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ABSTRACT: In this work, we characterize the near-field response of
individual gold nanotriangles over a broad, visible-to-infrared, spectral region
(200−1500 meV) using high-resolution electron energy-loss spectroscopy
(EELS) performed inside of a scanning transmission electron microscope
(STEM). We begin by experimentally imaging the spatial and spectral extent
of each nanotriangle’s plasmonic Fabry-Peŕot modes and measuring the
evolution of their resonance energies with increasing edge length; thereby
providing detailed information on infrared plasmon dephasing times and
dispersion relations. Numerical electromagnetic simulations of the electron
probe are used to interpret these experimental results and to compare the
near-field electromagnetic enhancement factors of gold nanotriangles and
nanorods of equal resonant energy. Taken together, this combined
experimental and theoretical study provides unique insights relevant to
designing noble metal plasmonic nanoparticle systems for solar energy harvesting and sensing applications in the near- and mid-
infrared.

1. INTRODUCTION
Noble metal nanostructures have emerged as powerful optical
tools owing to their ability to efficiently confine long
wavelength electromagnetic radiation to nanometer length
scales.1,2 This ability to confine electromagnetic radiation has
been widely exploited in the visible and near-infrared (NIR)
regions to develop efficient solar energy harvesting, sensing,
and catalytic applications.3−5 Recently, there has been
increased interest in extending plasmonic responses to the
mid-IR (∼50−500 meV) region,6,7 as it encompasses
molecular vibrations8 and phonons of solid-state materials.9,10

Careful studies of the near-field responses of IR plasmonic
materials will aid the development of new physical and
chemical platforms capable of targeted analyte detection
schemes,11 surface-enhanced spectroscopies,12 harnessing IR
Fano interferences,13 and strategies for efficiently capturing
and manipulating IR solar7 and thermal14 radiation at the
nanoscale.
Noble metal nanowires have received significant interest as

they host high quality dipolar and higher-order multipolar
plasmonic Fabry-Peŕot modes,15−17 which can be tuned by
changing their aspect ratio to span the broad IR spectral
window between 50−1000 meV. Past studies focusing on
visible plasmon resonances have revealed that sharp-faceted
nanostructures such as cubes, triangles, and other polygons

exhibit higher near-field enhancement factors leading to
stronger light-matter interactions.18−20 Among these, triangle-
shaped noble-metal nanostructures have received prominent
interest21 owing to their highly tunable plasmonic responses,22

strong electromagnetic near-fields,23 tridirectional polarization-
dependent scattering,24 nonlinear optical properties,25 and
ability to sustain strong plasmon-exciton polaritons.26 How-
ever, a direct comparison between high aspect ratio
nanstructures such as nanowires15−17 and nanotriangles22−24

has been lacking, especially in the IR region even though such
comparisons would aid the design of plasmonic systems
capable of efficiently manipulating IR radiation at the
nanoscale. Although numerous studies explore the colloidal
synthesis of plasmonic nanowires;16,27,28 the synthesis of
uniform-thickness gold nanotriangles (NTs) has proven
difficult. This is especially true for the longer edge-length
nanostructures sustaining plasmons in the IR, owing to their
three-dimensional expansion which inhibits growth in the
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lateral directions.29 Alternatively, electron-beam lithography
can synthesize gold NTs of desired edge lengths30 but this
method significantly increases the cost. To circumvent this
problem, we recently devised a new approach for the colloidal
synthesis of uniform thickness and controllable edge-length
gold NTs directly on substrates31 and here we employ this
synthetic method to study the near-field responses of NTs
throughout the visible-to-IR spectral region.

