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Abstract

Future matter-wave interferometers, which are targeted at probing the quantum super-
position principle with objects of increasing mass and complexity, will require coherent
sources of slow and cold particles. In this work I study the possibilities for realiz-
ing these experiments with dielectric nanoparticles, by controlling, manipulating, and
cooling them in optical dipole potentials and high-finesse optical cavities.

I investigate the requirements for matter-wave interferometry and propose a scheme
to resolve interference effects with silicon nanoparticles of up to 107 atomic mass units.
With this application in mind, I present laser-based launch methods for particles of
various sizes and shapes in ultra-high vacuum and the detection and manipulation of
nanoparticles in intense cavity fields. Based on this experimental progress, I discuss
the prospects of cooling dielectric nanoparticles to realise a coherent source for matter-
wave interferometry in dedicated microcavities, whose low mode-volume will enhance
the light-matter interaction. I present the implementation of silicon micromirror chips
to form open-access cavities with beam waist radii of 12 um and cavity mode-volumes
of 15 pL, allowing for high signal-to-noise detection of 150 nm radius nanoparticles via
their strong coupling to the field of a single cavity. In the future, microcavities with
better controlled mirror shapes and higher finesse will be capable of cooling particles
with masses down to a few 10% amu.

The laser-induced launch method also enables novel studies with non-spherical nano-
particles. The free rotation of silicon nanorods can be detected via their scattering in
intense optical fields, resolving rotation rates of up to 50 MHz. At millibar gas pressures
these particles can be stably levitated for more than 100 days in the standing light
wave formed by two focussed counter-propagating laser beams. The nanorods exhibit
an orientation dependent polarizability which can be exploited in order to control
their rotational motion. When the polarisation of the trapping beams is periodically
modulated between linear and circular, the particles can be driven and their rotation
locks to an external clock with surprisingly high stability. This experiment paves the
way for very precise, local sensing applications and single-particle thermodynamics
studies. To enable new quantum experiments in the orientational degrees of freedom
and facilitate orientation dependent high-mass matter-wave interferometry, I discuss
the prospects of employing a cavity to cool both the rotational and translational motion
of non-spherical nanoparticles. Under realistic experimental conditions, cooling to the

ro-translational quantum ground-state of a rod or disk is within reach.






Zusammenfassung

Zukiinftige Materiewelleninterferometer sollen das Quantensuperpositionsprinzip fiir
Objekte mit mehr als 10° atomaren Masseneinheiten testen. Um kohirente Quellen
dafiir zu entwickeln sind neue Techniken notwendig. In dieser Arbeit untersuche ich
Methoden um solche Experimente mit dielektrischen Nanoteilchen zu realisieren, in
dem man die Teilchen in optischen Dipol-Potentialen und Resonatorfeldern manipu-
liert, kontrolliert und kiihlt.

Ich schitze die experimentellen Voraussetzungen fiir zukiinftige Interferometrieex-
perimente im Massenbereich von 105—107 atomaren Masseneinheiten ab und priisentiere
ein Schema um die Interferenz von Teilchen mit 107 atomaren Masseineinheiten auf-
zuldsen. Fiir diese Anwendung stelle ich Methoden vor, die es uns ermdoglichen Nanoteil-
chen verschiedener Grofie und Form unter Hochvakuumbedingungen in die Gas-Phase
zu bekommen und in intensiven Lichtfeldern optischer Resonatoren zu detektieren und
zu manipulieren. Basierend auf dem experimentellen Fortschritt diskutiere ich die Aus-
sichten um Nanoteilchen in optischen Resonatoren mit hoher Giite zu kiihlen, um
eine kohérente Quelle fiir Materiewellenexperimente zu realisieren. Dies beinhaltet das
Kiihlen der Massenmittelpunktsbewegung von Teilchen mit 10¢ — 107 atomaren Mas-
seneinheiten in speziell angefertigten Mikroresonatoren, deren kleines Modenvolumen
die Wechselwirkung mit den Teilchen verstirkt. Ich présentiere den Einsatz von Mi-
krospiegel auf Silizium-Chips um Resonatoren mit Strahldurchmessern von 24 ym bzw.
Modenvolumen von 15 pL zu formen, die es uns erlauben Glas-Nanoteilchen mit 150 nm
Radius durch ihre starke Kopplung an das Resonatorfeld mit hohem Signal zu Rausch
Verhiltnis zu detektieren.

