comparison with experimental EELS.
The resulting energies differ from the eigenmode energies due
to retardation-induced red-shifting, but the underlying
symmetries of the resonances are present in the simulations
and in the experimental EELS maps. Beginning with the EELS
maps shown in Figure 2b(i), the lowest-energy mode simulated
for the D3h trimer, with an energy of 1.64 eV, shows EELS
intensity around the perimeter of the structure, with the EELS
intensity reaching a maximum at the furthest point on each
nanosphere from the center of the structure. The ring-like
displacement current is characteristic of a magnetic mode,1,46

and the symmetry of the mode was assigned to the A2′
irreducible representation in the D3h point group. The A2′
mode was not detected experimentally via EELS due to poor
coupling to the incident electron beam; hence an experimental
EELS map for this mode is not shown. BEM simulations
revealed the A2′ mode to exhibit substantially weaker
interaction with the electron beam as the simulated A2′ mode
map is scaled by a factor of 12 in Figure 2b(i) relative to the
maximum EELS signal in the simulated map for the 1.79 eV
mode in Figure 2b(ii). This magnetic mode was experimentally
observed in an EELS study of 25 nm diameter silver particle
trimers,39 but the higher damping in gold due to its intrinsic
dielectric properties,42 the size-dependent variation in EELS
intensity of surface plasmon excitations in spheres,43 and the
greater overlap with the ZLP tail for the 45 nm diameter gold
particle trimers studied here preclude observation of this mode.
However, by extending this investigation into a series of
symmetry-broken trimers, the related B2 mode derived from
this magnetic mode of the perfectly symmetric trimer was
observed in these self-assembled gold trimers.
As the semiangle of the trimer increases, and its symmetry

alters to that of the C2v point group, the A2′ mode transforms
into a B2 mode. This mode is evident for trimers with 35 and
55° semiangles, and the experimental and modeled EELS maps
for these modes are shown in Figure 2b(i) with energies of 1.42
eV in the experimental data and 1.70 and 1.67 eV for the
modeled maps. This discrepancy in energy (<0.3 eV) was
attributed to incomplete modeling of the substrate and
dielectric environment (see also Methods). The modeled
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maps for these B2 modes indicate that the EELS intensity
decreases around the central nanoparticle, while the EELS
intensity increases around the terminal nanoparticles. This
trend is evident in the experimental EELS maps, although the
EELS intensity is consistently weak near the central nano-
particle for all semiangles. The consistent observation of the B2
mode across all gold trimer geometries extends previous
analysis of this mode in silver nanoparticle aggregates.46 Our
EELS observations reveal that similar modes and mode
hybridization effects occur in gold trimers. Although EELS
generally does not record the asymmetric Fano line shape of
such modes,32,37 it does allow identification of the underlying
resonance energies of hybrid modes, and our experimental
evidence for the B2 mode here establishes the feasibility of
engineering Fano resonances using self-assembled gold trimers.
As the semiangle increases further, the B2 mode of the C2v

trimer transforms into the Σu
+ mode of the linear trimer of the

D∞h point group. This mode is known as the longitudinal
mode, or the super-radiant bright mode, and has been
previously studied in linear nanoparticle structures via
EELS.17 The most linear trimer presented in this work
exhibited a slight deviation from perfect linearity; thus the
experimental EELS map for the mode at 1.42 eV in Figure
2b(i) (1.65 eV in the simulated map) is that of a B2 mode.
However, the EELS intensity of this mode closely resembles
what would be expected for a Σu

+ mode, with an intense EELS
signal observed around the ends of the trimer chain and
minimal intensity recorded near the central nanoparticle.
Although the experimental EELS map shows no signal around
the end of the bottom-most nanoparticle, likely due to
incomplete separation of the EELS intensities by NMF for
the modes at 1.42 and 1.87 eV as well as imperfect modeling of
the local ligand environment at each terminal nanoparticle,17

the particle morphology, and substrate interactions. Still, the
remarkably simple model of the sphere trimer in vacuum
reproduces the energy and distinguishing spatial distribution
features in the map of the quasi-linear experimental chain.
The simulated EELS map in Figure 2b(ii) for the E′ modes

