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Materials possessing strong mid-infrared responses are of current interest because of their potential

application to long-wavelength metamaterials, photonic devices, molecular detection, and catalysis.

Here we utilize high energy resolution (80 cm−1, 10 meV) electron-energy loss spectroscopy (EELS)

in a monochromated and aberration-corrected scanning transmission electron microscope (STEM)

to resolve multipolar surface plasmon resonances (SPRs), sometimes called Fabry-Pérot (F-P) res-

onances, in gold nanowires with mode energies spanning from ∼ 1000 − 8000 cm−1. STEM-EELS

provides access to these mid- to near-IR responses in a single acquisition, avoiding the difficulties in-

herent in obtaining the same data using near-field optical techniques. The experimentally measured

F-P resonance energies and linewidths, together with analytical modeling and full-wave numerical

electrodynamics simulations, provide a comprehensive picture of the radiative and intrinsic contri-

butions to the total damping rates. We find some F-P modes with dephasing times > 60 fs, which is

almost twice the longest previously reported plasmon dephasing time for individual Au nanoparticles

in the infrared. The long dephasing times and the broad tunability of the F-P resonance energies

throughout the infrared region suggest new opportunities for harnessing infrared plasmonic energy

before dephasing occurs.
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I. INTRODUCTION

Surface plasmon resonances (SPRs) in noble metal nanostructures have been intensively studied1–3 in the visible and

near-infrared (near-IR) parts of the spectrum4,5, however, the mid-infrared (mid-IR) spanning 320−3300 cm−1 (40−

410 meV) is far less explored.6 The latter regime is particularly interesting because it encompasses the excitations in

phononic materials7–9, as well as the vibrational fingerprint region of small molecules, biomolecules, and polymers10,11.

Investigating IR plasmons, therefore, has fundamental relevance for developing new infrared metamaterials,6, for

realizing the ultra-sensitive and label-free detection of molecules,12,13 and for selectively driving the vibrations in

surface-bound molecules.11,14,15

Mid- and far-IR-plasmons are most often probed by far-field optical microscopies,16–23 which are spatially and

spectrally limited by diffraction and by selection rules, respectively. While scanning near-field optical microscopy

(SNOM) expands the scope of optical interrogation, the available light sources are limited in the mid- and far-IR and

analysis of the data is complicated by convolution of the tip and sample.24,25 In contrast to optical methods, EELS in

a STEM is capable of exciting all SPR modes in a nanostructure and has the advantage of superior (< 1 nm) spatial

resolution. Until very recently, EELS studies of SPRs were restricted to the near-IR and visible spectral windows, due

to insufficient energy resolution in STEM-EELS.5 The development of high resolution EELS (. 20 meV) in recent

years,26,27 however, has opened access to the characterization of mid-IR SPRs and provides a window into plasmon

lifetimes. STEM/EELS further has the ability to probe, in one spectral acquisition, an energy range that would be

difficult to cover with the corresponding optical experiments. Plasmon lifetimes are of special importance because

they encode the underlying energy dissipation mechanisms resulting from radiative and non-radiative damping as well

as control how a nanoparticle couples with its local environment.

In this work, we utilize the high-energy resolution (80 cm−1; 10 meV) EELS of Oak Ridge National Laboratory’s

monochromated aberration-corrected (MAC)-STEM28,29 to resolve multipolar SPRs in Au nanowires with mode

energies spanning from ∼1,000 − 8,000 cm−1 (∼120 − 990 meV). In addition to reporting the resonance energy as

a function of the mode number and nanowire length, we examine in detail how different damping mechanisms are

influenced by the resonance energy and mode structure of each SPR. The experimental observations are interpreted

via analytical modeling and numerical electrodynamics simulation of the STEM electron probe.30,31 Our results show

that the plasmon lifetimes can decrease well below the quasistatic (Drude) limit, suggesting new ways to harness

plasmonic energy before dephasing occurs.

