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ABSTRACT
Metal nanostructures display several types of resonances. In the visible and near-IR spectral regions, there are localized surface plasmon
resonances (LSPRs) that involve the coherent oscillation of the conduction electrons. Extended metal nanostructures, such as nanowires or
nanoplates, also exhibit propagating surface plasmon polaritons (PSPPs), which are motions of the electrons at the surface of the structure that
have a well-defined momentum. In addition, the vibrational normal modes of metal nanostructures give rise to low frequency resonances in
the gigahertz to terahertz range. These different types of motions/resonances suffer energy losses from internal effects and from interactions
with the environment. The goal of this perspective is to describe the part of the energy relaxation process due to the environment. Even
though the plasmon resonances and acoustic vibrational modes arise from very different physics, it turns out that environmental damping is
dominated by radiation of waves. The way the rates for radiation damping depend on the size of the nanostructure and the properties of the
environment will be discussed for the different processes. For example, it is well known that for LSPRs, the rate of radiation damping increases
with particle size. However, the radiation damping rate decreases with increasing dimensions for PSPPs and for the acoustic vibrational
modes.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5117230., s

I. INTRODUCTION

The coherent motion of the conduction electrons in metal
nanostructures gives rise to a variety of effects. The most familiar
for chemists are the localized surface plasmon resonances (LSPRs)
of particles, which cause the striking colors of metal nanoparticle
samples1–3 and are responsible for the field enhancements that are
important in surface enhanced spectroscopies.4–8 The frequencies
and linewidths of these resonances have been extensively studied
and are, in general, fairly well understood.9–11 For example, the way
the LSPR frequencies depend on the size, shape, and material of
the nanostructures can be accurately calculated by solving Maxwell’s
equations for the structure—either numerically9,12,13 or (when appli-
cable) using the analytic expressions derived by Mie for spherical
particles in a homogeneous medium.14 The linewidths (Γ) of the
LSPR modes are also of interest. The linewidth is related to the
T2 dephasing time of the plasmon resonance by Γ = 2h̵/T2, which

means that linewidth measurements provide fundamental informa-
tion about the electron dynamics in the particles.15–18 For metal
nanoparticles, pure dephasing effects are negligible, which means
that the dephasing time is determined by the lifetime of the plas-
mon oscillation, T1 = T2/2.16 When the particles are larger than a
few tens of nanometers, the plasmon decay is dominated by resistive
heating effects and radiation damping.10,15–18 These two processes
correspond to loss of energy from the plasmon oscillation by decay
into excited electrons and holes, and through creation of a photon
at the same frequency as the light field used to drive the plasmon
resonance, respectively.13,15–20

Metal nanostructures also display shape dependent resonances
in the gigahertz to terahertz region of the spectrum that correspond
to the vibrational normal modes of the structures.21–29 These acous-
tic vibrations are excited in ultrafast pump-probe laser experiments
by the rapid heating induced by the pump laser.24,25,27–29 Like the
LSPRs in the visible region of the spectrum, the lifetime of the
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acoustic resonances is determined by a combination of intrin-
sic/internal damping due to the thermoelastic effect30 and transfer
of energy to the environment.24,31 In ultrafast pump-probe experi-
ments, breathing mode vibrations are primarily excited, which are
symmetric modes that map onto the expansion coordinate of the
nanostructure.28,29,32,33 For these modes, energy transfer to the envi-
ronment is controlled by radiation of sound waves.28,29,31,34 Thus,
the damping mechanism for the acoustic resonances and LSPRs
of metal nanostructures have analogous contributions: an intrinsic
part due to the material properties of the particles, and a radiative
part.

In this perspective, the factors that control radiation damp-
ing for the plasmon modes and the acoustic resonances of metal
nanostructures will be explored. In addition to the LSPRs of par-
ticles, the damping of the propagating surface plasmon polariton
(PSPP) modes that exist in extended metal nanostructures, such as
nanowires or nanoplates, will also be discussed. The PSPP modes are
motions of the conduction electrons at the surface of the structure
that have a definitive momentum.35–42 In nanowires and nanoplates,
these modes can be excited by focusing a laser at the end or edge
of the structure, where the break in symmetry relaxes the momen-
tum matching conditions.43–45 The goal of this article is to provide
a physical understanding of how radiation damping for the differ-
ent resonances depends on the properties of the nanostructures,
primarily the size of the structures, and on the environment. The
discussion of the experimental results will focus on the results from
single particle experiments, as ensemble measurements typically
do not give precise linewidth information. Simple calculations will
also be used to explain how size and environment affect radiation
damping.

II. LOCALIZED SURFACE PLASMON RESONANCES
The LSPRs of nanoparticles have been extensively studied due

to their importance in surface enhanced spectroscopies, principally
surface enhanced Raman spectroscopy (SERS).4–8 The LSPR spec-
tra of single metal nanoparticles can be measured using Rayleigh
scattering spectroscopy,15–18,46–49 photothermal heterodyne imag-
ing,50,51 or spatial modulation spectroscopy.11,52,53 Of these differ-
ent techniques, Rayleigh scattering measurements are the easiest to
implement. Figure 1(a) shows example Rayleigh scattering spectra
of single gold nanorods from samples with different average widths
but the same aspect ratio (ξ = L/w).17,18 The spectra are well fit by a
Lorentzian function Γ/((ω − ω0)2 + Γ2/4), which allows the linewidth
Γ to be determined. For the narrow rods, the spectra are noisier and
broader. The increased noise occurs because the narrower rods have
smaller volumes and, thus, are less efficient light scatters. The broad-
ening for the narrower structures arises because these structures
suffer from electron-surface scattering.17,18