Unsere Nanoteilchenquelle erlaubt es uns auch, erstmals die Rotationsbewegung von
elongierten Nanoteilchen zu untersuchen. Wir kénnen die freie Rotation von Silizi-
umstédbchen durch Streuung von starken Lichtfeldern detektieren und Rotationsraten
von bis zu 50 MHz auflésen. Mit Hilfe von Restgas kénnen wir diese Teilchen in einer op-
tischen Stehwelle, die aus zwei gegenldufigen Laserstrahlen geformt wird, stabil fiir mehr
als 100 Tage levitieren. Dabei wird die formbedingte Orientierungsabhingigkeit der
Polarisierbarkeit der Teilchen ausgeniitzt, um die Rotationsfreiheitsgrade der Stabchen
in der Falle zu kontrollieren. Durch Modulation der Polarisation zwischen linear und
zirkular kénnen wir die Drehbewegung eines Stdbchens so antreiben, dass sie einer ex-
ternen Uhr mit hoher Prazision folgt. Mo6gliche Anwendungen fiir dieses System sind

unter anderem prézise, lokale Messungen von Druck, Gasstromen und Lichtfeldern



Contents

oder Studien zur Einzelteilchen Thermodynamik. Um zukiinftige Quantenexperimente
in den Rotationsfreiheitsgraden zu realisieren und orientierungsabhéngige Materiewel-
leninterferometrie zu ermoglichen, diskutiere ich, wie wir die Rotationsbewegung der
Siliziumstédbchen in einem optischen Resonator kithlen kénnen. Dabei stellt sich heraus,
dass unter realistischen experimentellen Bedingungen das Erreichen des Grundzustan-

des der Bewegung von dielektrischen Stédbchen und Scheiben moglich ist.



1 Introduction: Towards high mass

matter-wave interferometry

1.1 Matter-wave interferometry with complex (bio-)molecules

and clusters

Matter-wave interferometry is founded on Louis de Broglie’s hypothesis, that every
particle of mass m and velocity v is associated with a wavelength A\qg = h/muv [1].
A plethora of experiments revealed that diffraction and interference, which were pre-
viously only known for light, sound and other classical waves, can be observed with
massive matter-waves on the single particle level too. The historic achievements have
been summarised in the following review articles for electrons [2-4], neutrons [5], and
atoms [6-8]. Since then, far-field diffraction experiments with helium clusters [9, 10],
Mach-Zehnder interferometry with Sodium molecules [11], Ramsey-Bordé interferome-
try with SFg [12], Iodine [13] and Potassium molecules [14], Poisson spot experiments
with Deuterium molecules [15] and quantum reflection of Helium dimers [16] have been
realised. Nowadays, atom interferometry has reached a high level of experimental con-
trol, enabling quantum superpositions with separations on the half meter scale and
precision tests of the equivalence principle [17] or general relativity [18]. Acceleration
sensitivities of 10710 g allow for precise measurements of gravitational gradients [19].
Over the last two decades, matter-wave interferometry has been extended to com-
plex objects [20, 21], ranging from Cgp and Crg fullerenes [22, 23] with 720 and 840
atomic mass units (amu), respectively, to biodyes [24], molecular clusters [25, 26], and
fluorinated organic molecules with masses up to 10 amu [27, 28] in dedicated far-field
diffraction machines [29-32] and near-field interferometers such as the Talbot-Lau In-
terferometer (TLI) [33], the Kapitza-Dirac-Talbot-Lau Interferometer (KDTLI) [34—
36], the Optical Time Domain Matter-Wave Interferometer (OTIMA) [25, 37-40], and
the Long Baseline Universal Matter-Wave Interferometer (LUMI). Recent advances
have been made towards showing quantum interference with bio-molecules [41, 42].
By preparing the object in a spatial superposition, such experiments can, in principle,
outperform the sensitivity of conventional (classical) methods of measuring gas-phase
electrical, magnetic, and optical properties. For instance, interferometry has enabled

the measurement of the molecular electronic properties of vitamins [43]. Apart from
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quantum-assisted metrology experiments, fundamental questions of quantum theory
can be addressed by probing the superposition principle with objects of increasing
mass [37, 44, 45].

1.2 The limits of quantum mechanics

1.2.1 The measurement problem

Together with general relativity, quantum physics is the best tested fundamental the-
ory of the twentieth century [46—48] and quantum effects have entered our everyday
life through technologies such as transistors, lasers, MRI imagers, and atomic clocks.
Yet, both theories are still fundamentally incompatible and quantum mechanics keeps
us puzzled at the foundational level. It is still an open question why quantum super-
positions, a consequence of the linearity of the Schrodinger equation, are not observed
for macroscopic objects in our daily world, if the unitary evolution exists in systems
of arbitrary size and complexity. This is the measurement problem [49]. Decoherence
theory describes why macroscopic quantum phenomena can become unobservable when
a system is coupled to an environment [50, 51]. However, the total system of quantum
object plus environment should still evolve unitarily. This leads to entanglement be-
tween the quantum state and the environment and the emergence of quantum states
of growing complexity, which shifts the measurement problem to larger scales [52]. It
opens the way to paradoxes such as the famous Schrodinger cat Gedankenexperiment
[53]. The lack of an objective collapse of the wave function in the measurement process
has even be interpreted as the creation of new universes, proposed by Everett’s many

worlds hypothesis [54].