II. RESULTS AND DISCUSSION

Au nanowires support multipolar SPR resonances spanning from the visible to mid-IR that can be progressively

tuned by changing the nanowire aspect ratio, making them ideal for this study. We focus specifically on the nanowire’s

so-called Fabry-Pérot (F-P) resonances, which result from the interference of two counter propagating surface plasmon

polaritons (SPPs) within a nanowire.32 The interference condition leads to multiple resonant modes satisfying kL =

mπ − Φ, where k is the SPP wave vector, m = 1, 2, 3, . . . is the mode number, L is the length of the nanowire,

and Φ is the phase shift of the SPP wave upon reflection at the nanowire ends.32–34 These modes alternate in parity

(i.e., even, odd), nonetheless, the electrons in the STEM are capable of probing all nanowire responses independent
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FIG. 1. Comparison of experimentally measured (left) and simulated EEL spectra (right) of Au nanowires. a) STEM-EEL
spectra of Au nanowires with lengths ranging from 0.52 µm to 9.8 µm. The spectra were acquired with an electron probe
impact parameter of 10 nm outside the nanowire, along the long axis. The F-P modes up to order m = 5 are indicated by a
colored vertical bar. b) Simulated EEL and CL spectra of the same nanowires obtained at the same impact parameter.

of parity. Although previous STEM-EELS studies address dispersion of guided SPPs,35 plasmon-induced near field

distributions,33,36–43 SPP propagation length,41,44 nanowire coupling,45 and plasmon damping46 in the visible, no

detailed study of the plasmon dephasing times in individual nanostructures in the infrared has been presented. In this

work, we utilize the high spectral resolution now available in monochromated STEMs to study the contribution of

different decay channels to the plasmon damping and linewidth in the mid-IR as a function of both nanowire length

and mode structure.

Fig. 1a presents experimental EEL spectra obtained from 10 nanowires of varying length (0.5 − 10 µm) acquired

by placing the electron probe near the nanowire tip at an impact parameter of 10 nm (see Appendix). To aid in

interpretation of the data, numerical EEL and cathodoluminescence (CL) simulations of the nanowire spectra are

plotted in Fig. 1b.

In general, a progressive red shift of the F-P modes is observed as L increases. The dipole (m = 1) and higher order

modes shift into the mid-IR and eventually start to partially overlap as seen in the 9.8 µm nanowire. We are able to

observe the m = 1 mode in the EEL spectra of all nanowires with L < 2.5 µm, while the first identifiable mode for

the 3.95 µm and 9.8 µm nanowire is m = 2 and m = 5, respectively. The simulations agree well with experiments and
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FIG. 2. Experimentally measured F-P resonance energies as a function of Au nanowire length. m indicates the order of the
F-P mode. The dashed black lines are added only to guide the eye

aid the identification of mode order in the longest nanowires (L > 2.5 µm); see Supplemental Material Figure S147.

The experiments also show that the F-P resonance linewidths progressively narrow with increasing L, a trend that is

also observed in the simulated EEL and CL spectra. The experimental linewidths are in general slightly larger than

those in simulations; however, this is attributed to the additional damping induced with grain boundaries, surface

roughness and imperfections in the lithographic Au nanowires, and substrate effects.

The resonance energies of the individual nanowire F-P modes are summarized in Fig. 2. While the resonance

energies of the first five F-P modes (m = 1−5) do not depend linearly upon L, the energy gap between two consecutive

modes in each nanowire is consistent within a given nanowire length: ∆Egap = Em+1 − Em , where Em is the mth

F-P resonance energy. When plotted as a function of the nanowire length, the average energy gap between modes

follows a power law: ∆Ēgap = 380 meV (1 µm/L)0.9; see Supplemental Material Figure S347. This tunable energy

gap between modes may be useful for different applications such as plasmon band-pass filters, manipulating energy

transfer, or selectively detecting/interacting with different surface molecules.

