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ABSTRACT: We propose a general theme, labeled mechan-
ical electrodynamics, where the relative three-dimensional (3-
D) orientation of particles with nontrivial geometries is tracked
based on the details of the absorption spectrum beyond a one-
dimensional (1-D) distance dependence. Specifically, we
simulate absorption spectra of a subwavelength denture-like
nanostructure with freely moving parts. The nanodentures are
made of two gold nanoarches that either open and close or
rotate about a single arch base (hinge rotation). We show how
the absorption spectrum for the nanodentures changes depending on orientation and position. There is a ∼0.1−0.2 eV shift in
absorbance peak frequencies as the denture closes, corresponding to an increased coupling between the two gold arches, while a
hinge rotation results in a depletion of one absorbance peak (1.48 eV) with the simultaneous emergence of a new absorbance
peak at lower frequencies (0.88 eV). The unique spectral signature of each position and orientation of the nanodentures points to
a variety of applications. One will be experimentally tracking and measuring orientation and position of plasmonic-coupled
nanoparticles using simple methods such as UV−vis or IR spectral analysis. Additionally, the denture structure will tune in and
out of different plasmon resonance frequencies, or turn “on and off,” depending on its orientation. The simulations were
performed efficiently by the recent near-field (NF) approach, which is a time-dependent Poisson algorithm that shares a lot of
the machinery of full-fledged Maxwell equations but allows for much larger time steps and therefore can treat large systems.

I. INTRODUCTION
Plasmonics on the nanoscale shows promise for chemical and
biomedical sensing,1,2 cancer treatment,3−5 and optoelectronic
devices.6−9 With control over composition, size, and shape of
material, absorption in different materials can be tuned from
the IR to the UV−vis.10−12 There has therefore been much
effort to characterize and understand these plasmonic
phenomena.13−20 However, most systems are static, which
gives rise to a single plasmonic spectrum. An alternative
method of plasmonic tuning is to allow mobility and
coordination of the nanoparticles. Thus, a system’s plasmonic
response depends on the orientation and distance of different
plasmonic particles. We label this dependence mechanical
electrodynamics.
Previous work on the electrodynamic response of dynamic

systems has been limited. Most studies use the symmetry of the
system to simplify the model, such as spheres16,21,22 or rods23 at
different distances from one another. For example, colloid
dimers shift their plasmonic resonance as they get closer or
further away from one another.21,22 Dimers have therefore been
used for tracking purposes,24 but most studies are limited to
one-dimensional movement, which limits the types of response
that is collected. The less symmetry the nanoparticles have, the
more variation is available in the spectral signature. With a
more asymmetric system, such as the two nanoarches studied

here, there are more degrees of coordination, which results, as
shown below, in multidimensional spectral signatures.
Predicting the spectra of these less symmetric systems

increases computational time. With the recently developed
near-field (NF) method,19,25 computations are comparatively
efficient. NF captures the electrodynamics of nanostructures at
subwavelength scales. Below about a quarter of a wavelength,
retardation effects can be ignored.25 This simplifies the
treatment as the components of normal electric fields are
neglected. Therefore, the Poisson equation is used since the
time scale is not related to the inverse of the velocity of light, so
a large time step can be used.
Here we use the NF approach to model the electrodynamics

of a gold nanodenture structure, a system consisting of two
gold nanoarches that open and close in a denture-like fashion
or rotate about a hinge point (Figure 1). The mechanical
electrodynamics of the system manifest as spectral shifts due to
angle changes. Simultaneously, the spatial electric field was
studied to help understand the plasmon coupling mechanism.
The results show that there is rich information on 3D
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orientation in the spectral signatures of systems that are
nonsymmetric.
The paper is organized as follows. section II briefly reviews

NF, the results of the simulations are presented in section III,
and discussions and conclusions follow in section IV.

II. METHOD
NF is useful when the nanostructures are much smaller than
the optical wavelength, in that retardation effects can be
neglected. The longitudinal component of electric field then
dominates so that the field is the gradient of an instantaneous
scalar potential,

ϕ= −∇E

and fulfills the Poisson equation. The main advantage of NF is
that since the method is not related to the velocity of light, the
time step used for the evolution of electric field can be as high
as a few atomic units, hundreds of times larger than that
required in the Yee-type Maxwell finite-difference time-domain
(FDTD) approach for subnanometer scales.26

NF is essentially the time-dependent version of the
frequency-dependent Poisson algorithm, where one solves

ε ω ω∇· ̃ =r E r( ( , ) ( , )) 0 (1)

where ε(r, ω) is the permittivity of the material; Ẽ(r, ω) is the
total electric field, made of the local longitudinal component
and an external one. The difference from the usual Poisson
algorithm is that NF is a time-domain method, and therefore all
frequencies are solved for at once. In that respect, NF is similar

to the FDTD algorithm, although it uses much larger time
steps. In the time-domain, the electric field is