In a pragmatic approach, the Copenhagen interpretation [55, 56] circumvents the
measurement problem by postulating a set of rules, which divide the micro- and the
macro-world. However, this ultimately does not solve the measurement problem as
the fundamental origin of these postulates remains unresolved [57] and the divide be-
tween the micro- and macro-world is only vaguely defined [49]. Another approach is
taken by Tony Leggett, who introduces a disconnectivity parameter, quantifying how
intrinsically different a macrostate is from the microstates of its constituents [58]. A
possible, yet radical, way out is to modify the Schrédinger equation by adding stochastic
non-linear terms, thereby introducing a collapse mechanism to suppress superpositions
for macroscopic systems. A list of proposed modifications and their implication for
matter-wave interferometry experiments with massive objects is given in the following

section.



1.2 The limits of quantum mechanics

1.2.2 Collapse models

A number of collapse models have been proposed in which modifications to the Schro-
dinger equation lead to a spontaneous, objective and radical size reduction of the
wave-function. These modifications must be nonlinear to break the superposition prin-
ciple at the macroscopic level, stochastic to avoid superluminal communication, and
they require an amplification term which keeps the linearity for small systems but
suppresses superpositions of macroscopic objects [57]. In principle, all collapse mod-
els can be split into two categories: Collapse due to the interaction of the quantum
state with a stochastic, non-quantum measurement field, which probes a superposition
state and eventually suppresses it, or gravity-induced collapse where the gravitational
(self-)interaction of a quantum-mechanical object in space-time leads to the loss of
coherence [57].

The first of these models was formulated by Ghirardi, Rimini and Weber [60] and
later generalised together with Pearle. It is nowadays known as continuous spontaneous
localisation (CSL) theory [61, 62]. Later additions to those models have incorporated
classical coloured noise [63, 64] and finite temperature noise of the collapse induc-
ing background field [65]. The latter addition has emerged from the side-effect of all
previous CSL models where the measurement field causes the system to heat up by
continuous momentum kicks, thus violating energy conservation in the quantum sys-
tem. Up to now, CSL induced heating has not been observed experimentally, however,
it has also not yet been completely ruled out either. CSL models are characterised by
two parameters, the rate A\cgp, at which a collapse occurs and the characteristic length
rc which characterizes the spatial resolution of the measurement field. As shown in
Figure 1.1, a large area in parameter space has been ruled out using ultracold can-
tilevers [66], X-ray spectra [67], gravitational wave detectors [59] and matter-wave
interferometry experiments [28, 37, 68, 69]. However, most of the parameter space has
been explored by constraining the absence of heating rather than direct observation of
superposition states. It is still an open debate whether all CSL models can be ruled
out non-interferometrically, i.e. without observing quantum superpositions in the first
place [69].

While the nature of the classical measurement field proposed by CSL has remained
unspecified [45], some theories predict a collapse mechanism induced by gravity [70—
72], where either fluctuations in space-time or a gravitational self-interaction between
the superposition states are believed to cause a collapse.

In the following, I will discuss an experimental scheme that aims at pushing the
bounds previously set by matter-wave interferometry in the KDTLI [28]. Tt is based on
the various matter-wave experiments completed in the Quantum Nanophysics Group
at the University of Vienna and theoretical work by the theory group around Klaus

Hornberger in Duisburg. It also expands on a recent proposal by James Bateman and
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Figure 1.1: Parameter space of the CSL model. The shaded areas indicate the excluded
values for the localisation rate Acgy, and the characteristic length rc. The
lower bound (red line at the bottom) is given by the requirement that
CSL models suppress the superposition of macroscopic objects for known
physical and astrophysical processes. The upper bounds are set by matter-
wave interferometry in KDTLI [28] and far field diffraction [29]. X-ray
experiments (top left blue shaded region) exclude the top left corner of the
parameter space, however, only for a subset of CSL models. Gravitational
wave detectors exclude the top right corner of the CSL parameters (red,blue,
and green shaded areas) [59], but also do not apply to all CSL models. The
dashed orange line indicates the excluded area by high-mass matter-wave
interferometry with 107 amu particles as proposed in Section 1.3.2. Figure
adapted from M. Toros et al., arXiv:1601.03672.