Trends in both the mode energy and linewidth can be elucidated using a theoretical analysis of the F-P resonance

energy and linewidth based on a general form of the nanowire spectrum in EELS. In particular, the EEL F-P lineshape

stems from the imaginary part of the Lorentzian polarizability

αm(ω) =
α0ω

2
m

ω2
m − iγmω − ω2

, (1)
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where α0, ωm and γm are the high-frequency-limit polarizability, the resonant frequency, and the frequency-dependent

damping rate of the mth F-P mode. The latter includes both radiative and nonradiative dissipation processes. On

resonance, i.e., ω = ωm, the magnitude of the polarizability is αmax
m = iα0ωm/γm. Thus, as the damping rate decreases

the imaginary part of the polarizability increases and so too does the amplitude of the mth F-P resonance in the EEL

spectrum, which is proportional to Im[αm (ω)].

The optical response of a prolate spheroid provides a useful qualitative model for the F-P resonance energy and

linewidth of the Au nanowires studied here. When considering the m = 1 mode of the nanowire, Eq. (1) can be

explicitly derived from the polarizability of a prolate spheroid, including the dependence of its parameters upon

the spheroid geometry, material composition, and retardation effects (see Supplemental Material47).48–51 The fully

retarded approach taken here is important because the contribution of the dynamic polarization and radiation reaction

to the polarizability becomes prominent for long nanowires.

Using a Drude free-electron gas model of Au, i.e., ε (ω) = ε∞−ω2
p/ω (ω + iγD), with ε∞, ωp, and γD being the high-

frequency dielectric constant, plasma frequency, and nonradiative damping rate, together with the approximations

ε∞ � Re (ε) and (ε∞ − εb) /ε ∼ 0, which are appropriate for IR dipole resonances, the dipolar parameters of the

Lorentzian polarizability in Eq. (1) take on the explicit forms,

α0 =
V

4πl
, ω2

1 =
lω2

p

n2b
β, γ1 = γ′1β. (2)

Here εb and nb = ε
1/2
b are the permittivity and refractive index of the background medium, V is the spheroid volume,

γ′1 = γD + (V/6π)ω2
pnb(ω

2/c3), and β = 4πlEc
2/(4πlEc

2 + V Dω2
p). The definitions of the geometrical parameters l,

D and lE are provided in Supplemental Material47.49,50 Eq. (2) shows that both the resonance frequency (ω1) and

damping rate (γ1) are related to the scaling factor β, which is less than one for the longitudinal dipole mode and

decreases with increasing aspect ratio. As a result, the full width at half maximum (FWHM) of the dipolar extinction

spectrum

~Γ1 = ~γ1 (ω1) = ~

(
γD +

V

6π

lω4
p

nbc3
β

)
β (3)

also decreases with increasing aspect ratio and, interestingly, can even lie below the bulk Drude damping contribution

(~γD) for very long nanowires.

Fig. 3a shows a comparison of the experimentally measured, analytically calculated, and full-wave electrodynamics

simulated dispersion of the dipolar F-P mode. As both optical extinction and EELS are proportional to Im [αm (ω)],52

the calculated extinction coefficient, Cext = σext/σgeo is displayed using a the red color scale (σext and σgeo being

the extinction cross section and geometric cross section). The experimental and simulated resonance energies are

overlaid as the green and purple dots, respectively. As the F-P resonance moves to lower energies, the dispersion of

the mode becomes close to the light line in air (shown as the dotted line). The mode becomes less confined to the

metal domain and its resonance energy and damping rate are significantly affected by the dynamic polarization and

radiation reaction processes. As a consequence, the dipolar F-P mode (m = 1) is strongly red-shifted compared with

the quasistatic limit case (dashed line). Fig. 3b shows the evolution of the FWHM with increasing nanowire length

L, as well as the crossover where ~Γ1 becomes smaller than ~γD. This behavior occurs as the dipole mode energy
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FIG. 3. Comparison of experimental, theoretical, and simulated F-P dispersion curves, mode energies, and mode linewidths.
(a) Dispersion curve for dipolar (m = 1) F-P mode. The red shading denotes the extinction coefficient of the dipolar F-P
mode calculated from the analytic model. The experimental (green dots) and simulated (purple dots) track well with the
analytical extinction coefficient. The vacuum light and quasistatic dipolar mode dispersion curves are shown for comparison.
(b) Experimental and simulated FWHMs for all F-P modes obtained from the EEL spectra in Fig. 1 as a function of nanowire
length. The experimental (solid green) and simulated (solid purple) FWHM for the dipolar (m = 1) F-P modes are compared
to the FWHM obtained from the analytical model. The FWHM decreases as L increases, with the analytic value eventually
falling below the Drude linewidth (dashed line) near L = 2.5 µm. The FWHM of higher order F-P modes (m > 1) are (grey
dots) are presented for comparison. The inset shows the FWHM behavior for small nanowire lengths.

