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1
Introduction

Mechanical oscillators have long been used for measurement. Two of the most
basic examples are pendulum clocks, for timekeeping, and tuning forks, for mea-
suring frequency. This is possible because of the high mechanical quality factors
Q that are attainable, creating stable timekeepers and clean tones. The frequency,
amplitude and phase of a mechanical oscillator can be perturbed by coupling to
the environment. In some cases, this is an unwanted effect. But it also means that
the mechanical oscillator can be used a sensor: detecting forces, displacements,
masses and accelerations with high sensitivity. By reading out the state of the mech-
anical oscillator, these external influences can be detected. Nowadays, mechanical
resonators with masses ranging from the 10−26 kg of a single trapped ion to the
kilogram-scale mirrors in gravitational wave detectors are used, with frequencies
ranging from ∼Hz up to GHz.

To measure small perturbations, using smaller mechanical oscillators is beni-
ficial: as their own mass goes down, their susceptibility to perturbing forces in-
creases. It is for this reason that over the past decades micro-electromechanical sys-
tems (MEMS) have been scaled down to nano-electromechanical systems (NEMS)
[11, 22].

To create a full sensor, it is not enough to have the oscillator sense the environ-
ment: its change in oscillation must also be ‘transduced’ to a measurable signal.
The motion of MEMS and NEMS can be transduced using a variety of techniques,
for instance capacitively, magnetomotively, or piezoresistively. As the devices be-
come smaller and the measurements more sensitive, the limitations of these elec-
trical readout methods are becoming more and more severe, as electrical noise
limits come into play.
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Optical transduction has been shown to offer benefits over electrical transduc-
tion: quantum-limited optical sources (low-noise lasers) and detection techniques
(interferometry) [33] are readily available, allowing new levels of sensitivity.

The most simple detection of motion using light is by reflecting photons from a
mechanical oscillator, as sketched in Figure 1.11.1a. If the oscillator moves by δx, the
phase difference δφ of the reflected beam will be

δφ= k ·δx, (1.1)

where k ≡ ω/c is the light’s wavevector. Because the change in position δx is typi-
cally small compared to the wavelength, the change in phase is also small. A solu-
tion is to use a reflecting mechanical oscillator as one of the mirrors in a Fabry-Pérot
cavity, as sketched in Figure 1.11.1b, boosting the phase change by having the photon
make multiple passes through the cavity:

δφ= 4

π
Fk ·δx, (1.2)

where F is the cavity finesse. The finesse is defined as F ≡∆ωFSR/κ, with ∆ωFSR ≡
πc/L the cavity’s free spectral range, where L is the length of the cavity and κ is the
loss rate. We now introduce the optomechanical frequency shift

G ≡ ∂ωc

∂x
, (1.3)

with ωc the cavity resonance frequency. For a Fabry-Pérot cavity, with G = −ωc /L,
we rewrite the phase shift as

δφ= 4
G

κ
δx, (1.4)

expressing the transduced phase change as a change in the cavity resonance fre-
quency.

Because photons carry momentum, they can, besides measuring the position
of the mechanical oscillator, also exert a force on the oscillator. This leads to vari-
ous phenomena that can be discerned in a cavity optomechanical system, such as
optical bistability [44], the optical spring effect [55, 66], and optical cooling [77, 88], which
can be used to reach thermal occupations close to the quantum regime [99–1111].

There are many examples of Fabry-Pérot cavities with movable end mirrors,
showing various implementations of the moving mirror: coated cantilevers [88, 1212,
1313], micropillars [1414], mirror pads on cantilevers [1515], and photonic crystal slabs
[1616, 1717].

Another implementation is to use internal mechanical modes of deformable
guided wave optical cavities, guiding light around the rim of a microdisk [1818, 1919],
microtoroid [1111, 2020–2222], or microsphere [2323, 2424].

However, for all these systems, the mechanical oscillator is much larger than the
(optical) wavelength. Scaling down the oscillator reduces its mass and increases
its frequency, which can improve sensitivity. To measure the motion of nanome-
chanical oscillators, where one or more dimensions of the oscillator are smaller
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Figure 1.1: Schematic of different optomechanical interactions. (a): mo-
mentum transfer on reflection, (b): Fabry-Pérot optomechanical cavity,
(c): plasmonic metal-insulator-metal cavity.

than the wavelength, such a mechanical oscillator can be introduced into a Fabry-
Pérot cavity, modifying the cavity’s optical properties either through dispersion [2525]
or dissipation [2626]. One realization is to introduce the mechanical object directly
into the (free space) cavity, using for instance silicon nitride (SiN) membranes [2525]
or carbon nanotubes [2727] as mechanical element. Another implementation is to
place the mechanical oscillator in the optical near-field of a guided mode opti-
cal microresonator, for instance using a SiN string near a microtoroid [2828] or two
closely spaced microdisk resonators [2929–3131]. A third approach in this category is to
use optically levitated particles as mechanical resonators, allowing very low masses
and strongly suppressed clamping losses. This has been shown with micron-sized
[3232, 3333] and submicron [3434] silica dielectric particles in an optical dipole trap in a
high-vacuum chamber.