at 1.79 eV for the D3h trimer shows a similar intensity
distribution to that of the A2′ mode; however, the EELS
intensity is more localized at the tips of the nanoparticles. The
experimental EELS map for this mode shows a very similar
distribution of EELS intensity; however, the EELS signal
around the top-most nanoparticle is less evident. Both the
experimental and simulated energies for this mode agree (1.82
and 1.79 eV, respectively).
As the symmetry of the trimer is lowered to that of the C2v

point group, the lower-energy mode of the E′ representation, a
doubly degenerate set of dipolar modes in D3h symmetry,
converts to an A1 mode, with the net dipole in the trimer
aligned with the retained mirror plane in the C2v geometry (see
also Figure S1). The experimental and simulated EELS maps
for this mode in the trimer with a semiangle of 35° can be seen
in Figure 2b(ii), both with energies of 1.82 eV. Even the slight
5° change in the semiangle of the structure results in a drastic
change for this mode, with the simulated EELS signal
significantly reduced around the two-terminal particles in the
trimer. The simulated EELS intensity is pronounced around the
central nanoparticle, as expected for the symmetry-breaking of a
pair of degenerate dipoles in the D3h (E′) to C2v (A1 + B2)
mode evolution. The experimental EELS map of the A1 mode
at 1.82 eV likewise shows a significant EELS signal around the
central nanoparticle. Some EELS signal is recovered at the

terminal particles, particularly the bottom-most particle in the
experimental map. In the simulated map for the 1.82 eV mode
(35°), the EELS intensity is significantly reduced at the
terminal particles. The experimental relative intensities differ
slightly; the ideal E′ mode splitting is not reproduced perfectly
in the approximately C2v experimental trimer as fine-scale
deviations from C2v symmetry are not included in the
simulation model. Similar observations can be made concerning
the A1 mode of the 55° semiangle trimer, with the experimental
and simulated EELS maps presented in Figure 2b(iii), with
energies of 1.89 and 1.87 eV, respectively.
When the semiangle of a trimer reaches 90°, the A1 plasmon

mode converts into a Σg
+ mode. This mode has also been

described as the L2 subradiant mode, and for a perfectly linear
trimer, the EELS map for this mode has been shown to exhibit
signal around the central nanoparticle only.17 Despite a 10°
semiangle deviation from perfect linearity, the simulated EELS
map shown in Figure 2b(ii) (1.90 eV) shows almost exclusive
signal around the central nanoparticle as expected for the Σg

+

mode. The experimental EELS maps for this mode, which has
an energy of 1.87 eV, also shows a signal localized near the
bottom-most nanoparticle as well as near the central particle
(see also discussion of 1.42 eV mode for the linear chain
trimer).
As we begin to investigate the mode transformations in these

trimers beyond the lowest-energy doubly degenerate E′
representation, the mode assignment for the experimental
EELS maps becomes difficult due to the intrinsic overlap of
higher-energy modes. From 35° onward, A1, A2, B1, B2, and
higher-energy modes occur at similar energies, giving rise to
experimental EELS maps that contain contributions from more
than one mode. While the two lowest-energy modes remain the
lowest-energy modes for all considered geometries, eigenmode
calculations (Figure 2a) show multiple energy crossings as a
function of trimer geometry for the next five eigenmodes. In
the trigonal planar trimer (D3h), the higher-energy modes
comprise an E″ and a further E′ representation. In the linear
chain trimer (D∞h), the modes comprise Πu, Πg, and Σu

+

symmetry representations. At intermediate geometries (C2v),
the E″ representation splits to B1 and A2 and the high-energy E′
representation splits to A1 and B2. The B1 (E″) and A1 (high-
energy E′) modes decrease in energy and merge to become the
Πu representation in the linear chain. The A2 (E″) mode joins
the B2 (low-energy E′) mode to form the Πg representation,
and the B2 (high-energy E′) mode transforms to the high-
energy Σu

+ representation. Due to this alternative mixing of
doubly degenerate modes at the two extremes of the trimer
geometry, there is particular overlap of modes for semiangles
between 40 and 60° (B1, A1, B2, and A2 modes). As the
geometry approaches one of the two extreme geometries, the
modes separate into overlapping bands more similar to the
perfectly degenerate eigenmode pairs. A series of higher-order
multipolar modes appears at higher energies in addition to the
seven lowest-energy modes considered here, but for relatively
small spheres, these modes make minimal contribution to the
EELS signal.43