colleagues [73], aiming at pushing their proposed limits by an order of magnitude to
particles in the range of 107 amu. On Earth, these concepts may be eventually ex-
tended to 10® amu in a nanoparticle fountain or in high drop tower experiments. The
proposed experiment will directly rule out localisation rates of Acg, > 1073 Hz at
r¢ ~ 107" m (see Figure 1.1 and Section 1.3.3). To test the full CSL parameter space
and gravity-induced collapse models, however, superpositions of objects beyond the
proposed masses will be necessary, raising the need for alternative experimental ap-
proaches which involve experiments in outer space [74] or interferometry with particles
levitated in optical [75-77] or magnetic [78, 79] fields.

10
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1.3 Roadmap to interferometry with 106 — 107 amu

nanoparticles

1.3.1 Interferometric scheme

a)

1 1 ——
g
0
t, L,
H
d t, L,
p— X

z

Figure 1.2: Scheme for near-field interferometry with 10 — 107 amu nanoparticles in

free fall. a) Single nanoparticles are cooled inside an optical cavity while
they pass through, or are trapped by the cavity field. In this way, the
particles are localized to create sufficiently large spatial coherence and co-
herently illuminate the grating. b) After a free fall time t; the particles
are illuminated by a standing light wave formed by a back-reflected laser
pulse. It either acts as a phase or ionization + phase grating (depending on
the work function of the nanoparticles and the photon energy) with grating
period d = Agrating/2. After the grating, a near-field interference pattern
builds up. ¢) This fringe pattern with the periodicity D = d (t1 + t2) /t1
[73] can be observed after another free fall time ty by collecting the nanopar-
ticles on a sample plate and detecting them either using optical or electron
microscopy.

In order to push earth-bound matter-wave interferometry with freely propagating

particles to its high-mass limits, we consider a vertical interferometer, as sketched in

Figure 1.2. We partially follow the scheme proposed in Reference [73] and the theory

11
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developed in References [20, 68]. Silicon nanoparticles are launched through or dropped
from a high finesse optical cavity. During the interaction time with the cavity field the
particle’s center-of-mass (COM) motion along the cavity axis is cooled and localized to
5—10nm within a single anti-node, as described in Chapter 3. Starting from this point-
like source the particles drop for a time ¢; and distance L1 before they are illuminated by
a UV laser pulse which forms a standing light wave with grating period d = Agrating/2-
Depending on the particle’s initial localization, the width of the coherence function for
their initial Gaussian state spreads over multiple nodes and anti-nodes and the particles
coherently illuminate the grating. The photon energy E, = hc/Agrating i comparison
to the particle’s work function W determines whether the standing light wave either
acts as phase- or ionization + phase grating [80].

After the grating pulse, the particles fall for a time to and distance Ls. Then their
associated de Broglie waves have emerged into an interference pattern, according to the
Talbot effect [81]. H. F. Talbot predicted optical self-imaging of a periodic grating. For
coherent light diffracted at the grating, the near-field interference pattern resembles the
grating structure at integer multiples n of a characteristic distance, the Talbot length
dr or Talbot time ¢p. The number of coherently illuminated grating slits multiplied by
dr defines the depth of this near-field region. For matter-wave interferometry with par-
ticles of mass m, tr is given as t1 = md?/h. Under coherent illumination of the grating
with a plane wave, the interference pattern at times ¢t = nit resembles the periodic
grating structure [20, 25, 68, 80]. In case of illumination from a point-like source, the
effective time tits/ (t1 + t2) must be an integer multiple of ¢1 to obtain an interference
pattern with a geometrically magnified periodicity D = du and magnification factor
= (t1 + t2) /t1 [73]. For the parameters discussed in this chapter, D = 140 — 330 nm.
The particles can therefore be collected on a sample plate at a distance Lo from the
grating pulse where their fringe pattern can be detected via optical scattering [82, 83]

or electron microscopy of the deposited particles.

1.3.2 Experimental feasibility

In order to keep the de Broglie wavelength on the order of 10712 m, at which interference
patterns can still be resolved, the particles need to be as slow as possible. This comes at
the expense of increasing flight times within the interferometer. A free fall experiment,
as proposed here, requires an interferometer length of more than 5 m for masses beyond
107 amu. To determine the required interferometer length the following considerations
must be taken into account:

At first we consider a phase grating which imprints a phase ¢y onto the matter wave
associated with particles of radius R and mass m. The maximum value of that phase at
an anti-node of the grating depends on the particle’s optical polarizability « as well as

the laser pulse energy Eg and spot area ag via ¢g = 2Re(«) Eg/hicepac. In addition,

12



1.3 Roadmap to interferometry with 106 — 107 amu nanoparticles

each particle may absorb a maximum number of ny = 2¢y photons when passing
through an anti-node of the grating. This number scales with the material parameter
B = Im(a)/Re(a) [68]. A list of values for «, 3, and ng at all relevant wavelengths is
given in Appendix A.