These motion-in-a-cavity systems all suffer from the imperfect overlap between
the optical and mechanical modes, which leads to modest optomechanical coup-
ling. This modest coupling is compensated by using high-Q optical resonators.
Stronger mode overlap, and therefore stronger coupling, can be obtained in
photonic crystal cavities. By engineering photonic crystal cavities, the optical and
mechanical mode can be co-localized, as has been shown for 1-dimensional [3535]
and 2-dimensional [3636, 3737] cavities, which are also known as ‘optomechanical
crystals’.

Finally, cavity-free implementations have also been demonstrated, with either
a deformable waveguide close to a substrate or two waveguides close to each other
[3838–4242], using the strong coupling from exponentially decaying near-fields. One of
the advantages of not using a cavity is an increase in optical bandwidth, due to not
having a resonant structure. A disadvantage of these systems is that they typically
require a long interaction length.

In this work, we will use plasmonic resonances as an optical cavity for the trans-
duction of mechanical motion (Figure 1.11.1c). As we will show, the near-field con-
finement in plasmonic structures can be very high, allowing very high coupling
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between motion and light while using a subwavelength optical element. We will use
multi-element plasmonic resonances, and place at least one element on a mech-
anical oscillator. Motion of the oscillator then changes the plasmonic configura-
tion, thus changing the optical properties of the cavity.

The small size of plasmonic resonators allows high mode overlap with highly
confined mechanical modes. At the same time, the free-space addressability of
localized surface plasmon resonances allows the use of simple optical elements to
couple light to and from the cavity, without having to resort to for instance nano-
scale positioning of tapered optical fibers, as is necessary for many photonic crystal
cavity and microcavity optomechanical implementations. The simple addressabil-
ity also allows parallel transduction of multiple oscillators in a subwavelength area
with a single laser beam, which is challenging with many other implementations.

1.1 Plasmonics for transduction of motion
In this thesis, we use plasmonics an an intrinsically sub-wavelength optical tech-
nique to probe mechanical motion. An interface between a metal and a dielectric
supports surface plasmon polaritons, which are evanescent waves that are strongly
coupled to coherent oscillations of the free electrons of the metal near the surface.

On a flat interface between a metal and a dielectric (Figure 1.21.2a), a propagating
surface plasmon polariton is supported, with dispersion relation [4343]

kx = k0

√
εεm

ε+εm
, (1.5)

where εm is the dielectric constant for the surrounding dielectric, ε is the dielectric
constant for the metal, and k0 is the free-space wavevector. We express the dielec-
tric constant for the metal using the Drude model for a free-electron gas [4444],

εDrude(ω) = 1−
ω2

p

ω(ω+ iΓ)
, (1.6)

where ωp is the plasma frequency and Γ is the damping rate, which is due to
electron-electron and electron-phonon scattering.

These surface plasmons are characterized by exponentially decaying optical
near-fields extending into the dielectric, making them very sensitive to changes in
εm . By placing a mechanical oscillator in the surface plasmon near-field, we can
change the surface plasmon’s properties due to the mechanical oscillator’s vibra-
tions.

A surface plasmon on a (semi-infinite) surface cannot couple to free space ra-
diation due to the momentum mismatch between k0 and kx . When the surface
plasmon geometry is no longer infinite, kx is not conserved and the plasmon can
couple to free space radiation. In a finite-sized system, this creates particle plas-
mon resonances, of which the most basic is the dipole mode of a metal nanopar-
ticle (Figure 1.21.2b). For a spherical particle much smaller than the wavelength, the
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Figure 1.2: Sketch of different plasmonic geometries. (a): Metal-insulator
surface plasmon mode. (b): Particle plasmon, showing charge distribution.
(c): Metal-insulator-metal plasmon modes, showing the symmetric mode
profile. (d): Dimer particle plasmon, showing the charge distribution for the
bonding mode. (e): Field distribution in a truncated metal-insulator-metal
waveguide. (f): Dimer particle plasmon, showing the charge distribution for
the anti-bonding mode.

polarizability can be found to be [4545]

α= 4πε0a3 ε−εm

ε+2εm
, (1.7)

where a is the radius of the particle.
The near-field sensitivity of surface plasmons has found wide application in

sensing, both using surface plasmons [4646] and particle plasmons [4747–5050]. The near-
field intensity enhancement around particle plasmons has also found other appli-
cations, for instance for fluorescence enhancement [5151], in higher harmonic gen-
eration [5252], creating steam [5353], or for plasmonic welding [5454].