Both the simulated and experimental EELS maps were
decomposed into two spectral peak features in the energy
window where the multiple high-energy modes dominate. The
extent of each mode’s contribution to the signal depends on the
coupling efficiency to the electron beam, particularly the z-
component of the electric field for the mode.47 As a result, as
the modes evolve, the relative intensities of each contribution
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rise and fall, and so the contributions to each of the two
separated spectral peaks change both as a function of the
energy shifts due to the changes in mode symmetry and the
coupling of the electron beam to the electric field resulting
from the modal surface charge distribution. Moreover, due to
these effects, the peak energies recorded for EELS maps do not
follow a single trend in energy and do not track with the
individual eigenmode energies. Generally, the low-energy signal
and the high-energy signal observed were attributed to greater
bonding and antibonding character, respectively, among this set
of multiple overlapping multipolar modes.
The trimer mode analysis presented here as a function of the

semiangle, in conjunction with the comparison of experimental
EELS maps and full electrodynamic BEM simulations, enables
the identification of the symmetry character associated with
each map and its corresponding spectral signature by inspection
of the underlying surface charge distributions associated with
the modal EELS maps (see Figure S1). The net dipole
moment, necessary for strong coupling in optical experiments,
of each of the hybridized trimer modes varies as a function of
semiangle. EELS mapping experimentally documents this
evolution from bright dipolar modes to dark modes in key
cases, such as the asymmetric, dipolar E′−A1 mode’s evolution
to a dark, symmetric Σg

+ mode. Higher-order modes addition-
ally include multipolar moments, exhibiting higher-frequency
charge oscillations along the particle surfaces. These modes,
while not strongly excited by light, are recorded in the
experimental EELS data. The eigenmode decomposition in
Figure 2a offers a complete modal representation in this case,
further evidenced in the identification of each of the degenerate
contributions to the doubly degenerate modes in the limiting
cases of the trigonal planar D3h (E-type modes) and linear D∞h

(Π-type modes) geometries. Since EELS measurements are
sensitive to multipolar modes of spheres when optical

measurements are not,11,43 a complete eigenmode calculation
is critical for the interpretation of EELS signals.
Tetramer geometries give rise to a substantially richer surface

plasmon mode landscape due to the additional interparticle
coupling introduced by the fourth particle as well as additional
3D conformational possibilities. The top of Figure 3 shows a
series of tetramer structures, where the symmetry is altered
both in-plane (i−iv) and out-of-plane (v−vii). Beginning with
the in-plane series, structure (i) incorporates four nanoparticles
in a “Y” configuration and is defined by a semiangle of θ1 = 30°,
as seen in the schematic in Figure 3. This structure belongs to
the C2v point group. The point group then changes to D3h as
the semiangle increases to 60° (structure (ii)) and then to C2v
with a semiangle of 90° (structure (iii)), where the tetramer
resembles a “T” shape, before assuming D2h symmetry with a
semiangle of 120° (structure (iv)).
Structures (v−vii) represent a further symmetry trans-

formation series for out-of-plane geometries. Beginning with
the D2h tetramer (structure (v)), we redefine the semiangle as
θ2 = 60°, the supplementary angle to the semiangle defined for
structure (iv). The supplementary semiangle becomes the
convenient angular reference for out-of-plane movement of the
top-most particle (structure (v)). In modeling the evolution of
structures (v−vii), the top-most particle is lifted on top of the
structure, while the left-most and right-most particles are then
tucked under the top-most particle with a fixed interparticle
spacing to give a tetramer of the C2v point group with a
semiangle of 45° (structure (vi)). These particles then continue
their respective movements, such that a fully symmetric
tetrahedral structure (Td point group) is obtained with a
semiangle of 30°. These particle movements were selected to
gradually transform the particle ensemble geometry between
the experimentally observed tetramer structures shown in
Figure 4a. Such a gradual perturbation allows for the systematic
tracking of the eigenmodes, where small changes in mode