decreases and the screening effect of the metal becomes increasingly strong. In this low energy and large size regime,

most of the energy carried by the F-P mode is expelled from the lossy metal volume into the surrounding dielectric

medium, resulting in a decreased damping frequency and an increased polarizability.

To further elucidate the dependence of the dipolar F-P mode’s spatial field profile upon aspect ratio, Fig. 4a

illustrates the dipolar electric potential and field induced in a prolate spheroid by a uniform z-polarized field described

by Φ0 = −E0z. Panels b and c show the internal and external field profiles corresponding to a progression of gold

spheroids spanning from b = (0.52− 9.85)/2 µm in major axis length, all with a common minor axis length of a = 32

nm. It is evident that the constant field induced inside the spheroid progressively decreases while the external induced

field extends further into the surrounding dielectric medium (taken to be vacuum) as the spheroid aspect ratio (b/a)

increases. In the dipole limit, the induced potential Φout
ind(ξ, η, φ) = AE0z(coth−1 ξ − ξ−1) and field

Eout
ind(ξ, η, φ)

E0
= −A

√
ξ2 − 1

ξ2 − η2
η
(

coth−1 ξ − ξ

ξ2 − 1

)
ξ̂ −A

√
1− η2
ξ2 − η2

(
ξ coth−1 ξ − 1

)
η̂ (4)

outside and inside

Ein
ind(ξ, η, φ)

E0
= −A

(
tanh−1 e− e−1

)
ẑ (5)

the spheroid are determined by solving Laplace’s equations in prolate spheroidal coordinates53, with focus f =
√
b2 − a2, eccentricity e = f/b, and dipole amplitude A = α1(ω)/(f2b/3) (see Eq. (1) and Supplemental Material Eq.
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FIG. 4. Induced potential and electric field of a gold prolate spheroid placed in a uniform z-polarized field (panel a). Evolution
of the induced electric field along the applied field polarization axis (0, 0, z) (panel b) and perpendicular to the applied field
polarization axis (x, 0, 0) (panel c), clearly showing the increasing spill out and decreasing internal magnitude of the induced
field with increasing spheroid aspect ratio.

(S1)47). Connection between these curvilinear coordinates and Cartesian coordinates can be made through ξ(x, y, z) =

[
√
x2 + y2 + (z + f)2 +

√
x2 + y2 + (z − f)2]/2f , η(x, y, z) = [

√
x2 + y2 + (z + f)2 −

√
x2 + y2 + (z − f)2]/2f , and

z = fξη with unit vectors ξ̂ =
√

(1− η2)/(ξ2 − η2)ξ(cosφx̂+sinφŷ)+
√

(ξ2 − 1)/(ξ2 − η2)ηẑ, η̂ = −
√

(ξ2 − 1)/(ξ2 − η2)

η(cosφx̂ + sinφŷ) +
√

(1− η2)/(ξ2 − η2)ξẑ, and φ̂ = − sinφx̂ + cosφŷ.

This process additionally applies to the higher order modes, i.e., m ≥ 2. The experimental linewidths of the dipole

and higher order modes are shown in Fig. 3b. While the dipole mode of the L > 2.5 µm nanowires shifts out of the

experimental detection window, the simulations show that the higher-order modes approach the quasistatic limit for

the 3.95 µm and 9.85 µm Au wires. This behavior indicates a prolonged plasmon lifetime as the resonance energy is

red shifted into the IR. We now turn to the dephasing times of the higher-order modes obtained from the experimental

FWHM.