The high field enhancements and high gradients near plasmonic particles lead
to strong optical gradient forces [5555, 5656], leading to the application of plasmonics
in trapping dielectric particles, first of micron scale [5757], then 100’s of nanometer
scale [5858], and finally particles of 20- [5959] and 12-nm diameter [6060]. This force
enhancement implies that plasmonics could also be used not only for transducing
mechanical motion but also to control mechanical motion.

In this thesis, we will use coupled surface plasmons [6161] for sensing displace-
ments by displacing two plasmonic elements in each other’s near-field. A metal-
insulator (MI) plasmon propagating on a surface can be changed to a coupled con-
figuration by bringing a second metal surface into its near-field. This creates a
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metal-insulator-metal (MIM) plasmon (Figure 1.21.2c), whose propagation is strongly
dependent on the spacing between the plates [6262]. Again, there are two modes,
this time usually referred to as the symmetric and antisymmetric mode. While the
antisymmetric mode can be tuned to show negative refraction [6363], we will focus
on the symmetric mode, which has a higher fraction of its field intensity in the
dielectric, leading to lower absorption losses in the metal. In Chapters 44 and 55,
we study very short MIM waveguides. This creates a more complicated geometry,
where reflections from the interfaces between the MIM and the air on both sides
play a role, as sketched in Figure 1.21.2e. This truncation of the MIM then leads to the
creation of localized resonances.

In an analogous way, the dipolar particle plasmon resonance can be converted
to a coupled mode by placing a second particle nearby, creating a dimer antenna,
as sketched in Figure 1.21.2d and f. Due to the evanescently decaying field around
each of these particles, the coupled system is very sensitive to the displacement of
the particles along their interparticle axis [6464–6666]. The individual plasmonic modes
of the particles hybridize, forming a bright, dipolar, bonding mode (panel d), and a
dark, quadrupolar, antibonding mode (panel f).

Multi-element plasmonic antennas of the basic geometries discussed above
have found application in position sensing, using both particle plasmons [6767] and
metal-insulator-metal waveguides [6262].

As discussed earlier, reducing the size of a mechanical oscillator can increase
the sensitivity. However, for many (cavity) optomechanical implementations, the
mode mismatch between the optical and mechanical modes then leads to a re-
duction in the transduction efficiency. The small optical mode volume of the plas-
monic resonators we study here can improve this: by increasing the mode overlap,
good coupling can still be achieved even for the smallest mechanical oscillators,
and even with very modest quality factors.

1.2 This thesis
In this thesis, we study two types of plasmonic transducers for mechanical motion:
metal-insulator-metal plasmonic waveguides between mechanical nanobeams,
and dimer antennas with the two elements each placed on separate nanobeams,
as shown in Figure 1.31.3a and b respectively.

In the first geometry, the entire beam is coated in a layer of gold. When mea-
suring in transmission, this creates an intrinsic darkfield geometry, improving the
signal-to-noise ratio, though at the cost of increased oscillator mass. These plas-
monic transducers will be studied in Chapters 44 and 55. An SEM image of a typical
double-beam plasmonic mechanical transducer as studied in Chapter 44 is shown
in Figure 1.31.3a.

In the second, antenna, geometry, we use a plasmonic dimer antenna for trans-
duction of mechanical motion, with Figure 1.31.3b showing an SEM image of a dimer
antenna on a nanobeam. This implementation has the advantage of using far less
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Figure 1.3: SEM micrographs of the structures studied in this thesis.
(a): Mechanical nanobeams suspended in a Si3N4 membrane, coated withgold, with a metal-insulator-metal waveguide in the gap between the two
beams. (b): Plasmonic coupled dimer antenna on freestanding nanobeams.

metal, allowing for smaller and lighter mechanical oscillators. This geometry will
be studied in Chapter 66.

In Chapter 22, we introduce a scattering model to show how plasmonic scatterers
transduce mechanical motion to light fields. We also calculate the thermal occupa-
tion of mechanical beams using Euler-Bernoulli beam theory. These derivations
are used to calculate the attainable measurement sensitivities.

Chapter 33 will discuss the experimental setup to measure plasmonic motion
transduction and the fabrication techniques used to create the structures we will
study.
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