Figure 3. (Top) Series of schematics showing the symmetry evolution of a tetramer for in-plane (i−iv) and out-of-plane (v−vii)
transformations. (Bottom) Corresponding plots of the energies of the plasmon modes of (left) tetramers (i−iv) and (right) tetramers (v−vii)
for varying semiangles θ1 and θ2, respectively.
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energy and surface charge distribution facilitate comparison
between independent simulations and classification of each
mode with a transforming irreducible representation.
Figure 3 also shows two simulated energy diagrams that

highlight the dependence of mode energy in tetramer structures
on the semiangle for both the in-plane (left) and out-of-plane
(right) transformations. The nine lowest-energy modes are
shown in each case, and surface charge diagrams of the mode
evolutions are shown in the Supporting Information (in-plane,
Figure S3; out-of-plane, Figure S4) along with a description of
the mode evolutions for each case.
Figure 4a shows bright-field TEM and ADF STEM images of

three tetramer structures. As for the trimer maps, scan
distortions during the EELS acquisition were removed by
reference to the bright-field TEM images of the same structures
(see also Methods). The left-most structure represents a 2D
tetramer of the C2v point group, comparable to structure (iii) in
Figure 3. There is some deviation from the ideal left−right
mirror-plane symmetry in the experimental structure (left)
relative to structure (iii) in Figure 3. However, this distortion
only perturbs the underlying mode states slightly and gives rise
to modes with similar energies and spatial distributions (see
Figure S7). For the purpose of comparison with the D3h−C2v

transformations common to both the trimer and tetramer
systems, the mirror-symmetric structure (iii) is shown to

reasonably represent the modes in the experimental structure
(left). The middle tetramer is representative of a D2h tetramer,
which is shown in Figure 3 as structures (iv) and (v). The final
tetramer on the right in Figure 4a is another C2v tetramer but
now similar to structure (vi) in Figure 3 with one particle out-
of-plane. Such a tetramer is necessarily described as 3D, offering
a further tuning parameter to its near- and far-field optical
response.
Experimental and simulated EELS maps for these tetramers

are highlighted in Figure 4b. The energies given for the
experimental maps refer to the energy at the dominant peak
maximum or band edge identified in NMF spectral factors (see
Figures S8 and S9). In spite of the experimental challenges for
these data sets, including background contributions from the
ZLP, interband transitions and bulk plasmon excitations in
gold, and experimental noise, experimental maps were generally
in good agreement with simulations. Some of the spatial
intensity distributions deviated from simulated maps, partic-
ularly in the relative intensities (e.g., (ii) on the left, the 2D C2v

tetramer) or additional intensity in the experimental map (e.g.,
(iii) in the middle, the 2D D2h tetramer), attributed to
incomplete separation of modes adjacent in energy and to
deviations from the idealized spheres used to model particle
geometries. The experimental maps, however, consistently
show a combination of similar peak energies and similar

Figure 4. (a) Bright-field TEM and dark-field STEM images of the tetramers are shown: a 2D C2v tetramer (left), a D2h tetramer (middle), and
a 3D C2v tetramer (right). Scale bars are 50 nm. (b) Experimental and BEM simulated (retarded calculations) EELS maps for the tetramers in
(a) are shown. The colored boxes surrounding the EELS maps coordinate with the plots depicted in Figure 3. Gold nanospheres used in this
work have diameters of approximately 45 nm. White numbers on the simulated EELS maps represent scaling factors. The simulated intensities
for these modes were low and are presented on a normalized intensity scale relative to the mode adjacent in energy (marked with a scaling
factor of ×1). Greek letters correspond to NMF spectral factors corresponding to experimental maps (see also Figures S8 and S9).
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symmetries in the distribution of spatial intensity for the
dominant spectral features anticipated from simulations. These
considerations enable the identification of the dominant
underlying mode states (irreducible representations) of interest.
Figure 4b(i) shows EELS maps of the lowest-energy modes.