Figure 1(b) shows a plot of the average linewidth obtained
from light scattering measurements for different nanorod samples
plotted against the inverse of the effective pathlength Leff , which
is the parameter that characterizes electron-surface scattering.54–56

The error bars in this figure represent the standard deviations in
the linewidths and dimensions. The LSPR linewidth can be written
as a sum of three contributions: intrinsic relaxation processes from
resistive heating (Γq, decay of the plasmon into excited electrons

FIG. 1. (a) Example light scattering spectra of single gold nanorods from sam-
ples with average widths of 8 nm (left) and 14 nm (right). The spectra were
obtained with a dark-field microscope.17,18 The dashed red lines show fits to the
data using a Lorentzian function. (b) Linewidth vs 1/Leff for gold nanorod sam-
ples with aspect ratios between 2 and 4. The error bars indicate the standard
deviations. The lines show the linewidths calculated from bulk scattering (horizon-
tal line), bulk plus electron–surface scattering (blue dashed line), and bulk plus
radiation damping (orange dotted line). The solid line shows the total linewidth.
Reproduced with permission from Novo et al., Phys. Chem. Chem. Phys. 8, 3540–
3546 (2006). Copyright 2006 PCCP Owner Societies. (c) Analogous linewidth data
for single SiO2 coated Ag nanospheres. The dashed line is a fit to the data for
electron-surface scattering, and the dashed-dotted line shows the expected size
dependence of bulk damping.11,52 Reprinted with permission from Baida et al.,
Nano Lett. 9, 3463–3469 (2009). Copyright 2009 American Chemical Society.
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and holes), electron-surface scattering (Γsurf ) which includes effects
from surface bound ligands (“Chemical Interface Damping” or
CID),57 and radiation damping (Γrad).10,11,58 These different contri-
butions depend on particle size in different ways.

The bulk damping term is usually considered to be size inde-
pendent.10,17,18 Within this approximation, it can be simply calcu-
lated from the bulk dielectric constants of the metal, although there
is some debate over the exact values of the dielectric constants that
should be used—especially for silver.59 Electron-surface scattering is
inversely proportional to the dimensions of the particle and is given
by Γsurf = AvF/Leff , where Leff = 4V/S.55,56 In this expression, vF is the
Fermi velocity (how quickly the conduction electrons are moving at
the Fermi level) and A is a proportionality constant that depends
on the chemical nature of the interface.11,17,18,47–49,52–56 The radia-
tion damping term is proportional to the volume V and is usually
written as Γrad = 2h̵κV, where κ is a proportionality constant that
can be calculated or measured from experiments.16–18 The differ-
ent contributions are plotted separately and as the total linewidth
in Fig. 1(b). Figure 1(c) shows analogous data for SiO2 coated Ag
nanospheres plotted against the inverse of the diameter, which is
proportional to 1/Leff .52 Here, each data point corresponds to a dif-
ferent single nanosphere, where the size was determined from sin-
gle particle extinction measurements.52 The dashed line is a fit to
the data using the electron-surface scattering term plus bulk damp-
ing, and the dashed-dotted line shows the bulk damping term.11,52

The bulk damping in metals has a large contribution from electron-
phonon coupling, which depends on the size of the particles.60,61 In
Fig. 1(c), the measured size dependence of the electron-phonon cou-
pling constant was used to estimate the size dependence of the bulk
damping term.11,52,60,61

The data in Figs. 1(b) and 1(c) show that the linewidths increase
at small sizes (large values of 1/Leff ) due to increased electron-
surface scattering and at large sizes (small values of 1/Leff ) due to
increased radiation damping.11,17,18,52,53,62–65 For the gold nanorods
examined in Figs. 1(a) and 1(b), a minimum in the linewidth occurs
for nanorods with widths on the order of 15 nm, whereas for the
Ag nanospheres in Fig. 1(c), it is at a diameter of ∼25 nm. The
main focus of this article is radiation damping, which becomes
the dominant broadening mechanism for both the gold nanorods
and the Ag spheres when the dimensions exceed 20–30 nm. It is
important to note that the radiation damping contribution to the
linewidth is accounted for in calculations that properly deal with
retardation effects—such as discrete dipole approximation and finite
element simulations—and full Mie theory calculations.9,13 In con-
trast, electron-surface scattering has to be added to the dielectric
function of the particle—it does not naturally come out in sim-
ulations of nanoparticle spectra. This is typically done by split-
ting the dielectric function for the metal into interband and intra-
band contributions, fitting the intraband contribution to the Drude
model, and adding an electron-surface scattering term to the damp-
ing constant in the Drude model—see Refs. 58 and 66–68 for
details.