For the proposed interferometer, the expected interference pattern exhibits a si-
nusoidal modulation. It can be calculated by applying a series of transformations,
accounting for free fall, decoherence and the grating interaction, which consists of a
coherently accumulated phase and momentum kicks due to absorption. A detailed
derivation can be found in References [68, 73]. The sinusoidal fringe visibility Vs of
the near-field interference pattern is proportional to the absolute value of the Talbot
coefficient By as Viis o< 2|B1(€)|. Expressed in terms of Bessel functions, B; is given
by [68, 73]

_ —Cabs (€ Ccoh(g) —+ Cabs(g) — 5
Bl (5) € \/Ccoh(g) — Cabs(g) Jl sgn [Ccoh Cabs \/Ccoh Cabs(g) )
(1.1)

with Ceon(§) = dosin(m) and (aps(€) = Bdo(1 — cos(m€)). For the proposed interfero-
metric scheme, the parameter ¢ is given by the times ¢1, to and tp, & = tita/tp(t1 +t2).

Also the classical ballistic trajectories of the particles result in a periodic density
modulation behind the grating due to the strong dipole forces in the standing light
wave. To calculate the fringe visibility of the classically expected pattern, (.on(§) in
equation 1.1 needs to be replaced with ¢om§ [68, 73]. For a grating with Agrating =
213nm and 1 x 107 amu nanoparticles the difference between quantum and classical

fringe visibility is shown in Figure 1.3a & b.

For short laser wavelengths the photon energy E, = hec/\ can exceed the work
function of the nanoparticle. In this case, the absorption of a grating photon ionizes
the particle, which can then be removed by an external electric field so as not to
contribute to the interference pattern. The grating therefore acts as a mask which
imprints a periodic transmission function with period d onto the nanoparticle beam.
The Talbot coefficients then read [68]

s [on®) — Gon(©) .
Bl,ion(&) =€ ¢ 6\/<coh(’£) n Clon(é.) Jl [Sgn [Ccoh + ClOIl \/Ccoh Clon(§)2:| ;
(1.2)

with Gon(&) = ¢o/5 cos(m§).

Again, the fringe visibility due to ballistic trajectories can be obtained by substituting
Ceon(€) and Cion(&) by o and ¢, respectively. Figure 1.3¢ & d shows the quantum
and classical sinusoidal fringe visibility for Agrating = 213nm and m = 1 X 107 amu.
In contrast to the phase grating, the density modulation of the nanoparticles shows a

high fringe visibility at the position of the grating, due to the mask imprinted by the

13



1 Introduction: Towards high mass matter-wave interferometry

ionizing grating.

For silicon, the work function takes values of 4.6 — 4.9eV depending on the crystal
structure and doping of the material [84]. Therefore, for gratings with Agrating < 260 nm
ionization of the particles occurs. Native oxide layers due to the exposure of the
particles to air, however, could increase the particles’ work function significantly by
up to 0.8eV per monolayer [85, 86]. For the proposed interferometer, however, the
difference in optimal length between phase and ionization gratings is on the level of a

few percent.

Quantum Classical
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Figure 1.3: Quantum versus classical sinusoidal fringe visibility for near-field interfer-
ometry with 107 amu silicon particles and Agrating = 213 nm as a function
of the free fall time ¢ and the grating phase ¢y. The free fall time t; is
set to 2tp. a) Visibility of the quantum contrast and b) classical pattern
in the case of a phase grating, including absorption of grating photons. c)
Visibility of the quantum contrast and d) classical pattern in the case of
photoionization and phase contribution. The time to for highest quantum
versus fringe visibility for both cases is marked by vertical dashed lines in
a) & b) and c) & d) respectively. A plot along these lines is shown in
Figure 1.5.
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1.3 Roadmap to interferometry with 10° — 107 amu nanoparticles

To determine the optimal interferometer length L. for particles of given mass and
grating wavelength we optimize £ to maximize the quantum fringe visibility while min-
imizing the classical visibility. For any free fall time ¢; from the source to the grating,
this sets an optimal time ¢o, a total free-fall time tio; = ¢1 +12 and interferometer length
L = g(t; +t2)?/2. In the following, the time ¢; is set to be 2¢t1, which facilitates a co-
herent illumination of the grating while keeping the interferometer as short as possible.
Figure 1.4a shows the required interferometer lengths for various grating wavelengths
(3", 4t and 5' harmonic of a Nd:YAG laser at 355/266/213 nm, respectively, and an
Fy excimer laser at 157 nm) as a function of particle mass. A list of ideal interferometer

configurations is given in Appendix A.

