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Abstract: We explore the relationship between the near-field enhancement, 

absorption, and scattering spectra of localized plasmonic elements. A 

simple oscillator model including both internal and radiative damping is 

developed, and is shown to accurately capture the near- and far-field 

spectral features of linear optical antennas, including their phase response. 

At wavelengths away from the interband transitions of the metal, we expect 

the absorption of a plasmonic element to be red-shifted relative to the 

scattering, and the near-field to be red-shifted relative to both. 
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1. Introduction 

Plasmonic elements such as metallic nanoparticles and optical antennas have recently 

emerged as an effective technology for confining and controlling light at the nanoscale [1–6]. 

Localized surface plasmon resonances (LSPRs) are responsible for the strong interaction 

between light and metallic nanostructures, and have enabled a number of near-field 

applications such as LSPR sensing [7], surface-enhanced Raman scattering (SERS) 

spectroscopy [8], surface-enhanced infrared absorption (SEIRA) spectroscopy [9, 10], 

enhanced nonlinear wave mixing [11, 12], and even nanoparticle-based cancer therapy [13], 

as well as far-field applications like emission engineering [14], frequency-sensitive 

photodetectors [15], wavefront engineering of semiconductor lasers [16], and molding light 

propagation at engineered interfaces [17]. 

In the study of localized surface plasmon systems, a number of both near- and far-field 

quantities are used to characterize plasmonic resonances with the most common ones being 

near-field enhancement, and the absorption and scattering cross-sections (the last two are 

often combined into an extinction cross-section). It has been observed that the wavelength 

dependence of near-field quantities such as electric field enhancement can be significantly 

red-shifted compared with far field quantities such as scattering [18–23]. This discrepancy has 

significant implications for plasmonic applications where care must be taken to optimize the 

appropriate figure of merit for the wavelength of interest. 

Recently, Zuloaga et al proposed that this shift can be understood as a general 

consequence of the behavior of damped, driven harmonic oscillators, in which the maximum 

oscillation amplitude is at a lower frequency than the peak absorption [24]. Zuloaga et al 

relate the oscillation amplitude to the plasmon-induced near fields and the oscillator 

absorption to the extinction cross-section. Similar models involving a charge on a spring have 

been used in the past to describe the plasmonic analogue of electromagnetically induced 

transparency (EIT), in which a dipole antenna element (modeled as a damped, driven 
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oscillator) was coupled to a dark quadrupole antenna (a damped, undriven oscillator) via near-

field interactions [25, 26]. 

In aforementioned simple models for LSPRs, all damping mechanisms were combined 

into a single loss term proportional to the charge velocity, as in damped harmonic oscillators. 

However, LSPR modes actually decay via two distinct channels: internal damping via free 

carrier absorption and emission of light into free space which we recognize as scattering. In 

this report, we explicitly account for these two decay channels and show that in LSPR 

systems the near-field, absorption, and scattering spectra are all expected to peak at different 

frequencies and have distinct profiles. We find excellent agreement between our model and 

electromagnetic simulations of plasmonic antennas in the infrared spectral range. 

2. Model 

We begin by analyzing a system in which a charge q located at x(t) with mass m on a spring 

with spring constant κ (Fig. 1(a)) is driven by an harmonic incident electric field with 

frequency ω, and experiences internal damping with damping coefficient
a

Γ : 

 
2 3

02 3

i t

a s

d x dx d x
m x qE e

dtdt dt

ωκ+ + = Γ+Γ  (1) 

In addition to the internal damping force 
a

dx dtΓ , the charge experiences an additional 

force 3 3d x dtΓ due to radiation reaction, where 2 3

0
/ 6

s
q cπΓ = ε . This term describes the 

recoil that the charge feels when it emits radiation, and is referred to as the Abraham-Lorentz 

force or the radiation reaction force [27]. Since classical laws of electrodynamics necessitate 

that an accelerating charge release energy in the form of radiation, conservation of energy 

implies that this charge must consequently lose kinetic energy. The form of the radiation 

reaction force can be derived by applying an energy balance argument to the classical Larmor 

formula for radiated power, and it can also be seen as the force which the field produced by 

the charge exerts on the charge itself [28]. 

For our charge-on-a-spring model, the radiation reaction term has to be included for 

physical consistency, and cannot be absorbed into the internal damping coefficient 
a

Γ  while 

maintaining its frequency-independence. 