Figure 2(a) shows Mie theory calculations of the spectra for
25 nm radius silver nanoparticles in air, water, and glass environ-
ments (refractive indexes of 1, 1.33, and 1.5, respectively). The spec-
tra are presented as efficiencies Q = σ/πR2, where σ is the cross
section and R is the radius.69,70 The dotted lines correspond to
absorption, the dashed lines to scattering, and the solid lines are the

FIG. 2. (a) Efficiency vs wavelength spectra for 25 nm radius Ag spheres in air
(n = 1, blue), water (n = 1.33, green), and glass (n = 1.5, red) calculated using
Mie theory. The solid, dashed, and dotted lines are the extinction, scattering, and
absorption efficiencies, respectively. (b) Plots of the resistive heating (Qrh) and
normalized electric field (Enorm = E/E0) for 25 nm radius Ag spheres in air (left
panels) and water (right panels). The simulations were performed at the peak of the
LSPR using COMSOL Multiphysics. (c) Ratio of the rates for radiation damping and
energy losses from resistive heating Γrad /Γq for different sized Ag nanoparticles in
air, water, and glass. (d) Linewidth vs refractive index for Ag nanoparticles with
radii of 10, 15, 20, and 25 nm.

total extinction efficiency (absorption plus scattering). There are a
number of features to note in the spectra. First, as expected, increas-
ing the refractive index of the medium red shifts the spectra. This
effect is at the heart of refractive index sensing schemes involv-
ing plasmonic nanoparticles.6,7 Second, the spectra display a small
peak to the blue of the main LSPR resonance, which is due to the
quadrupole mode of the particles.12,71,72 This peak is more promi-
nent in the higher refractive index environment. The quadrupole
peak is more prominent in absorption and is much narrower than
the main LSPR peak, which is due to the dipole mode. The reduced
width arises because the quadrupole modes do not scatter light
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strongly for particles in a homogeneous environment and therefore
do not suffer radiation damping.9,46

The relative contributions from scattering and absorption to
the main dipole mode in the extinction spectra change as the refrac-
tive index of the environment changes. For nmed = 1, the absorp-
tion and scattering contributions to the extinction are approxi-
mately equal, whereas at nmed = 1.5, scattering dominates over
absorption—which is significantly reduced compared to nmed = 1.
The reduced absolute value of the absorption efficiency at higher
refractive index values occurs because the red shift of the LPSR
moves the resonance away from the interband transitions of Ag
and, thus, reduces the imaginary component of the dielectric con-
stant (which gives rise to absorption).58 Finite element simula-
tions of the resistive heating and electric field (which are related
to the absorption and scattering of the nanoparticle, respectively)
are presented in Fig. 2(b) for the nanoparticles in air and water.
In each plot, the left-hand-side is air and the right-hand-side is
water. The calculations were performed at the maximum of the
LSPR using COMSOL Multiphysics with the Johnson and Christy
dielectric constant data for Ag.73 The images illustrate the increased
absorption and decreased scattering for the nanoparticles in air
compared to water. The calculations also show that for a 25 nm
radius Ag particle, the resistive heating is not uniform across the
particle.

The increase in the scattering efficiency of the dipole LSPR
with increasing medium refractive index can be understood from
the polarizability. For particles much smaller than the wavelength of
light (i.e., in the so-called quasistatic limit), the polarizability is given
by36,58,70,74

P(ω) = 4πϵ0R3
(
ϵ1(ω) − ϵ2

ϵ1(ω) + 2ϵ2
), (1)

where ϵ1(ω) is the frequency dependent dielectric constant of the
particle and ϵ2 is the dielectric constant of the medium. The scat-
tering cross section is proportional to the square of the polariz-

ability σsca ∝ V2
∣
ϵ1−ϵ2
ϵ1+2ϵ2

∣
2
, and the plasmon resonance occurs when

Re[ϵ1(ω)] = −2ϵ2.35,36,58 When this is true, σsca ∝ ϵ2
2, that is, the

scattering cross section increases with the dielectric constant of
the medium. The increased scattering efficiency for higher medium
refractive index causes an increased contribution from radiation
damping to the LSPR linewidth: for the spectra in Fig. 2(a), the
LSPR linewidth increases from 180 meV in air to 280 meV in
glass.

A more complete analysis of how the linewidths change with
size and refractive index is presented in Figs. 2(c) and 2(d).
Figure 2(c) shows a plot of the relative rate of radiation damping
compared to resistive heating Γrad/Γq for the dipole LSPR mode of
different sized Ag nanoparticles in air, water, and glass. This plot
was generated using the cross sections calculated by Mie theory by
noting that both the cross sections and damping constants are pro-
portional to the dissipated power so that Γrad/Γq = Qsca/Qabs.41 The
calculations show that radiation damping is the main contribution
to the LSPR decay for Ag nanoparticles when the particle radius is
greater than approximately 15 nm for glass, 17 nm for water, and
25 nm for air. Figure 2(d) shows a plot of the linewidth vs refrac-
tive index for different sized Ag nanoparticles. The increase in the

linewidths with increasing size is due to radiation damping.9,15,16,25

For the smaller nanoparticles, where radiation damping is not the
dominant effect, the linewidth slightly decreases with increasing
refractive index. As noted above, this is because the LSPR red shifts
for larger values of the refractive index, which reduces Γq. For the
larger 20 and 25 nm radius particles, where Γrad is more important,
the linewidth increases with increasing refractive index, as expected
from Eq. (1). This effect has been observed experimentally for Ag
nanostructures by adding water to samples in dark field microscopy
measurements.18,75 Similar results hold for other metals;10,15,16 how-
ever, the radius where radiation damping becomes dominant is typ-
ically larger because of the stronger intrinsic damping (larger Γq) in
other systems.

These results are well known and form a “zeroth-order” under-
standing of radiation damping in metal nanoparticles. A detailed
discussion is included here to review the concepts of radiation
damping in plasmonic systems. The main result is, of course, that
Γrad increases with volume due to the increase in scattering effi-
ciency.16–20 The size dependence of Γrad can be understood by noting
that the rate of energy loss for the LSPR by radiation is given by
(dU/dt) = −ΓradU, where U is the electromagnetic energy stored in
the particle. The rate of energy loss (dU/dt) is proportional to the
scattering cross section, which is proportional to volume squared
(σsca ∝ V2), whereas U is just proportional to the volume. Thus,
Γrad = −(dU/dt)/U is proportional to volume, as shown in Figs. 1
and 2.