The dephasing time of the F-P resonance depends on both the mode energy and the nanowire length. For any

given SPR mode, the resonance energy decays (1) intrinsically via electron collisions with electrons, phonons, defects,
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interfaces, and Landau damping that causes local heating and (2) radiatively by re-emitting photons into the far

field. A damped SPR in general follows a Lorentzian profile in the frequency domain. The FWHM of an SPR is

directly related to its dephasing time t as t = 2/Γ, where ~Γ is the FWHM. t is defined as the time taken for the

resonance amplitude to decay to 1/e of its original value.20,46 Based on this relationship, the SPR dephasing time of

optically bright modes has been widely characterized using optical techniques.16–20 Given that our EEL spectra are

obtained from a primary electron beam with a finite energy resolution, the Lorentzian F-P mode profile should be

convolved with the width of the zero-loss-peak (ZLP). Approximating the ZLP by a Gaussian function, the resulting

F-P modes will be observed in the EEL spectra as Voigt profiles. The Lorentzian linewidth of each F-P mode can

then be extracted by fitting each F-P peak with a Voigt function (see Supplemental Material for spectrum fitting47).

Using this procedure, the experimental dephasing times t of selected nanowires are calculated from the extracted

Lorentzian FWHMs and plotted in Fig. 5a.

Fig. 5a shows that the dephasing time decreases as the mode order (m) increases. The dephasing time of the F-P

resonances in long nanowires can exceed 60 fs when the mode energy approaches the mid-IR (∼1500 cm−1; ∼186

meV), about 4 times longer than that of localized surface plasmon resonances (LSPRs) in the visible range, which is on

the order of 6 to 10 fs.54,55 Interestingly, this lifetime value is almost twice the longest previously measured plasmon

dephasing time of individual gold nanoparticles in the infrared (∼35 fs).21 It is also significantly longer than the

maximum predicted dephasing time achievable for individual Au nanoparticles in the quasistatic limit (∼30 fs), where

electron-electron scattering and the temperature-independent component of the electron-phonon scattering limits the

plasmon dephasing.56 Considering that a typical C−H stretching mode (∼3,100 cm−1; ∼384 meV) has a period of

∼10 fs, the mid-IR nanowire plasmons can provide a relatively long time scale for energy coupling or plasmon-assisted

chemical reactions. To understand the origin of the long lifetimes observed here we now turn to a detailed discussion

of the damping processes in infrared nanowires.

The experimental dephasing times for first three F-P modes (m = 1, 2, 3) are displayed in Fig. 5a, showing the

dependence of dephasing time on both mode order mode energy. In these three modes, the dephasing time increases

when the mode energy red shifts. Meanwhile, at a fixed energy, the experiments indicate that higher order modes

have longer lifetime due to less radiative damping. The relative contribution from radiation damping and intrinsic

damping can be estimated from simulations of the cathodoluminescence (CL) and EEL spectra. CL is the electron

beam induced emission of radiation from the target, here produced by the radiation damping of the nanowire F-P

modes. The intensity ratio of simulated CL to EEL therefore serves as an approximation of the radiative contribution

to the total damping for each mode.

The radiative contribution to the total damping, obtained from the CL/EELS simulations, is plotted in Fig. 5b.

Similar to previous observations of optical-frequency plasmons in Ag nanowires,57 radiation damping decreases with

increasing mode order for a given nanowire. Not surprisingly, the dipole mode has the strongest radiation damping.

Turning to the intrinsic damping, we note that the transverse component of an SPP generated at a metal/dielectric

interface will decay into both the metal and dielectric side. For a single interface, it is well understood that the SPP

penetration depth into the metal decreases as the mode energy decreases. This causes more of the SPP to spill out

into the dielectric.6 Therefore, the SPP suffers less intrinsic damping inside the metal. While the field distribution of

a nanowire is more complex it qualitatively follows a similar trend.