Conventional far-field optical spectroscopies have diffrac-
tion-limited spatial resolution and are subjected to optical
selection rules, thus limiting the study of the near-field
response properties of plasmonic nanostructures.32−34 Scan-
ning near-field optical microscopy (SNOM) can overcome the
diffraction limit by exploiting the properties of evanescent
waves but is limited by weak light sources and poor detectors
in the IR (∼1−10 μm).35,36 Alternatively, electron-energy loss
spectroscopy (EELS) performed in a scanning transmission

Figure 1. (a) Representative EEL spectrum images for a 1420 nm gold NT displaying the spatial profiles of its m = 1−7 FP modes and (b) EEL
spectra of a set of individual gold NTs versus edge length. Each point spectrum is acquired at the NT tip. (c) Dependence of the resonance energy
of different NT FP modes versus NT edge length.
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electron microscope (STEM) can map the near-field responses
of plasmonic nanostructures at high-spatial resolution (∼1 nm)
across a broad spectral window in a single scan.37,38 The
evanescent waves associated with a fast traveling electron beam
excite all plasmon modes, dipolar and nondipolar, allowing for
the spectral- and spatial-mapping of both bright and dark
plasmon modes.39,40 Additionally, recent advancements in
monochromators and direct-electron detectors now allow
access to low-energy IR excitations with a high signal-to-
noise ratio, enabling vibrational spectroscopy with high spatial
resolution.41−45

In this study, we combine our new synthesis strategy with
electron beam characterization and theoretical simulations to
investigate the near-field IR response of gold NTs. Specifically,
we map the dipolar and higher order multipolar plasmonic FP
modes of a set of NTs with 560−2150 nm edge lengths at high
spatial (∼1 nm) and spectral (∼16 meV) resolution using
monochromated STEM-EELS. The dependence of the
plasmonic FP resonance energies and spectral line widths on
the NT edge length is explored from 200−1500 meV.
Companion numerical electrodynamics simulations using an
electron probe are used to interpret these results and to
additionally compare the near-field electromagnetic enhance-
ment factors for gold NTs with high aspect ratio gold
nanowires. Our results suggest that sharply faceted gold NTs
can concentrate IR radiation and provide valuable insights for
optimizing nanostructure shapes to efficiently harness energy
from the visible to IR spectral regions.

2. METHODS
2.1. Materials. SiNx TEM grids with a membrane thickness

of 20 nm were sourced from SIMPore Precision Membrane
Technologies. Sputter deposition targets of Au and Sb were cut
from a 0.5 mm thick foil (99.9985% purity, Alfa Aesar) and 19
mm diameter rod (ESPI Metals), respectively. The Au seed
self-assembly process was carried out in ultrahigh purity Ar
(Airgas). The liquid-phase NT synthesis utilized hydrogen
tetrachloroaurate (HAuCl4, 99.99% trace metal basis, Bean-
town Chemical), hexadecyltrimethylammonium bromide
(CTAB, >99% purity, Millipore Sigma), Brij-700 block
copolymer (average MW 4,670, Spectrum Chemicals), and
deionized (DI) water (18.2 MΩ·cm).
2.2. Gold NT Synthesis. The Au NT synthesis was

adapted from a prior study demonstrating the formation of
substrate-immobilized nanotriangles in periodic arrays on
(0001)-oriented Al2O3.

31 The overall process yields single-
crystal Au seeds formed in periodic arrays46 after which they
are subjected to a liquid-phase synthesis that transforms them
into Au NTs. Here, adaptations were made to accommodate
the use of SiNx TEM grids as the substrate material. Insulating
SiNx grids were used to avoid additional quenching
mechanisms influencing plasmon line widths.47 Au seeds are
prepared using a vapor-phase self-assembly process in which
continuous layers of Sb (20 nm) and Au (0.4 nm) are
sequentially sputter-deposited onto a SiNx grid and then twice
temperature cycled from room temperature to 1010 °C over a
25 min duration in a tube furnace under an Ar gas flow. Sb,
which is sacrificial, was lost to the vapor phase but where its
inclusion in the assembly process largely determines the
spacing between the Au nanoparticles.48 The liquid-state NT
synthesis proceeds by placing the SiNx grid at the bottom of a
Parafilm-capped 30 mL beaker to which DI water (9 mL), Brij-
700 (2 mL, 30 mM), and CTAB (1.5 mL, 10 mM) are added.