III. PROPAGATING SURFACE PLASMON POLARITONS
Extended metal nanostructures, such as nanowires or

nanoplates, display two types of surface plasmon polariton modes:
localized resonances associated with coherent electron motion
across the width or thickness dimensions of the nanowires or
nanoplates (LSPRs) and modes with a definite momentum that
propagate along the length of the structure.35,36,38–40 These second
types of motions are known as propagating surface plasmon polari-
tons (PSPPs), and they have not been studied as extensively as
LSPRs. As illustrated in Figs. 1 and 2, the LSPRs of nanoparticles
are characterized by their resonance frequencies and linewidths.
For PSPPs, the quantities of interest are the wavevectors kSPP and
propagation lengths LSPP.35–37,41,42 Furthermore, instead of record-
ing cross section vs frequency spectra, PSPPs are better analyzed
through dispersion curves—plots of the frequency vs wavevector. In
particular, the slopes of these curves give the PSPP group velocity
vg = ∂ω/∂k.35–37,41,42 Note that the lifetime of the PSPP modes can
be determined from the propagation length and group velocity by
T1 = LSPP/vg .76–78

Because of their momentum, PSPP modes are more challeng-
ing to excite and detect than LSPRs. A convenient way of exciting
PSPPs in metal nanostructures is to focus light at the end or edge
of the structure, where the break in symmetry relaxes the momen-
tum matching conditions.43–45 For nanowires or nanoplates on a
glass surface (which is a common geometry for studying single
metal nanostructures), there are two types of PSPP modes: “bound”
modes that propagate at the metal-glass interface, and “leaky” modes
that propagate at the metal-air interface.79,80 These modes have
different effective indexes neff = kSPP/k0. The bound modes have
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an effective index that is larger than the refractive index of the
substrate and, thus, cannot couple to light.41,42 These modes do
not suffer radiation damping and will not be discussed further
in this perspective. On the other hand, the PSPP modes that
propagate at the metal-air interface have much smaller effective
indexes and can couple to photons in the substrate (hence the term
“leaky” mode). The effective indexes and propagation lengths of
the PSPP modes can be calculated by finite element simulations. In
COMSOL Multiphysics, a convenient way of doing this is to perform
a two-dimensional mode analysis calculation, which yields the com-
plex effective mode index for the system ñ = neff + iα/k0.41,42,79–86

The real part of ñ gives the PSPP wavevector kSPP = neff k0, and
the imaginary part is related to the propagation length by LSPP
= 1/2α. Note that the 2D simulations effectively assume infinitely
long nanostripes.

Figure 3 shows scattered light images of a Au nanostripe (a rect-
angular structure created by photolithography with length × width
× height of 100 μm × 4 μm × 50 nm).78 A reflected light image
is presented in Fig. 3(a) that shows that the nanostipes are opti-
cally smooth with uniform dimensions. A real space scattered light
image of the leaky PSPP mode is shown in Fig. 3(b). This image was
obtained by focusing a 760 nm laser beam at the end of the nanos-
tripe with a high numerical aperture objective (Olympus UPlanApo,
100×, 1.35 NA) and collecting scattered photons with the same
objective. The intensity of the scattered light from the leaky mode
decreases down the length of the nanostripe, due to a combination
of radiation damping and resistive heating processes.41,79,86

Figure 3(c) shows a Fourier space image for the leaky PSPP
mode of a Au nanostripe obtained by imaging the back-focal plane
(BFP) of the objective onto the camera. These images provide infor-
mation about the momentum of the leaky mode.81,83,85,87–93 Specifi-
cally, the PSPP wavevector appears as a horizontal line in the image.
The green circle in Fig. 3(c) is the condition for total internal reflec-
tion (k/k0 = 1), and the image has been cropped at k/k0 = NA, which
is the maximum wavevector that can be detected in far-field optical
experiments.81,83,85,87–94 These two features calibrate the momentum
scale in the BFP images. Real-space and Fourier space images such
as those in Fig. 3 can be easily generated—converting one imaging
mode to the other simply involves flipping a single lens in or out of
the imaging system.78,81,85,92

Dispersion curves for the leaky mode can be obtained by
recording BFP images at different excitation frequencies. An exam-
ple of this analysis is shown in Fig. 3(d) for the 4 μm wide Au
nanostripes.78 The green markers are the experimental measure-
ments, and the red lines are the simulated dispersion curves. The
simulations yield a series of leaky modes which have a different num-
ber of nodes in the width dimension. These modes suffer width and
wavelength dependent cutoffs.79–81,84,86 The experimental results are
in good agreement with the lowest order leaky mode, implying that
the higher order modes are not detected in these measurements. This
is attributed to a combination of poor overlap of the spatial pro-
files of the excitation beam and the higher order modes,78,92 and the
shorter propagation lengths of the higher order modes.79 The slope
of the dispersion curve allows the group velocity to be determined.