a) b)
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Figure 1.4: Required interferometer lengths and source temperatures for near-field in-
terferometry starting from a point-like source as outlined in Figure 1.2. a)
Scaling of the required interferometer length with the nanoparticle mass
for various grating wavelengths of 157 nm (pink), 213nm (purple), 266 nm
(blue), and 355 nm (light blue). We assume the grating to act as a phase
grating including absorption (the dielectric properties of silicon at these
wavelengths are listed in Appendix A). b) Interference contrast (sinusoidal
fringe visibility) as a function of the particle temperature in the cavity.
We consider an axial cavity trap frequency of vi., = 200kHz, grating
wavelengths of 213 nm (solid lines) and 157 nm (dashed lines), and particle
masses of 1 x 10 amu (red) and 1 x 107 amu (blue), respectively. For suf-
ficiently low particle temperatures the source prepares nanoparticles with
high enough spatial coherence to achieve maximal interference visibilities.

To test the quantum nature of the observed fringe visibility, the grating phase ¢g
and number of absorbed photons ny can be scanned by varying the pulse energy of the
grating laser. This corresponds to moving along the vertical dashed lines in Figure 1.3.

A plot along these lines in Figure 1.5 shows the different scaling of quantum and classical
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Figure 1.5: Scan over the grating phase by changing the pulse energy of the laser. We
assume a nanoparticle mass of 107 amu, a laser wavelength of 213 nm, a spot
radius of 50 mm, free-fall times t; = 2t = 574 ms and t5 = 445 ms with
and 413 ms without ionisation, a nanoparticle temperature T,o,, = 10 mK,
and a trapping frequency viap = 200kHz. The sinusoidal fringe visibility
in the quantum and classical case are plotted as a function of pulse energy
Eg for both a phase and ionizing + phase grating. In both cases the
quantum interference and the ballistic trajectories can be distinguished
unambiguously.

visibility for both a phase and ionizing grating with a grating laser beam waist radius

of 50 mm.

As mentioned before, starting from a well-localized source is critical to obtain the re-
quired transverse coherence within the interferometer. To specify the necessary source
requirements, we assume the nanoparticle to be harmonically trapped in the axial di-
rection of the cavity field, both in the cases of a particle transiting the cavity mode
(see section 2.3) or being three-dimensionally trapped and released. The motion of
the harmonically trapped particle can be quantified using its mean thermal occupancy
(n) = kBTcom/wirap, With Teom the center of mass temperature corresponding to the
1D particle motion along the cavity axis, and wiap the angular trapping frequency.

The position and momentum uncertainty of the particle therefore are given by

Az ~ \/ﬁ h _ kgTeom
N MWtrap (277)2Vt2rapm’ (1.3)

Ap ~ \/ﬁ\/mhwtrap = \/kaTcom-

The sinusoidal fringe visibility of the observed pattern scales with the initial local-
ization Az and thus the particle temperature Teon within the cavity field as Vi o

exp(—2m2Az%t2/d?(t; + t2)?), thereby accounting for a non-perfectly coherent illumi-
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1.3 Roadmap to interferometry with 106 — 107 amu nanoparticles

nation of the grating [73]. Figure 1.4b shows this dependence for 106 amu and 107 amu
particles and grating wavelengths of 157 nm and 213 nm. For 107 amu particles a source
temperature of below 50 mK and a trap frequency of v;ap = 200 kHz ensure the fringe
visibility to be affected by less than a few percent due to the spatial coherence of the

particles.

For technical reasons, further source requirements have to be met: Sufficiently many
particles must be counted in order to resolve the interference pattern. In addition, a
homogeneous illumination of the particles by the grating pulse must be ensured due
to the intensity dependent phase that is imprinted onto the particles. The particle
velocities in y-direction thus also become important. As discussed in Chapter 3, cavity
cooling can also cool the y-component of the particle velocity. To ensure the particle
beam to only interact with the central 10 mm region of the 50 mm wide grating spot (less
than 1% variation of the pulse energy) a velocity of less than 16 mm/s in y-direction or
an initial temperature of less than 160 mK is required. This leads to an extent of the
interference pattern at the detection plate of 32mm in the case of an interferometer
designed for 107 amu particles at Agrating = 213nm. The resulting sinusoidal fringes
with periodicity D = 180 nm for silicon nanoparticles of 25 nm diameter can be detected

by means of interferometric scattering microscopy [82, 83] or electron microscopy.