The 2D C2v tetramer has a mode with an energy of 1.48 eV, and
the simulated EELS map for this mode is shown next to it, with
an energy of 1.62 eV. The simulated EELS map exhibits the
highest EELS signal around the left-most and right-most
nanoparticles aligned horizontally with the three-particle
backbone of the structure. This is reflected in the experimental
EELS map for this mode, with intensity highest at opposite
ends of the three-particle backbone. However, the EELS signal
is only evident around the lower half of these particles, and
some EELS signal is evident around the bottom-most particle
in the structure, partially explained by the deviation in left−
right mirror symmetry in the experimental geometry (see
Figure S7). Experimentally, the two lowest-energy modes, with
an energy separation of approximately 0.1 eV, were not fully
resolvable as the energy separation was on the same order as
the energy resolution of the microscope. This narrow energy
separation is consistent with the simulated peak energies. As a
result, the experimental EELS maps exhibit some similarity in
spatial intensity features. The NMF decomposition identifies
subtle differences in the spatial distribution of intensity,
particularly at the left- and right-most particles, and in the
recorded spectra to reveal the presence of two separate modes.
The lowest-energy modes for the D2h and 3D C2v tetramers

were not observed experimentally; however, the simulated
EELS maps for these modes are shown in Figure 4b(i) (middle
and right modes, respectively). These simulated maps exhibit
maximum EELS intensities of less than 3% of the magnitude of
the maximum EELS signals simulated for higher-energy modes
in Figure 4b(ii) (B3u and B1 modes). They represent a
negligible fraction of the energy loss probability for
experimental EELS. The second lowest-energy modes expected
for these structures (A1−B2u−B2, dark blue line in Figure 3)
were not observed in simulation or experiment due to their
minimal contribution to the EELS signal. For the D2h tetramer,
the lowest-energy B1g mode has an energy of 1.52 eV and shows
an EELS signal around the left-most and right-most nano-
particles, with the EELS signal also partially present around the
top and bottom nanoparticles in this structure. The simulated
EELS map for A2 (B1g) mode of the 3D C2v tetramer is also
shown in Figure 4b(i), with an energy of 1.58 eV. The map
shows EELS intensity near the central cavity of the tetramer
structure.
Figure 4b(ii) displays the next series of experimental and

simulated EELS maps obtained for the tetramer structures. The
experimental EELS map for the 2D C2v tetramer has an energy
of 1.63 eV, which closely matches the energy of the simulated
EELS map (1.67 eV). This mode is the A1 (B2u) mode and
exhibits an EELS signal at the tips of each of the three
outermost nanoparticles (pointing away from the center of the
structure rather than aligned with the three-particle backbone
as in (i)). While this is also true of the simulated EELS map, the
strongest EELS signal is present at the bottom-most particle in
the simulated map, whereas the bottom-most particle in the
experimental map shows the weakest EELS signal. This
discrepancy was attributed to incomplete separation of the A1
and B2 modes in the 2D C2v geometry as they were separated
by approximately 0.1 eV experimentally.

The experimental and simulated EELS maps for the D2h
tetramer in Figure 4b(ii) were assigned to the B3u irreducible
representation, with energies of 1.57 and 1.67 eV, respectively.
The simulated EELS map for this mode shows an EELS signal
around the left-most and right-most nanoparticles only, a
spatial distribution also recorded in the experimental EELS map
though the signal is weak around the left-most nanoparticle.
Without consideration of the underlying mode evolution due to
the tetramer symmetry, the appearance of such a seemingly
“longitudinal” mode in the D2h geometry is spatially similar to
the lowest-energy mode (B2) for the C2v geometry. However,
the symmetry analysis presented here demonstrates that the
“longitudinal” dipole modes for each tetramer have distinct
modal origins and do not belong to a single evolving mode. In
this case, careful symmetry analysis is necessary for complete
accounting and correct assignment of the tetramer modes.
The EELS maps for the 3D C2v tetramer in Figure 4b(ii)

represent the B1 mode, which stems from the B3u mode of the
D2h tetramer. With energies of 1.66 and 1.74 eV, respectively,
the experimental and simulated EELS maps for this mode
agree, with an EELS signal present around the left-most and
right-most nanoparticles and a weaker signal present around
the bottom nanoparticle.
At higher energy (Figure 4b(iii)), the EELS maps for the 2D