FIG. 3. (a) Reflected light image of a Au nanostripe created by photolithography. The nanostripe is 100 μm long, 4 μm wide, and 50 nm thick. (b) Real space image of the
leaky PSPP mode excited by focusing a 760 nm laser at the end of the structure. (c) Corresponding Fourier space (back-focal plane) image of the leaky mode. For this image
only light from the region indicated by the red rectangle in (b) was allowed to reach the detector. (d) Dispersion curve for the 4 μm wide Au nanostripes. The green symbols
are the experimental measurements (average of three separate nanostripes), and the red solid lines are the results from finite element simulations. The different red lines
correspond to different order leaky modes. The black dashed line is the light line. Reprinted with permission from Beane et al., J. Phys. Chem. C 123, 15729–15737 (2019).
Copyright 2019 American Chemical Society.
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For the 4 μm wide Au nanostripes in Fig. 3, vg = (0.89 ± 0.01)c0,
where c0 is the speed of light in vacuum. Thus, combining the infor-
mation from the real space and Fourier space experiments generates
the values of LSPP and vg needed to calculate the lifetimes of the leaky
PSPP modes.78 The measured T1 lifetimes are plotted in Fig. 4(a) for
different width Au nanostripes, all of which are 100 μm long and
50 nm thick.

The solid blue line in Fig. 4(a) shows the results from finite ele-
ment simulations. The experimental and simulated lifetimes are in
good agreement. This implies that the dielectric constants for the
50 nm thick Au nanostripes created by photolithography and elec-
tron beam evaporation of Au are close to the literature values, that
is, there is no significant degradation in the optical properties of the
structures due to surface roughness or polycrystallinity in the sam-
ples.78 There are two important points to note from Fig. 4(a). First,
the PSPP lifetimes are almost an order of magnitude longer than the
lifetime of the LSPRs of the Au nanorods in Fig. 1, which are ≲10 fs.
This is because the field for the leaky PSPP modes is mainly localized
outside the metal, which reduces the damping from resistive heating
effects.41,95 The second point to note is that the leaky PSPP mode
lifetime decreases significantly for the narrower nanostripes.78,79,96

To understand the decrease in the PSPP lifetimes with decreas-
ing width, simulations were used to investigate how Γrad and Γq vary
with dimensions for the lowest order leaky mode of the Au nanos-
tripes. The simulations were performed for nanostripes on a glass
substrate, and the results are presented in Fig. 4(b) as the attenua-
tion constant (α) of the lowest order leaky mode vs thickness for 2,
4, and 8 μm wide nanostripes. The solid lines in Fig. 4(b) are the
total attenuation (αtot), and the dashed and dotted lines are the con-
tributions from radiation damping (αrad) and resistive heating (αq),
respectively. In this analysis, the values of αq were obtained by inte-
grating the dissipated power over the volume of the nanostructure,
and those of αrad from integrating the scattered power over a sur-
face that surrounds the nanostructure.41,78 These simulations show
that the attenuation due to resistive heating is similar for the differ-
ent sized nanostripes, however, the power radiated into the substrate
increases dramatically when either the width or the thickness of the
nanostripes is reduced.

The increase in αrad with decreasing thickness is attributed to a
geometrical effect. The field for the leaky mode is primarily located
at the top of the nanostructure, and the rate of radiation damping is
controlled by how this field couples to the photonic modes in the

FIG. 4. (a) Lifetime of the leaky mode (red symbols) vs width for 50 nm thick Au nanostripes recorded at an excitation wavelength of 760 nm. The errors represent standard
deviations calculated from at least three repeated measurements. The solid blue line shows finite element simulation results for different width Au nanostripes. (b) Simulated
attenuation constants for different thickness Au nanostripes with widths of 2 (red), 4 (green), and 8 (blue) μm. The solid lines are the total attenuation, and the dashed and
dotted lines are the radiation damping and resistive heating contributions, respectively. (c) Cross-sectional mode plots (norm of the electric field) for the lowest order leaky
modes of Au nanostripes with widths of 2, 4, and 8 μm. The scale for the electric field is given to the right of the image, and the images have been scaled so that the
nanostripes appear to have the same width. The simulations were performed at a wavelength of 800 nm. Reprinted with permission from Beane et al., J. Phys. Chem. C
123, 15729–15737 (2019). Copyright 2019 American Chemical Society. (d) Attenuation constant vs refractive index of the medium above the nanostripe (λ = 800 nm) and
(e) attenuation constants vs wavelength (for air) for a 4 μm wide/50 nm thick nanostripe. The red symbols are experimental measurements. Solid lines = αtot , dashed = αrad ,
and dotted = αq. The inset for (d) shows kSPP /k0 vs refractive index.
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substrate.80,93 Decreasing the thickness of the structures increases
the coupling between the leaky mode and photons in the substrate,
leading to increased values of αrad.41 The effect from reducing the
width of the nanostripes is more subtle. Figure 4(c) shows field plots
(norm of the electric field) for the lowest order leaky PSPP modes of
Au nanostripes with widths of 2, 4, and 8 μm. The field plots indicate
that the leaky mode becomes less confined for the 2 μm wide nanos-
tripes compared to the wider nanostripes and is more strongly cou-
pled to substrate photons.78,79,96 Thus, a physical explanation for the
data in Fig. 4(a) is that the reduced confinement of the leaky PSPP
mode at small dimensions causes an increase in radiation damp-
ing.79,96 It is important to note that the behavior of the leaky mode
is opposite to what happens for the LSPRs of particles, where radi-
ation damping is more important at larger dimensions, not smaller
dimensions.