ϕ δ= −∇ +t t t tE r r E r( , ) ( , ) ( , ) ( )ext (2)

As in most FDTD descriptions, NF assumes that the
dielectric permittivity of a metal is represented as a sum of
Drude oscillators,
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Here, ε∞(r) is the material-dependent frequency-independent
term. For metals, we can assume ε∞(r) = ε0. The material-
dependent Drude parameters αj(r), βj(r), and ω̅j(r) are real-
valued and we typically apply up to N = 9 oscillators to fit the
permittivity over a wide frequency range, 0.6−6.7 eV for gold.19

To solve eq 1 in the time domain, the FDTD-type treatment
in NF develops as follows. A metallic polarization and current
density is defined for each for the Drude oscillators above and
is evolved as (j = 1,..., N)
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Equations 3 and 4 are propagated by the leapfrog algorithm
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To close these equations, we need the electric field. In
FDTD, the electric field is propagated as an independent
variable, while in NF it is obtained from the overall potential,
which is calculated in turn, at any time, from the polarization.
Specifically, for purely metallic systems and a uniform initial
external pulse, the electric fields is
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where the initial delta function in eq 2 is obtained (for purely
metallic systems; see ref 25 for the extension to dielectrics) as

φ ρ
ε
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r

( , )
( , )2

0 (7)

where we defined a metallic charge density as

ρ = −∇· tP r( , ) (8)

Figure 1. Model of the gold nanodenture system with (a) “flat”
geometry, (b) closing mechanical motion, and (c) hinge rotation
mechanical motion.
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from the metallic polarization
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j
(9)

The initial values for the propagation are
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To summarize this section: for purely metallic systems, we
start the simulation at t = 0 with a uniform electric field and no
polarizations and currents, then propagate eqs 5 and 6, and at
any time, step solve eq 7 by convolution.
The results are then Fourier transformed to yield P(r,ω), and

the absorption spectrum is obtained from the absorption
strength, defined as

∫α ω πω ω=
| |

·
c E

EP r r( )
4

Im ( , ) d
ext

2 ext
3

(11)

where P(r,ω) is the frequency-dependent total polarization. In
practice, unpolarized absorbance spectra were calculated by
summing the trace of α(ω) with x, y, and z polarized induced
fields.

III. RESULTS AND DISCUSSION
A gold nanodenture structure was studied with dimensions
shown in Figure 1. Our absorbance calculations were
benchmarked for the open denture (Flat or θ = 180°), halfway
open (θ = 90°), and closed (θ = 0°) (see also Supporting
Information, Figure 1). Two hundred mesh grid points in each
dimension were necessary for satisfactory convergence with the
halfway open and closed geometry, while 300 mesh grid points
were necessary for the open denture geometry. The structure
was then tested in two different cases: denture closure (Figure
1b) and hinge rotation (Figure 1c). For denture closure, the
angle θ, ranging from 180° to 0° in 45° increments, was
generated from the nanoarches rotating out of the plane toward
one another while connected at both bases at the spring line (in
architecture, the spring line is the point at which the arch first
begins to curve to create the arch structure). With hinge
rotation, the angle φ, varying between 0° to 180° in 45°
increments, was generated from the rotation of the nanoarches
connected at a single base at the spring line. The spectra were
monitored as shifts in absorbance peaks with the change in
geometry. Experimentally, this is the equivalent of a switchable
polymer linker connecting the bases of the nanoarches and
controlling the mechanics of the nanodenture system.
Initially two characteristic absorbance frequency peaks are

seen from a single gold arch found at 1.37 eV and 1.97 eV
(Figure 2a). However, when another gold arch is introduced in
the “flat” or θ = 180° denture position, the lower frequency
peak is blue-shifted by ∼0.11 eV, while the higher frequency
peak remains virtually unchanged. This is due to the newly
introduced plasmon coupling between the two nanoarches.
As the dentures close (Figure 1b), the absorbance frequency

peaks are blue-shifted by 0.1−0.2 eV (1.48 eV to 1.60 eV for
the low frequency peak and 1.93 eV to 2.16 eV for the high
frequency peak) (Figure 2b). This shift is explained by a
stronger coupling between the two arches as the dentures close
compared to the flat geometry. With more surface area and a
smaller distance between the arches, there is a stronger
coupling, which causes the peak shifts in the spectrum.