The solution was then heated to 37 °C and magnetically
stirred at 150 rpm. After 20 min, the reaction was initiated by
adding HAuCl4 (1.2 mL, 10 mM) and allowed to proceed for 8
h. The reaction was terminated by removing the grid from the
growth solution and gently rinsing it with ethanol.

2.3. STEM-EELS Measurements. Low-loss STEM-EELS
measurements were performed using an aberration-corrected
and monochromated high-energy resolution STEM-EELS
(Nion MAC STEM) located at Oak Ridge National
Laboratory (ORNL).49 The instrument was operated at an
accelerating voltage of 60 kV with a convergence angle of 30
mrad and a collection angle of 25 mrad. The beam current was
∼10 pA, and the scattered electrons were dispersed in a Nion
Iris spectrometer at a 5.25 meV dispersion per channel. The
energy resolution of the EEL spectra was measured by
calculating the full-width half-maximum (fwhm) of the zero-
loss peak (ZLP), which yields an energy resolution of 16−21
meV for the measurements reported here. All EEL images were
acquired at an acquisition time of 30 ms and aligned and
normalized with respect to the ZLP. The EEL spectrum
profiles are obtained by averaging over an area of 25 × 25 nm2

for smaller and 50 × 50 nm2 for larger gold NTs near the tip of
gold NT from the corresponding spectrum images. The local
thickness of synthesized nanostructures was measured using
the EELS log-ratio method,50 and gold NTs of similar
thickness were chosen for our study (Figure S1). Plasmon
line width analysis was done by fitting the EELS profiles with
Lorenztian peaks.

2.4. Numerical Simulation. All simulations were
performed using the metallic nanoparticle boundary element
method (MNPBEM) toolbox51 with a background refractive
index of unity in the absence of a substrate. The NTs were
modeled using dielectric data for gold taken from Raschke and
co-workers.52 For all simulations, the electron acceleration
voltage and beam waist were 60 kV and 0.2 nm, respectively.
To compute the plasmon dephasing times of the m = 1 mode
shown in the inset of Figure 2b, line widths were extracted by
fitting the simulated EEL spectra displayed in the Supporting
Information with Lorentzian functions. In Figure 3, the
electron beam impact parameter was raster scanned with a
step size of 5 nm.

3. RESULTS AND DISCUSSION
Figure 1 displays EEL spectra and spectrum images of a
collection of single crystal gold NTs of varying edge lengths.
Each spectral resonance and spatial mode profile corresponds
to a specific Fabry-Peŕot (FP) edge mode of an individual gold
NT. FP modes arise from the constructive interference of
counter-propagating surface plasmon polariton waves53 and
depend only on the nanostructure edge length rather than
upon the nanostructure’s general symmetry. As with nano-
wires,22 constructive interference is realized when an integer
number of half surface plasmon wavelengths fits along a
nanostructure edge, yielding multiple resonant modes
determined by kL = mπ − ϕ. Here, k = 2π/λ and λ are the
surface plasmon polariton wavenumber and wavelength, L is
the NT edge length, m is the FP mode number, and ϕ is the
phase shift accumulated upon reflection at the NT boundaries.
The near-field response of each FP mode is probed at high
spatial (∼1 nm) and energy (∼16 meV) resolution using
monochromated STEM-EELS. Recent technological advance-
ments, most importantly direct-electron detectors,54 enable the
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efficient imaging of multiple plasmonic FP modes which were
previously limited by low signal-to-noise ratios.
The high-angle annular dark-field (HAADF) and corre-

sponding EEL spectrum images in Figure 1a show the spatial
profiles of the m = 1−7 FP modes of a single 1420 nm edge-
length NT. The nodes and antinodes of each mode are clearly
discernible without the use of any data filtering or smoothing
processes. Also, the spatially resolved spectrum images show
that the lower-order FP modes (m = 1,2) have a greater spatial
extent of the EEL probability as compared to higher FP modes
(e.g., m = 6,7), which can be explained by the increased spill-
out of the NT’s surface plasmon polaritons into the
surrounding dielectric medium at lower frequencies.17,55