Figure 4(d) shows a plot of the calculated attenuation con-
stants vs refractive index of the top medium for the lowest order
leaky mode of a 4 μm wide Au nanostripe. Similar to the analysis in
Fig. 4(b), the attenuation constant is broken up into contributions
from radiation damping and resistive heating. The inset of Fig. 4(d)
shows a plot of kSPP/k0 for the leaky PSPP mode. The attenuation
constant increases as the refractive index increases due to increases
in radiation damping. This result is similar to what happens for the
LSPRs of spheres; however, the explanation is different. Increasing
the refractive index of the surroundings increases kSPP/k0, bringing
the effective index of the leaky mode closer to the refractive index
of the substrate. This increases the coupling between the leaky mode
and photons in the substrate.80,93

The final issue examined for the leaky PSPP mode is how the
attenuation depends on the wavelength. Plots of the calculated val-
ues of αtot , αrad, and αq vs wavelength are presented in Fig. 4(e)
for the lowest order leaky mode of a 4 μm wide Au nanostripe.
Experimental measurements are shown as the red symbols (aver-
age from five separate nanostripes). The experiments and simula-
tions are, again, in excellent agreement. The simulations show that
αq increases as the wavelength decreases, which is expected when
the wavelength approaches the onset of the interband transitions
of Au.73,97 However, there is also a strong increase in the radi-
ation damping component of the attenuation. For LSPRs, theory
predicts that Γrad should be proportional to 1/λ3.19,20,63 The αrad
data in Fig. 4(e) have a stronger wavelength dependence, which
is attributed to a resonance effect. Specifically, the attenuation for
SPPs at a metal-dielectric interface is given by the imaginary com-
ponent of the SPP wavevector: α = k Im[

√
ϵ1(ω)ϵ2/(ϵ1(ω) + ϵ2)],

where ϵ1(ω) is the dielectric constant of the metal and ϵ2 is
the dielectric constant of the surrounding medium.98 This simple
expression predicts a large increase in attenuation when Re[ϵ1(ω)]
→ −ϵ2, which for Au occurs around the onset of the interband
transitions at approximately 600 nm wavelength. A similar effect
is expected for the attenuation of the leaky PSPP mode in the
nanostripes.

IV. MECHANICAL RESONANCES
Metal nanoparticles also display low frequency resonances

corresponding to the vibrational normal modes of the object.
These modes can be conveniently studied by transient absorption

spectroscopy measurements.21–25,27–29,32,99–101 In these experiments,
excitation by an ultrafast laser pulse causes rapid lattice heating. The
time scale for this process is a few picoseconds which, for particles
larger than several nm, is faster than the characteristic time scale for
lattice expansion.10,24,25,27–29 Because of this difference in time scales,
the vibrational normal modes of the particle that correlate with the
expansion coordinate are impulsively excited.10,24,25,27–29 The modes
that are excited are primarily breathing modes. These modes pro-
duce a small periodic change in the volume of the particles, which
creates a small shift in the position of the LPSR.10,25,102 This shift
can be detected in transient absorption experiments when the probe
laser is tuned near the LSPR.

The periods of the breathing modes can be accurately calculated
by continuum mechanics, even for particles with complex shapes,103

and typically fall in the terahertz to gigahertz frequency range.10,104

Like the LSPRs in the visible spectral region, the dephasing times
of these acoustic resonances have contributions from internal relax-
ation and energy transfer to the environment.24,101 For particles
on or in a solid support, the measured relaxation times can be
explained by radiation of sound waves into the solid.24,101 Specif-
ically, the vibrational quality factors depend on the difference in
acoustic impedance between the nanoparticle and the solid sup-
port: Z = ρ × cl, where ρ is the density and cl is the longitudinal
speed of sound.23,24,101,105 For small ΔZ values, the sound waves
are transmitted at the nanoparticle-substrate interface, leading to
rapid dissipation of acoustic energy into the environment and small
quality factors.23,24,101,105 In contrast, for large values of ΔZ, the
sound waves are reflected at the interface, which leads to longer
lifetimes and larger quality factors. The presence of these sound
waves has been detected in transient absorption experiments that
monitor the surface displacement of the supporting structure.106 It
is important to note that for the majority of single particle stud-
ies reported so far, the measured quality factors for damping by
solid substrates are significantly larger than the calculated values,
and there are typically large variations in the quality factors from
particle to particle.31,107–109 Both these effects can be attributed
to variable mechanical coupling between the particles and the
substrate.31,108–110

For particles in a liquid, it is possible that other relaxation
processes can occur in addition to radiation of sound waves.111,112

Figure 5(a) shows a cartoon of an experimental scheme designed
to explore how the lifetimes of the acoustic vibrations of metal
nanostructures are affected by liquids.32 In these experiments, sin-
gle nanowires are suspended over trenches cut into a glass sub-
strate. Transient absorption microscopy measurements are then per-
formed for the suspended nanowires in air and in different liquids,
and the results are subtracted to yield the damping from the liq-
uid. Specifically, the transient absorption traces yield the lifetime
τi and frequencies f i of the vibrational modes, which are used to
calculate a quality factor Qi = πf iτi. The quality factors have con-
tributions from internal relaxation (Qint), surface bound ligands
(Qsurf ), and the environment (Qenv), which is either air or liquid
in these experiments. These different contributions add as 1/Qtot
= 1/Qint + 1/Qsurf + 1/Qenv.27 Assuming that the internal relax-
ation and surface bound ligand effects do not change when liq-
uid is added, and that air has a negligible effect on damping, the
damping due to the liquid can be determined by 1/Qliq = 1/Qtot

− 1/Qair .32,108,113
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FIG. 5. (a) Cartoon of single gold nanowires suspended over trenches on a glass
surface. (b) Transient absorption traces for a suspended nanowire in air and sur-
rounded by water. (c) Average quality factors for liquid damping measured for
different liquids plotted vs the acoustic impedance of the liquid. The red line is
the calculated quality factor for liquid damping determined from Eq. (2) of the
main text. (a) Reproduced with permission from Major et al., Phys. Chem. Chem.
Phys. 15, 4169–4176 (2013). Copyright 2013 PCCP Owner Societies. (b) and (c)
Reproduced with permission from Devkota et al. Phys. Chem. Chem. Phys. 20,
17687–17693 (2018). Copyright 2018 PCCP Owner Societies.