In addition, this interferometer scheme requires the particles to be dropped from the
same anti-node of the cavity field. The miss-match between cavity and grating wave-
length would result in an incoherent addition of the interference patterns for particles
originating from different initial locations, leading to the total smearing of the interfer-
ence contrast. Loading particles into this sub-micron region will be a major challenge
but could be solved by employing cryogenic sources and additional laser fields to guide
the particles into the cavity, as discussed in Chapter 5. Additional optical dipole traps,
as discussed in Chapter 3, may also be capable of delivering particles to the right posi-
tion within the cavity field [87]. In dedicated microcavities (see Section 3.2), which will
be capable of cooling 107 amu particles, only a total number of 40 — 50 anti-nodes will
be supported. Detecting the position of the particle will therefore be possible either via
scattering, or the particle coupling rates, measured with two neighbouring longitudinal

modes of the cavity (see Chapter 3).

A photoionization grating reduces the amount of transmitted particles by a trans-

mission probability [39, 68]

T= Cli/dﬂ exp [—2¢0B cos? <%)} dz. (1.4)

—d/2

In the case of a d = 157/2 nm grating this probability at the pulse energy corresponding
to the highest quantum fringe contrast (5 = 0.474, ng = 3.42) amounts to 34%. For
d =213/2nm (8 = 0.207, ng = 1.54) the transmission goes up to 53%.
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1 Introduction: Towards high mass matter-wave interferometry

To collect a sufficient number of particles to form an interference pattern, while
keeping the interferometer stable, the cooling stage should operate with short duty
cycles. Typically a few thousand particles are sufficient to keep the 1/ VN noise at a
level of a few percent. For the nanoparticle launching techniques discussed in Chapter 2,
nanoparticles can be loaded into the interferometer at a rate of up to 50 Hz. For
optimised two-mode cavity cooling [88, 89] (see Section 3.1.2), interaction times of the
particle with the cavity fields of a few milliseconds are sufficient to cool the particle
motion down to the required temperature. This is compatible with the repetition rate

in state of the art nanoparticle sources.

1.3.3 Sources of decoherence

Besides the challenge of building a sufficiently long vertical interferometer to resolve
the interference pattern of nanoparticles with masses up to 107 amu, decoupling the
experiment from the environment poses additional experimental demands. Already at
particle masses below 10* amu, various decoherence mechanisms need to be considered
to avoid reduced fringe visibilities in state of the art interferometers [20, 21, 90, 91].
All decoherence mechanisms scale unfavourably with larger interferometer sizes and
higher particle masses, making high-mass matter-wave interferometry challenging.
We will discuss the most relevant sources of decoherence and the limits they pose
for the proposed interferometric scheme, such as the emission, absorption and scat-
tering of thermal photons and collisions with residual gas molecules. Absorption of
grating photons is already included in the calculations for the sinusoidal fringe visi-
bilities (Equations 1.1 and 1.2). It enters through the power dependent phase ¢y and
material parameter 3 resulting in a number of n(z) = 2¢3 cos? (7z/d) photons which
are absorbed during the time of the grating pulse at position z in the standing light

wave. Again, detailed derivations can be found in References [68, 73].

Scattering of grating photons

Scattering of grating photons adds an incoherent term to the phase grating operation.
It is quantified by the number of scattered photons at position z in the grating which
is given by nsea(2) = 2n¢g cos?(rz/d) [73] with

_2( 2rR 5 le(w) — 1|2
" 3 <)‘grating> ’E(w)’Q + Re [8(0.))] _9 (1.5)

For silicon particles of m = 107 amu and Agrating = 157 nm this amounts ton = 0.16 (the
dielectric properties of bulk silicon are given in Appendix Figure A.1). Re-evaluating
Equations 1.1 and 1.2 including incoherent momentum kicks due to scattering of grating

photons (see Reference [73]) leads to the conclusion that for silicon particles with masses
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1.3 Roadmap to interferometry with 106 — 107 amu nanoparticles

higher than a few 10%amu, scattering plays a crucial rule and can’t be neglected as
it would lead to a substantial reduction of the interference contrast. To reach high
particle masses in an interferometer based on a non-ionizing grating a wavelength of
Agrating = 213nm is the best choice, with 1 < 0.04 for 107 amu particles.