Interestingly, the initial 180° to 90° angle change does not
shift the frequency peaks drastically compared with the last 90°
to 0°. This is due to the limited range of the plasmon coupling
in the arches. The last 90° to 0° angles puts the surfaces of the
two arches much closer to one another than the 180° to 90°
angles initially do. Thus, there is a stronger interaction between
the two nanoarches between 90° to 0° angle.
For the hinge rotation case (Figure 1c), a drastically different

effect is seen. Instead of a gradual shift in absorbance frequency
peaks, there is a disappearance of a dominant absorbance peak
and the emergence of another (Figure 3). As the arch rotates
about one of the other arch’s base, the absorbance frequency

Figure 2. (a) The calculated absorbance spectra of a single gold
nanoarch and two gold nanoarches in a denture-like geometry. The
lower frequency peak blue shifts due to coupling between the two
arches. (b) As the arches close, the frequency of absorption shifts
higher. This is due to increased coupling between the two arches.
Intermediate angles shown are found in Supporting Information,
Figure 2.

Figure 3. Absorption spectrum of a gold nanodenture system as the
arches rotate about a single arch base at the spring line. As the arches
rotate, the frequency of absorbance turns “on and off” as a major peak
disappears while another emerges (indicated by the arrows). This
trend is due to a decreased coupling of the nanoarches at the spring
line.
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peak at 1.48 eV decreases while the absorbance frequency peak
at 0.88 eV starts to emerge. By the time the nanoarch has
rotated 180°, the first frequency peak (1.48 eV) has fully
depleted, while the new frequency peak (0.88 eV) has fully
emerged. This happens in a fairly linear fashion, illustrated by
the nearly equal intensity levels of both peaks at the 90°
rotation. The frequency shift is due to a decoupling of the two
nanoarches as an arch rotates away from the other arch. It is
important to note the large frequency difference of 0.6 eV from
the two peaks. This will be useful for devices that need to be
tuned in and out of a plasmonic frequency, or “on and off.”
Additionally, note how different the two methods of

plasmonic tuning are due to different mechanical electro-
dynamic properties of the system. This illustrates the versatility
in which less symmetric systems can be tuned. Unlike the dual
nanocolloid system, gold nanoarches have a multifaceted way of
tuning themselves with different mechanical movements giving
potentially very different spectral results. Furthermore, each
orientation gives a unique result. This is important for tracking
orientation and position via far-field methods such as UV−vis
and IR absorption, as each orientation and position has a
unique spectral signature. This also gives rise to avenues of
mechanically tuning and detuning plasmons through rearrang-
ing the nanostructure’s orientation.
To help analyze the characteristic effects of the mechanical

electrodynamics, the spatial electric field was simulated by NF
for the gold nanodenture structure (Figure 4). For ease of

visualization, the flat (or 0°) nanostructure was chosen. The
electric field response was visualized in the z-plane that bisects
the gold nanodentures. Inside the material, the electric field
response is roughly zero due to no net change in electric field.
Thus the z-polarized light is not included in the figures. For x-
polarized electric fields, the response is greatest along the
outside rim near the spring line of the nanoarches. For y-
polarized electric fields, the electric field is greatest between the
two arches at the bases, though is not insubstantial at the tip of
the arcs. This spatial information helps explain why the
frequency of absorption peaks shift.
The x-polarized and y-polarized electric field images illustrate

the initial coupling between the two nanoarches and thus
explain the initial frequency peak shift as this coupling is
initiated. It also helps explain the characteristic effect of both
the denture closing case and the hinge rotation case. As the
nanodenture starts to rearrange, the coupling starts to change.
Since the main source of coupling is initially at the hinge point,
it is not surprising that the spectrum changes as the orientation

around the hinge point changes, either from the dentures
closing or a hinge rotation.
With the spectra of systems and identifying coupling regions,

or hot spots, it is clear that these less symmetric systems have
complex properties that need to be explored.

■ CONCLUSION
With less symmetric nanostructured systems, there is more
complexity in orientation and position. This leads to interesting
coupling dynamics with the plasmons, and the NF-predicted
spectrum for the gold nanodentures illustrates this phenomen-
on well. Depending on how the system is changed, either
denture closing or hinge rotation, the spectrum changes in
drastically different ways. There is a unique ∼0.1−0.2 eV
frequency peak shift for the two major peaks of the gold
nanoarches as the nanodenture closes. On the other hand, there
is a peak depletion at 1.48 eV and a peak emergence at 0.88 eV
for a hinge rotation.
The versatility in the mechanical electrodynamics leads to

potentially interesting applications. Due to the nature of the
shifts and changes in intensity of the peaks caused by the
mechanical electrodynamics, applications in tracking via far field
methods such as UV−vis and IR absorption could be
envisioned. Additionally, if the orientation could be controlled
via a linking molecule or polymer, the plasmon could be
switched in and out of resonance with ease. This could be
useful for plasmonic devices that require an “on and off” state.
In future studies, it would be interesting to extend the NF

method to other frequency regimes. It would also be interesting
to further study other less symmetric systems or a completely
asymmetric system to see what sort of mechanical electro-
dynamics could be exploited for experimental purposes and to
search for optimal structures in which the spectrum changes
even more drastically and uniquely depending on the relative
orientation.
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