By assuming harmonic motion 
0

( ), tix t x e ωω = we can immediately write down the steady-

state solution to Eq. (1) as 

 0

0
2 2 2

0

, )
( )

( ) (

( ) ( )
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iq m E
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where
0

)(x ω contains the amplitude and phase response of the oscillator and
0

/k mω = . 

Time-averaged power dissipated by an oscillator can be written as 
*

0
( ( () ( )) )P F i xω ω ω ω= where *)(F ω is the complex conjugate of the applied force. 

Therefore, by using Eqs. (1)-(2), we can write down the expressions for the absorbed and 

scattered power by the oscillator as: 

 

22

0

24

0

) )

) ( )

( (

(

abs a

scat s

P x

P x

ω ω ω

ω ω ω

= Γ

= Γ
 (3) 

where 
2

0
)(x ω is the magnitude-squared of the oscillation amplitude which can be written as 
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The value
0

)(x ω is in general a complex quantity, and related to the frequency-dependent 

phase ( )φ ω  by 
( )

0 0
( ( ) .)

i
x x e

φ ωω ω=  

 

Fig. 1. (a) Representation of an optical antenna in oscillator form, where q is the charge, m is 

the inertial mass, and x(t) is the displacement from the equilibrium position. (b) Schematic of a 

gold optical antenna (length L = 1µm, height h = 50nm, width w = 130nm) on a silicon 

substrate, illuminated by a normally incident plane wave polarized along the antenna axis. The 

cross represents the point ~4 nm away from the antenna edge where the near-field is calculated. 

(c) Scattering and absorption cross-sections as calculated via FDTD (dashed lines) and the 

model (solid lines). (d) Near-field intensity enhancement calculated by the model (solid line) 

and via FDTD (dashed line) at the location identified by the cross, with the incident field 

subtracted off. (e) Oscillator phase (which also represents the phase of the near-field). 

3. Interpretation 

LSPR systems are examples of harmonic oscillators [17, 24, 29], and simple charge-on-a-

spring oscillator models with a single damping term have previously been utilized to gain 

physical understanding of complex plasmonic systems [25, 26]. 

Our extended oscillator model can shed light on the relationship between the near-field, 

absorption, and scattering spectra in plasmonic elements. We expect our explicit inclusion of 

the radiative damping term to provide additional physical insight compared to the 

aforementioned models: this term makes the model physically consistent, and is reminiscent 

of the radiative damping corrections that have been made to improve the analytical analysis of 

metallic spheroids via the modified long-wavelength approximation (MLWA) [18]. 

As a representative LSPR system, we consider a gold linear plasmonic antenna on a 

silicon substrate designed to resonate in the mid-infrared spectral range (Fig. 1(b)). Such 

antennas have found uses in focusing light from quantum cascade lasers [30], SEIRA 

spectroscopy [10], and infrared photodetectors [15]. We specifically consider LSPR 

resonators at wavelengths much longer than those corresponding to interband transitions in 

gold to isolate the resonant nature of the antennas from the material resonances. 

If we interpret our plasmonic antenna as an oscillator that obeys Eqs. (1)-(4), we can 

define the absorption and scattering cross-sections 

0
( ) /()

abs abs
C IPω ω= and

0
( ) ) /(

scat scat
IC Pω ω= , where

0
I is the incident intensity, which are 

measures of how much of the incident power the oscillator is able to absorb or scatter. 

Furthermore, we can calculate the near-field intensity enhancement at the tip of the antenna as 
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2 2

0
)( ()

near
E xω ω∝ since the plasmon-induced near-field is directly proportional to the 

charge density accumulating at the edges of the antenna [24]. 

By examining Eqs. (3)-(4) and noting that 
22 4 )(

scat abs near
P P Eω ω ω∝ ∝ we can deduce 

that the scattering spectrum )(
scat

P ω will be blue-shifted relative to the absorption spectrum 

)(
abs

P ω , which will in turn be blue-shifted relative to the near-field intensity enhancement 

spectrum
2

)(
near

E ω . These spectral differences can be clearly seen in finite difference time 

domain (FDTD) simulations of gold linear antennas [31] in which we used the complex 

permittivity data for gold from Palik [32]. In Fig. 1(c-e), we show the scattering and 

absorption cross-sections, the near-field intensity at the edge, and the near-field phase, 

respectively, for our antenna as calculated by FDTD (dashed lines). We fit the simulation 

results presented in Fig. 1(c) with Eqs. (3) to obtain the parameters 
0

, , and
a

q m ω Γ  ,  . 