Numerical EEL simulations (Figures S2−S3) demonstrate
good agreement with these spectrum images. Additional
experimental EEL spectrum images for other NT edge lengths
are shown in Figures S4−S5.
Figure 1b displays a collection of EEL spectra each obtained

near the tip of a series of NTs of varying edge lengths, showing
a progressive red-shift in resonance energy with an increasing
edge length. Notably, the dipolar (m = 1) resonance energies
red shift and their linewidths decrease as the edge length
increases from 560 to 2150 nm. The observed EEL spectra
agree well with simulations, which also show narrower
plasmonic line widths for longer gold NTs (Figure S6). The
spectral positions of the m = 1−7 NT FP modes versus edge
length are collected in Figure 1c. Similar to the m = 1 mode,
the higher-order multipolar modes also red-shift with an
increasing edge length. Also, we observed that the resonance
energies red-shift nonlinearly with an increasing NT edge
length.
Figure 2a shows the energy-momentum dispersion of the m

= 1−7 FP modes collected from the set of NTs displayed in
Figure 1. We observe that the FP resonances approach the
light line (ω = kc) with decreasing plasmon energy or an
increasing edge length. With increasing plasmon energy (for all
modes m), the dispersion curve red-shifts significantly from the
light line. The observed convergence to the light line can be
explained by the fact that the FP modes become less confined
to the NT’s gold interior at lower energies and larger edge
lengths.55 We additionally analyze the plasmon line widths by
fitting the experimental FP resonance peaks with a Lorentzian
profile (Figure S7).56 We observe that the full width at the
half-maximum (fwhm) decreases with an increasing edge
length (Figure S8), while the associated plasmon dephasing
time, used to quantify the quality of a mode, increases with an
increasing edge length. Figure 2b displays the observed
evolution of the m = 1 FP mode dephasing time with the
edge length. The longest dephasing time of ∼11.5 fs is
observed for the 2150 nm NT. While limited to only the
smallest NTs due to computational resources, numerical
calculations (inset) are in good agreement as evaluated by
the slope of the lines interpolated through the numerical
(0.00292 fs·nm−1) and experimental (0.00379 fs·nm−1) data.
Discrepancy between experimental and calculated dephasing
times can be attributed to substrate effects, variation in NT
thickness, and edge-roundness, which were not modeled
numerically.
To further investigate the multipolar FP character of the

NT, we experimentally measure and numerically simulate the
EEL spectral responses of a 680 nm gold NT as a function of
the electron beam impact parameter. As shown in the
schematic of Figure 3, we collect spectra as a function of the

impact parameter along a line varying from 100 nm outside of
the NT corner (−d/2 − 100 nm) to 100 nm outside of the NT
edge (d/2 + 100 nm). In Figure 3a,b, the experimentally
measured and simulated EEL probabilities as a function of
impact parameter are plotted for regions within the NT,
respectively. Similarly, for regions outside of the NT, the
experimentally measured and simulated EEL probabilities are
shown in Figure 3c,d, respectively. All EEL probabilities are
individually normalized with respect to the maximum value.
In Figure 3, the four lowest order multipoles are evident by

the strong regions of EEL probability, each of which is excited
when the electron beam impact parameter is close to the NT

Figure 2. Experimentally measured (a) energy-momentum dispersion
for the m = 1−7 FP modes and (b) the associated dephasing times for
the dipolar (m = 1) FP mode of individual gold NTs of different edge
lengths. The dashed line is a linear fit for a visual aid. Numerically
calculated dephasing times for the NT’s m = 1 FP mode versus edge
length are shown in the inset.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c00753
J. Phys. Chem. C 2023, 127, 6777−6784