Figure 5(b) shows example transient absorption traces for a sin-
gle nanowire in air and water. Chemically synthesized nanowires
have pentagonal cross sections, which give rise to two breathing
modes corresponding to motion at the faces and apexes of the pen-
tagon.32 This produces the beating pattern in the transient absorp-
tion traces. The modulations from the coherently excited breathing
modes are strongly damped by the addition of water. Figure 5(c)
shows the average quality factors for liquid damping plotted against
the acoustic impedance of the liquid Z.31,100 Note that high Q values

correspond to weak damping. The data show that the quality factors
change by roughly a factor of two for water compared to glycerol,
even though there are several orders of magnitude difference in the
viscosity of these two liquids.31

The solid line in Fig. 5(c) is a calculation of the quality fac-
tor expected for a circular cylinder in a homogeneous solidlike
environment.32 In these calculations, the system (nanowire plus
environment) is described using the Navier equation in cylindri-
cal coordinates.32,33 The displacement fields for the breathing mode
vibrations are taken to be Bessel functions and Hankel functions
of the first kind for the nanowire and the environment, respec-
tively.27,32 This choice of functions ensures that the displacement
is finite at the center of the cylinder and corresponds to an out-
going cylindrical wave in the surroundings. Applying the bound-
ary conditions of continuity in radial stress and displacement
at the cylinder-medium interface yields the following eigenvalue
equation:27,32

ρc[c2
L,ckcR

J0(kcR)
J1(kcR)

− 2c2
T,c] = ρm[c

2
L,mkmR

H0(kmR)
H1(kmR)

− 2c2
T,m], (2)

where ρi, and cL ,i and cT ,i are the density, and longitudinal and trans-
verse speeds of sound in the cylinder (i = c) or surrounding medium
(i = m), respectively, ki = ω/cL ,i, Jn and Hn are the Bessel and Hankel
functions, and R is the radius of the cylinder.

Equation (2) can be solved numerically to give a series of
complex eigenfrequencies, with frequencies and damping rates of
f = Re[ω]/2π and γ = Im[ω], respectively. The quality fac-
tor for damping due to the environment is thus Q = πf /γ
= Re[ω]/2 Im[ω].28,29,32 Note that the Q values from Eq. (2) are
independent of size. This is because both the frequencies and the
damping constant scale with size in the same way (∝1/R). The 1/R
size dependence of γ can be understood by following the analy-
sis presented above for LSPRs, that is, the rate of energy loss is
(dU/dt) = −γU, where U is now the acoustic energy stored in the
nanostructure. For radiation of sound waves, dU/dt is proportional
to the amount of the surface area of the structure in contact with
the medium,31 and U is (again) proportional to the volume. Thus,
γ = −(dU/dt)/U is proportional to the surface-to-volume ratio and
goes as 1/R for a circular cylinder. The simple calculations of Eq. (2),
which treat the surroundings as having a solidlike response, are in
excellent agreement between the experimental results in Fig. 5.31

This means that in liquid environments the damping of the breath-
ing modes of nanostructures is controlled by radiation of sound
waves into the surroundings, just like for solids. This process is
analogous to radiation of electromagnetic waves for the plasmon
resonances of metal nanostructures.

Note that the situation is more complex for vibrational modes
that produce shear waves in the liquid, such as the extensional
modes of nanorods.34,111 In this case, calculations show that the
shear viscosity of the liquid can play a significant role in relaxation.34

Unfortunately, single particle measurements are much harder for
the extensional modes compared to the breathing modes. This is
because the suspended nanostructure scheme in Fig. 5 cannot be
used to study modes where there is a change the length. Ruijgrok
et al. used transient absorption microscopy in combination with an
optical trap to study the extensional modes of single Au nanorods
in water.112 They showed significantly different quality factors for
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the extensional modes compared to the breathing modes; however,
these experiments are very challenging so that it was not possible to
study nanorods in different liquids—like in Fig. 5(c). Ensemble mea-
surements in water-glycerol mixtures for Au bipyramids, which can
be made with very monodisperse size distributions,114 have shown
that solvent viscoelasticity does affect the relaxation.111 The results
of these experiments are in good agreement with calculations that
include solvent shear viscosity.34,111

An intriguing possibility for the vibrational modes of nano-
structures is to use them as mass sensors (“nanobalances”).115–117

However, very high quality factors are needed for accurate mea-
surements, which means that radiation damping must be controlled.
Recently, it has been shown that quality factors as high as 70 can
be achieved by manipulating the aspect ratio of gold nanodisks
on a substrate, which is over three times the typical values found
for substrate supported nanodisks.118 This effect was attributed to
hybridization between the vibrational modes of the nanoparticle
and those of the substrate. For certain shapes, this creates modes
that are localized on the nanoparticle but are decoupled from the
substrate.118