The parameters obtained from the fit are consistent with the interpretation that the driving 

and radiative damping of the antenna mode are due to conduction electrons in the gold 

comprising the antenna. Assuming a carrier density of 5.9 x 10
22

 cm
−3

 in gold [33] and 

volume V = 6.5 x 10
−15

 cm
3
 for the antenna in Fig. 1, we expect ~3.8 x 10

8
 free electrons to be 

present in the antenna. A Drude model fit to the mid-IR data for gold in Palik [32] yields a 

plasma frequency of 
1

 ~ 1.2 16
p

sω −
×  , which suggests an electron optical effective mass 

* ~ 1.35
e e

m m  (as defined in [34]) where 
e

m  is the free electron mass. On the other hand, the 

parameters q and m from our fit correspond to ~2.3 x 10
8
 electrons of effective mass 

* ~ 1.5
e e

m m , close to the values obtained from the carrier density in gold and the antenna 

volume. The total charge participating appears to be ~60% of the combined charge of the 

conduction electrons in the antenna, which is consistent with the fact that not all of the 

electrons interact equally with the driving and the scattered fields due to the skin depth effect. 

The resulting model is able to explain the peak spectral position and general shape of the 

near-field intensity (Fig. 1(d)), as well as the phase response of the antenna (Fig. 1(e)). Note 

that no additional fitting was done to obtain the near-field curves in Fig. 1(d, e). This result 

suggests that this model can predict the near-field amplitude and phase response from 

experimental far-field spectra of antennas, which are much easier to obtain than near-field 

measurements. 

To further illustrate the spectral differences between our quantities of interest, in Fig. 2 we 

plot the wavelength peaks of the scattering (blue), absorption (red), and near-field (black) 

spectra for antenna lengths from 0.5 µm to 1.5 µm both on a silicon substrate (solid lines) and 

embedded in silicon (dashed lines). In both cases, the aforementioned trend remains 

unchanged, with the near-field peak always red-shifted relative to the absorption, and with 

both red-shifted relative to the scattering spectrum. 
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Fig. 2. Peak wavelengths of the near-field (red), absorption (black), and scattering (blue) of 

linear antennas (w = 130nm, h = 50nm, gold) of various lengths sitting on (solid lines) and 

embedded in (dashed lines) a silicon substrate 

It is important to note that our results remain valid only for wavelengths far enough away 

from any material resonances. For example, in the visible range near an interband transition 

for gold [35] the absorption spectrum for nanospheres peaks at a lower wavelength than the 

scattering spectrum [23], contrary to the predictions of our model. It appears that our model 

can be safely applied to noble metal structures in the near- and mid-infrared spectral range 

and longer wavelengths; for example see Oldenburg et al in which the scattering spectra of 

near-infrared dipolar, quadrupolar, and octupolar modes in nanoshells have been shown to all 

be blue-shifted relative to the absorption spectra [36]. To treat the short wavelength regime 

our model could be augmented by introducing an additional oscillator with a coupling term to 

represent the resonant response of the material; in fact, a Lorentz oscillator model is often 

used to account for this well-known effect of bound electrons in metals when calculating its 

complex permittivity [5] [35]. 

3. Conclusion 

In this report, utilized a simple oscillator model with an explicit radiation damping term to 

explain the differences in the near-field, absorption, and scattering spectra of localized 

plasmonic systems away from material resonances. We fit our model to full-wave numerical 

simulations of the scattering and absorption cross-sections of plasmonic antennas in the 

infrared, which enabled us to predict the near-field amplitude and phase response with high 

fidelity. The resulting fits yielded parameters that were consistent with the interpretation that 

the interaction of the incident and scattered fields with the antenna is via the combined mass 

and charge of the conduction electrons in the metal. 

Our model can shed light on the behavior of plasmonic systems without resorting to 

elaborate theories or numerical approaches. This understanding will be beneficial for the 

design of plasmonic elements for near- and far-field applications. 
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