6780

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c00753/suppl_file/jp3c00753_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c00753/suppl_file/jp3c00753_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c00753/suppl_file/jp3c00753_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c00753/suppl_file/jp3c00753_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c00753/suppl_file/jp3c00753_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c00753?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c00753?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c00753?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c00753?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c00753?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


corner (−d/2). Due to selection rules (see Figure 1a), odd
numbered multipoles are not excited when the impact
parameter biases the edge of the NT (d/2). As expected, the
presence of a substrate red-shifts the experimentally measured
resonances relative to the simulated values,57 which were
calculated in a background refractive index of unity. For
regions inside of the NT (Figure 3a,b), the EEL probability of
certain multipoles (at a fixed energy) exhibits strong spatial
variation as a result of the electron beam probing different
spatial regions of the FP mode profile.
Therefore, similar to gold nanowires,15 nanotriangles host

high-quality IR plasmons, which can be easily tuned to cover a
wide spectral window by changing the geometric parameters.
However, a direct comparison of their near-field enhancement
factors has been lacking in the IR region. Therefore, we
compare the simulated enhancement factors of these two
nanostructures under optical excitation as a function of the m =
1 resonance energy, as shown in Figure 4. The NT edge length
is varied from 280 to 680 nm (right to left in Figure 4) in

Figure 3. Comparison of experimental and numerical NT spectrum images. The schematic depicts the scanning of the electron beam across a 680
nm NT of height d = 590 nm and thickness 70 nm to obtain spectra at each impact parameter. (a,b) The experimental and simulated EEL
probability as a function of impact parameter for regions within the NT, respectively. (c,d) The experimental and simulated EEL probability as a
function of the impact parameter for regions outside of the NT, respectively. All EEL probabilities are individually normalized with respect to the
maximum value.

Figure 4. Comparison of the electric field enhancement of the m = 1
FP mode for rods and NTs of varying resonance energies. The inset
depicts the plane wave excitation geometry used. The length of the
rods was tuned to overlap spectrally with the resonance energy of the
corresponding NT, while the thickness was fixed at 70 nm.
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increments of 100 nm. Computed field enhancement data from
resonant nanorods of length 250, 330, 420, 515, and 615 nm
are added for comparison. The thickness of all nanorods and
NTs is 70 nm. Figure S9 displays the computed electric field
map of the 680 nm NT and 615 nm nanorod for comparison.
As shown in the inset of Figure 4, the wavevector k of the

exciting plane wave is oriented perpendicular to the NT plane
and the nanorod axis. To excite the m = 1 FP mode in both
structures, the electric field is polarized horizontally. The
maximum value of the electric field magnitude normalized to
the incident electric field, max(|E|/|E0|), is calculated in the
plane 5 nm above the surface of the structures (along the
direction k). For the m = 1 FP mode of rods and NTs, the
location of the strongest field enhancement is at the tip. The
blue and red dashed lines in Figure 4 represent quadratic fits to
the rod and NT data, respectively. As evident in Figure 4,
smaller NTs with resonance energies ≲ 1375 meV have larger
electric field enhancement factors compared to rods of
comparable resonance energy. This is likely due to charge
confinement in NTs of a smaller edge length, which would lead
to greater field enhancement.

4. CONCLUSION
In summary, we have characterized the plasmonic FP
responses of a set of individual gold NT plasmons over a
broad IR spectral window (200−1500 meV) using mono-
chromated STEM-EELS. We have found that the NT mode
energies can be tuned by controlling the NT edge length, as
the FP resonance frequencies progressively red-shift with an
increasing edge length. We have measured the dispersion for
different edge lengths and found that synthesized gold NTs
sustain nonradiative surface plasmon polaritons. Line width
analysis reveals that dipolar FP resonances become spectrally
narrower with an increasing edge length, thus providing a
means to engineer plasmon lifetimes for efficient IR energy
harvesting. The experimentally observed spectral and spatial
extent of the different multipolar plasmonic FP modes, both
inside and outside of the NTs has been interpreted through
numerical simulations of the electron probe. The latter were
also used to calculate the electric field enhancement factors for
the NT and compare them to the nanorod as a function of the
edge length which reveals that the nanorod geometry shows
higher enhancement factors in the IR region while the NT
shape shows higher enhancement in the visible region. Taken
together, these results provide insight into the design of noble
metal plasmonic nanostructures capable of efficiently harvest-
ing electromagnetic radiation for next-generation catalytic,
solar-energy harvesting, and sensing based applications
spanning across the broad infrared spectral domain.
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