C2v tetramer correspond to the A1 (Ag) mode. Both the energies
and EELS signals match the experimental and simulated EELS
maps of this mode, with energies of 1.99 and 1.97 eV for the
experimental and simulated maps, and the strongest EELS
signal is present around the central nanoparticle in the three-
particle backbone of the tetramer. The experimental and
simulated EELS maps for the D2h tetramer with energies of 2.10
and 1.84 eV, respectively, in Figure 4b(iii) were assigned to the
Ag mode. The simulated EELS map for this mode shows an
EELS signal around the top- and bottom-most nanoparticles in
the tetramer, whereas the experimental EELS map exhibits a
signal around the entire structure. Based on a comparison with
single-mode maps, the simulated map likely contains
contributions from the higher-energy B2u mode (purple line,
Figure 3), adding an emphasis to the strong signal at the top
and bottom particle. The experimental map likely shows a more
even intensity around all particles due to incomplete separation
from other modes adjacent in energy, a more prominent
contribution from the Ag mode, or other deviations from the
perfect four-sphere model. The final mode in Figure 4b(iii) is
the A1 mode of the 3D C2v tetramer, which evolves from the Ag
mode of D2h tetramer. The experimental and simulated EELS
maps for this mode have energies of 2.15 and 1.86 eV, and the
EELS signal present in both agrees, with a strong signal at the
top and bottom nanoparticles in each map. The experimental
observation of this family of Ag modes is a particularly
significant observation by EELS as it represents a totally
symmetric “dark” mode that exhibits a negligible dipole
moment for many geometries.
The EELS maps evident in Figure 4b(iv) for the 2D C2v

tetramer match in both energy (2.27 and 2.25 eV, respectively)
and the spatial distribution of the EELS signal. Both of these
maps show an EELS signal around the entire perimeter of the
structure. The modes of the D2h and 3D C2v tetramers in Figure
4b(iv) exhibit similar spatial distributions of the EELS signal.
The energies for the experimental and simulated maps for these
structures match, and the EELS signal is again present around
each of these structures. Notably, the EELS signal is present
around the entire circumference of the top nanoparticle of the
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3D tetramer in the simulated EELS map, but the EELS signal
does not completely encircle the top particle in the
experimental map. This minor discrepancy can be attributed
to additional attenuation of the electron beam for trajectories
penetrating the nanoparticles and correspondingly weaker
EELS signals recorded for these trajectories.
Figure 4b(v) contains the final series of modes detected

experimentally in the tetramers presented. Each of these modes
presents a similar EELS spatial pattern and shall therefore be
discussed simultaneously. The simulated EELS maps for these
modes (with energies of 2.36, 2.32, and 2.35 eV for the 2D C2v,
D2h, and 3D C2v tetramers, respectively) all show an EELS
signal concentrated at the gaps between the spheres in the
structure. Although the EELS signal evident in the experimental
EELS map for the 2D C2v tetramer (2.40 eV) matches that for
the simulated EELS map, the experimental maps for the D2h
tetramer and the 3D C2v tetramer are generally too noisy for
direct comparison. Experimentally, these spectral features are
not distinguished from the interband transition edge of gold
(see also Figure 1) and therefore contain contributions from
bulk and from surface plasmon modes at energies overlapping
the interband edge onset. The corresponding spatial distribu-
tion of the surface plasmon modes, separated in simulations, is
only weakly imprinted on the experimental maps as the surface
plasmon signals are only a minor contribution to the total EELS
signal at these energies.
The presented analysis of experimentally observed self-

assembled tetramers in 2D and 3D configurations in the
context of eigenmode calculations and group theoretical
symmetry classification identified the principal, lowest-energy
dark and bright modes in gold nanosphere tetramers and
clarified the distinct modal origins of the prominent resonances
observed for different arrangements of the subunits within the
ensemble. The out-of-plane transformations also serve to
corroborate and extend far-field scattering studies of similar
3D tetramer assemblies exhibiting Fano resonances involving
the dipole resonances of the cluster.7 Whereas optical far-field
scattering reveals Fano line shapes in such structures,7 EELS
can actually isolate and identify the contributing modal
resonances that ultimately interact in the far-field.37 Validated
by comparison with experimental EELS of 3D tetramer
structures, our simulations of these structures go beyond
simple mode assignments and enable decomposition and
analysis of the contributing eigenmodes.