It is now clear that the very long dephasing times observed here arise from multiple effects. First, radiation
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FIG. 5. (a) Experimental plasmon dephasing times for Au nanowires of selected length. The dashed lines are provided to guide
the eye. The first three F-P modes are labeled according to m = 1, 2, 3. (b) Radiative damping weights determined from the
intensity ratio of the simulated CL/EEL spectra shown in Fig. 1. Data from the same nanowire are connected by dashed lines
to guide the eye.

damping is decreasing as the mode energy decreases, as expected because of the reduced density of electromagnetic

states available. Second, the intrinsic damping also decreases as the mode energy decreases, despite the fact that the

metal dielectric function is actually becoming more lossy at these energies. We note that this mechanism differs from

other processes such as Fano interference58 and diffractive coupling59 in nanoparticles arrays that display spectrally

narrow features in their infrared optical spectra.

III. CONCLUSION

In summary, F-P resonances in Au nanowires with mode energies spanning from 1,000 to 8,000 cm−1 (∼150 to

∼1,000 meV) are measured using a new generation of monochromated STEM. The resonances progressively red shift

with increasing nanowire length from the near- to mid-IR and become increasingly spectrally narrow. The F-P mode

dephasing times are directly extracted from the experimental linewidths of the resonance peaks and analyzed along

with their mode energy distribution. We find that the lifetimes increase and exceed ∼60 fs in long nanowires when the

mode energy shifts to the mid-IR. The radiative and intrinsic contributions to the total damping rate are examined

within the context of an analytic model of a representative prolate spheroid as well as with full-wave numerical EEL

simulations to understand the underlying damping mechanisms in the IR. These experiments illustrate the large
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spectral range accessible with single-acquisition STEM-EELS and its distinct advantages over all-optical methods

when probing infrared plasmons. Future advances in electron energy monochromation will push the onset of this

spectral observation window to even lower energies, thereby offering deeper insight into vibrational responses and

other collective phenomena. Taken together, the unique plasmonic responses of noble metal nanowires in the near- to

mid-IR calls attention to their potential for a variety of future applications such as biosensing and plasmon-mediated

chemical reaction control.

IV. APPENDIX

A. Nanowire Synthesis and Characterization

Ten Au nanowires of varying length (L = 0.52, 0.63, 0.73, 0.81, 0.91, 1.5, 2.0, 2.5, 3.95, and 9.8 µm), with fixed

thickness (0.03 µm) and width (0.1 µm) were patterned on a 0.02 µm thick SiO2 TEM membrane using electron beam

lithography. These dimensions were chosen such that the nanowires support F-P resonances in the near- to far-IR.

EEL measurements were conducted using a monochromated aberration-corrected Nion monochromated aberration-

corrected STEM.60 The STEM was operated at 60 kV with a collection semiangle (β) of 15 mrad, and a convergence

semiangle (α) of 20 mrad. All spectra are collected by placing the electron beam at an impact parameter of 10 nm

from the nanowire’s long axis. The energy resolution of the STEM, taken to be FWHM of the zero-loss peak (ZLP),

is ∼10 meV. Each EEL spectrum is normalized to the intensity of the ZLP and the substrate contribution to the

nanowire spectrum is removed using a background spectrum collected from the SiO2 substrate far away from the

nanowires.

B. Numerical simulation

EEL simulations were carried out using the electron-driven discrete dipole approximation (e-DDA) package30,31 that

inherits the coupled/discrete dipole framework61,62 while describing the exciting field of a swift electron. The e-DDA

has been used to study many different nanostructures,63–69 and thus it serves as an ideal simulation tool for the long

nanowires studied here. The dimensions of all simulated Au nanowires were determined based on their experimental

counterparts. To achieve a better agreement between experiment and theory, a relatively high discretization level

(2 nm dipole spacing) was adopted for all nanowires. The only exception is the 9.85 µm nanowire, where a lower

discretization level (3nm dipole spacing) was used for numerical efficiency. The substrate (SiO2) was explicitly modeled

on an equal footing as the gold nanowire, i.e., by a collection of discrete dipoles, in order to capture substrate-induced

image effects. Considering the IR EEL signals measured by the electron microscope, we have adapted appropriate

dielectric constants for gold70 and SiO2
71 that extend to low enough energy. In addition to EELS simulations, the

CL results were also obtained using e-DDA.
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