A more facile approach to reducing radiation damping for
the acoustic vibrations is to simply remove the environment by
either suspending the nanostructure in air (as was done in Fig. 5)32

or placing it on a very thin/light substrate.119 For nanowires, the
vibrational quality factors are on the order of 30–70 for the sus-
pended structures,31,113 which are only a factor of 2–3 higher than
that for particles on the substrate. This indicates that these struc-
tures suffer fairly strong internal damping effects. In contrast, Fig. 6
shows results for a single suspended gold nanoplate where much
higher quality factors have been achieved. An optical image of
nanoplates suspended over trenches is presented in Fig. 6(a), and
a transient absorption trace from a suspended plate is shown in
Fig. 6(b). The oscillations in the trace arise from the thickness vibra-
tion of the plate,109,120 and in this case, the quality factor is ∼200.
Similar results have been obtained for nanoplates on lacey carbon
films.119 The much higher quality factor for nanoplates compared
to nanowires is attributed to the differences in crystal structure—
chemically synthesized nanoplates are single crystals with smooth
surfaces.119,121 The high quality factors for the vibrational modes of
the suspended nanoplates mean that their frequencies can be accu-
rately measured. This was recently exploited to examine vibrational
coupling between overlapped nanoplates119 and in principle can
enable mass sensing through measuring changes in the vibrational
frequencies.122,123

It is important to note that damping due to radiation of sound
waves is different from heat transfer to the environment. The radi-
ating sound waves are a coherent motion, whereas heat transfer
involves incoherent phonons.124,125 Heat transfer has been exten-
sively studied for different nanomaterials—mainly through ensem-
ble measurements.126–128 Recent studies for particles in a solid envi-
ronment have shown that the rate of heat transfer also depends
on the difference in acoustic impedance between the particle and
its environment, like the radiation of sound waves.129 For liquid
environments, the heat capacity, thermal conductivity, and interface
thermal conductance of the environment are also important para-
meters.130 However, heat diffusion typically occurs on a slower time
scale than the dephasing times for the acoustic vibrational modes
discussed above.10

FIG. 6. (a) Optical image of gold nanoplates on a patterned surface. (b) Transient
absorption trace for a single gold nanoplate suspended over a trench. The oscil-
lations are due to the thickness vibration of the nanoplate. The markers are the
experimental data, and the red line is a fit to the data using a damped cosine
function. The inset shows a Fourier transform of the data.

V. SUMMARY AND OUTLOOK
Metal nanostructures display three different spectral features:

LSPRs that give rise to bands in the visible to near-IR regions of
the spectrum, PSPP modes corresponding to motion of electrons at
the surface of the structure, and low frequency resonances associ-
ated with the vibrational normal modes of the object. These motions
are damped by internal relaxation and by radiation of waves into
the surroundings. The goal of this article has been to provide an
overview of the factors that control radiation damping in metal
nanostructures, in particular, how the efficiency of this process
depends on the properties of the environment and the size of the
nanostructure.

For electromagnetic waves, the important property of the envi-
ronment is the refractive index, and for sound waves, it is the acous-
tic impedance. In general, the rate of radiation damping increases
with the magnitude of the refractive index or the acoustic impedance
of the environment. However, the fundamental reason is differ-
ent for different resonances. For the dipolar LSPRs, the increase
in refractive index increases the polarizability of the nanoparticle,
which increases the scattering efficiency and therefore, the radia-
tion damping. For the acoustic modes, the rate of radiation damping
depends on the difference in acoustic impedance ΔZ between the
particle and the environment, with faster rates occurring for smaller
values of ΔZ. Noble metals have large acoustic impedances due
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to their high densities, which means that ΔZ decreases and the
rate of radiation damping rate increases with increasing acoustic
impedance of the environment. The PSPP modes show a different
effect. For these modes, the rate of radiation damping is determined
by their effective index neff . For the leaky mode, increasing the
refractive index of the medium above the nanostructure increases
neff , bringing it closer to the refractive index of the substrate (usu-
ally glass). This increases the coupling to the photonic modes of the
substrate.80,93

The size of the structure is also an important effect and is the
property that can be most easily controlled. For the dipolar LSPRs,
radiation damping increases with size (Γrad = 2h̵κV), again because
of increases in the scattering cross section. In contrast, the rate
of radiation damping for the leaky PSPP modes increases as the
dimensions of the nanostructures decrease. For the thickness dimen-
sion, this is because decreasing the height of the structures increases
the overlap between the leaky PSPP field (which is primarily at
the metal-air interface) and the substrate photonic modes, which
increases radiation damping.41 For the width dimension, the leaky
PSPP modes become less confined as the width decreases, leading to
stronger coupling to substrate photons.78,79,96 The rate of radiation
damping for the acoustic modes also increases as the dimensions of
the structure decrease. However, this is a surface-to-volume effect:
a larger contact area with the surroundings leads to more efficient
transfer of acoustic energy.31

For applications such as sensing, it is desirable to have reso-
nances with high quality factors (long lifetimes) and high frequen-
cies, which means that radiation damping should be reduced. For
the LSPR and PSPP modes, the most straightforward way of doing
this is to control the size of the structures—use small structures for
LSPRs and large ones for PSPPs.11,17,18,52,53,95 For the acoustic modes,
the quality factors are independent of size. However, for these
modes, radiation damping can be eliminated by simply removing the
surroundings from the nanostructure (this cannot be done for elec-
tromagnetic waves, which can propagate in vacuum).119 As shown
in Fig. 6, very high Q values can be obtained in this way, which may
lead to the development of high frequency mass sensors based on
suspended plasmonic nanostructures.
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