CONCLUSIONS
In summary, we have examined surface plasmon symmetries,
energies, and mode splitting and crossing behavior in trimer
and tetramer nanoparticle structures using STEM−EELS
mapping and eigenmode analysis. First, mode symmetries
have been assigned to trimer structures by comparing
experimental EELS maps and BEM simulations; furthermore,
both mode splitting and energy shifts have been documented.
We have shown that EELS, in conjunction with NMF spectral
processing and BEM simulations, offers comprehensive
plasmon mode analysis, including experimental tracking of
both optically dark and multipolar modes. Mode assignments
have been reported for self-assembled tetramer structures,
including consideration of both the in-plane and out-of-plane
alterations to the particle aggregate symmetry. Changes in the
major mode contributions to the lowest-energy modes for 2D
and 3D configurations have been explained by symmetry
analysis. This systematic assignment of mode symmetries for

experimental gold trimers and tetramers presents a demon-
stration of the consistent set of symmetry states, tracked as
irreducible representations, underpinning multiparticle surface
plasmon resonances for real permutations encountered in
nanoparticle self-assembly. The present work highlights the
experimentally available photonic states in three- and four-
particle aggregates. Together, these experimentally documented
photonic states form a library or a toolbox for optical
engineering, enabling further optical designs incorporating
Fano or magnetic resonances with gold nanoparticle super-
structures.

METHODS
Chemicals and Gold Nanosphere Preparation. Gold(III)

chloride trihydrate (99.9+%) and tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) were purchased from Sigma-Aldrich. All
oligonucleotides were purchased from Geneworks. Cetyltrimethylam-
monium bromide (CTAB) was purchased from Ajax Chemicals.
Spherical gold nanoparticles were prepared using the wet chemical
synthesis developed by Rodrıǵuez-Fernańdez et al.48 Briefly, citrate
seeds were prepared by bringing 100 mL of aqueous 0.25 mM
chloroauric acid (HAuCl4) to boiling temperature. Seed growth is
initiated by the addition of 3.5 mL of aqueous 1 wt % sodium citrate
solution. A deep red color after 5 min of boiling indicated the presence
of gold nanoparticle seeds. Growth solutions were then prepared by
adding 1 mL of approximately 1 mM range concentration of aqueous
HAuCl4 to 88 mL of 0.015 M CTAB. One milliliter of ascorbic acid
was then added. The concentration of ascorbic acid was adjusted so
that a 2:1 ratio of ascorbic acid to HAuCl4 was present. Ten milliliters
of seed solution was then added to initiate growth of the seeds
followed by stirring for a few minutes. The concentration of HAuCl4
needed was calculated from the volume of gold required to grow the
17 nm diameter seeds to the desired diameter.

Self-Assembly. The nanoparticles were assembled using thiolated
single-strand oligonucleotides via a method adapted from the work of
Yao et al.49 Thiolated oligonucleotide strands (purchased from
Geneworks) were reduced with TCEP and added to nanoparticle
solutions to achieve a maximum DNA coverage. To form the
oligonucleotide-functionalized nanoparticles, 5 μL of an oligonucleo-
tide solution (100 μM in oligomer concentration) was added to 45 μL
of a 200 μM TCEP solution. The resulting solution was left for 30 min
to allow reduction of the terminal thiol moiety on the oligonucleotide.
The reduced oligonucleotide solution was then added to 1000 μL of a
solution of gold nanoparticles (generally 30−60 nm in diameter) and
concentrations of approximately 6 × 1010 particles/mL. Equal volumes
of nanoparticles functionalized with separate complementary DNA
strands (e.g., S1-functionalized nanoparticles and S2-functionalized
nanoparticles for the assembly of dimers and chains) were then mixed
together. Generally, volumes of each sample between 250 and 500 μL
were used. Assembly reactions were then initiated by adding 3 mL of
0.1 M phosphate-buffered saline to the mixed nanoparticles. After the
assembly reaction had proceeded for 1 min, the assembled particles
were drop-coated onto plasma-cleaned carbon TEM grids. Once the
sample had been allowed to sit for a minute, the TEM grid was dried
under a stream of N2 and was then placed in a water bath at room
temperature for 5 min, then removed and dried with a steady stream of
N2.

EELS Characterization. EELS signals were acquired from gold
nanoparticles and nanoparticle chains using an FEI Titan 80-300 TEM
equipped with a monochromator and a high-resolution spectrometer
and operated at 80 keV. Particle imaging was performed in both
parallel beam and scanning beam modes. In parallel beam mode,
bright-field micrographs were acquired. Analysis of the particle optical
properties, however, was performed in scanning beam mode, where
the electron beam is focused to a point (approximately 2 nm in
diameter) and scanned to form an image. In this mode, local EELS
spectra can be recorded from a small excited volume by collecting low-
angle scattered electrons and a dark-field image can be formed
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(simultaneously) by collecting high-angle scattered electrons with an
annular detector. By raster scanning the beam, both structural and
spectral information can be gathered from a region of interest in an
approach termed spectrum imaging, forming a powerful means for
rapid materials characterization at the nanometer level.50 Distortions in
the electron beam scan during STEM spectrum image acquisition were
apparent by comparison of STEM images and TEM bright-field
micrographs acquired separately. Scan distortions were removed by
registering the image pixels in the STEM micrographs to the
corresponding structures in bright-field TEM images, aligned using
affine image transformation routines in Matlab. The micrographs were
then cropped and rerotated for optimal comparison with simulated
maps.
Spectral Processing. Spectral processing was performed using

Hyperspy,45 an open-source software coded in Python. Spikes due to
X-rays striking the charge-coupled device detector were removed using
a routine that automatically identified outlying high-intensity pixels
and performed interpolation in the spectral region after removal of the
spike. Spectra were then aligned to subpixel accuracy using a
correlation routine on the ZLP and cropped to the energy window
of interest (0.5 to 4.0 eV). NMF decomposition was performed as
reported previously.32,33,37 The number of components retained in the
decomposition was chosen following repeated decompositions using a
range of components. The number of components was selected in
order to eliminate only those components containing high spatial
frequency noise. Principal-component analysis scree plots showed that
a similar number of components was needed to describe the data sets.
Modeling. BEM simulations were carried out using the Matlab-

based MNPBEM toolbox,51 which solves Maxwell’s equations for
arbitrary geometries using surface charges and currents. For
simulations of the energy loss probability, spheres were modeled
with a triangular mesh consisting of 508 faces and simulations were
performed to solve the full Maxwell’s equations (including retardation
effects). The spheres were defined with a diameter of 45 nm and an
intersphere spacing of 1 nm. For quasi-static eigenmode calculations,
the mesh density was increased to 1054 faces for each sphere and the
intersphere spacing was set to 3 nm to minimize the introduction of
artifacts due to the mesh in the eigenvalue solver. The trimer and
tetramer geometries were further defined by fixing the intersphere
spacings and translating the sphere centers to the geometry defined by
the appropriate semiangle. In order to extract integrated peak maps
comparable to NMF experimental EELS maps, peak fitting was
performed on the simulated spectrum images in Hyperspy. Lorentzian
peaks were used to model each of the noted surface plasmon peaks,

and the loss function Γ ∝
ω

−
ϵ{ }ImEELS 1

( )
calculated from the dielectric

function ϵ(ω) given in ref 42 was used to model the bulk losses. In
order to account for red-shifting effects due to the dielectric
environment of the carbon support film, a purely real dielectric
constant of 2.56 (refractive index n = 1.6) was assigned to the ambient
medium in the BEM simulations. The dielectric environment of a
support film and the surrounding surfactant layer primarily act to
lower the energy of surface plasmons in noble metal nanoparticles,17,37

and the selected dielectric constant was found to reasonably match
experimental energies across the trimer and tetramer structures
examined.
Single-mode calculations are possible for eigenmode calculations

because the total energy loss probability can be expressed as a sum
over individual modes i:47

∮∑ω ω ϕ σΓ = | * |CR s s s( , ) ( ) d ( ) ( )
i

i iR
EELS

0
2

0 (1)

where the integral is over the surface differential ds, ϕR0
(s) is the

potential of the exciting electron traveling along a trajectory defined in
the plane perpendicular to the trajectory by the coordinate R0, σi(s) is
the surface charge along the surface s, and Ci(ω) is a frequency-
dependent coefficient for eigenmode i. Single-mode maps were
generated using an implementation of eq 1 in Matlab, where the sum is
taken over a single-mode i only.
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