For ionization gratings, however, in which the particles that interact with the high
field regions of the standing light wave get ionized and removed from the particle beam
when they absorb a photon, the ratio of absorption over scattering cross-section is the
important figure of merit. Only for those particles, which scatter a photon without
absorbing one, can decoherence occur. The ratio of absorption over scattering cross-

section is given by [6§]

Osea _ 4°m e — 1|2 (1.6)
Tabs 3p)\§rating Im(e) ’

with the particle density p = 2330 kg/m? in case of silicon. For 107 amu particles
this ratio amounts to 0.34 and 0.18 for a grating wavelength of 157nm and 213 nm,
respectively. As discussed in detail in reference [68] for values of this order of magnitude
a reduction of fringe visibility of approximately 10% and a shift of ideal interferometer

parameters of a few percent will occur.

Emission of thermal photons

Unlike the case of atomic BECs, there is no need to prepare the internal state of the
nanoparticles within the interferometer when we consider single-particle interference.
However, when the internal degrees of freedom couple to the motional state of the
particles, decoherence can reduce the interference fringe visibilities. For instance, the
emission of thermal photons can lead to which-path information that eventually deco-
heres the quantum state. The longer a particle transits through the interferometer the
more likely such an event becomes. While for near-field interferometry with compa-
rably light C7p molecules (840 amu), the thermal radiation of photons only leads to a
reduction of interference visibility at internal temperatures exceeding 1300 K [91], for
interference with 10” amu particles the temperature requirements are far more strin-
gent.

When the internal temperature T;,; of the particles exceeds that of the environment

Tenv, i-e. Tint > Tony, the spectral emission rate is given by [73]

Yemi (W, Tint) = ; <WCR>3exp <— kaint) Im ng;;;) : (1.7)

This leads to a reduced sinusoidal fringe visibility Remi - Vvis with [73]

Romi = exp [— /dw /01 A9(t1 + t2)Yoms (0, Tt [1 ~ sine < huty 0)” CL8)

umed
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Figure 1.6: Reduction of the fringe visibility due to emission of thermal photons. By
evaluating Equation 1.8, using the dielectric properties of bulk silicon as
listed in Appendix A, the reduction factor for the fringe visibility of 106 amu
(empty circles) and 107 amu silicon nanoparticles (full circles) for a grating
wavelength of Agrating = 157 nm (purple) and 213 nm (blue) depending on
the internal temperature T}y is plotted. For 107 amu particles and a 213 nm
grating, internal temperatures of up to 700 K can be reached before thermal
decoherence kicks in. For the calculations we assume a temperature of the
environment of Ty, = 300 K and free fall times as listed in Table A.2.

Due to silicon being a poor emitter of thermal radiation, the internal temperature of the

particles after releasing them from the cavity can be considered constant. For silicon

particles with masses m = 10 and 107 amu the temperature dependent reduction

factor of the fringe visibility due to thermal decoherence is shown in Figure 1.6 for

two different interferometer configurations. In case of 10 amu silicon nanoparticles in

a 213nm grating internal temperatures below 1100 K need to be achieved. 107 amu

particles require temperatures colder than 700 K such that the interference pattern is

not affected by thermal decoherence. This corresponds to silicon interacting with the

cavity field (intra-cavity intensity Ieay ~ 1 x 10" W cm~2) for less than 1350 ms.

Absorption of thermal photons

Emission of thermal photons from the interferometer chamber and absorption by the

nanoparticles lead to a momentum kick and therefore decoherence. At a temperature

Teny of the environment the absorption rate of thermal photons derived from the Planck
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1.3 Roadmap to interferometry with 106 — 107 amu nanoparticles

formula is given by [68, 73]

Yabs =

4(wR/c)3 ) e(w)—1
exp (hw/kpTeny) — llm [e(w) + 2] ' (1.9)

In analogy to the case of emission of thermal photons, the dielectric properties of silicon
(see Appendix A) are used to determine the reduction factor Rgps of the interference

visibility due to the absorption of thermal photons [73]

Rups = exp [— [ et (1 8 flfufjjff?;”;fld)) (4 + m} S (o)

with Si(z) = [; sin(t)/t dt the sine integral.
Due to the low absorption of silicon at thermal photon wavelengths, decoherence
for particles with masses < 1 x 107 amu is negligible in an interferometric scheme as

proposed here.

Scattering of thermal photons

Instead of being absorbed by the particle, thermal photons can be scattered, transfer-
ring momentum and leading to decoherence. The rate at which these scattering events

happen for the interferometer being at room temperature is given by [68, 73]

2

8(wR/c)%/3m ’ (1.11)

exp (hw/kpTeny) — 1

e(w)—1
e(w) +2

Vsca (W) =

leading to a fringe visibility reduction [68, 73]

B Si(2hwta/pumed) . hwty
Rgca = exp {/ dwsca(w) ( hrta) jimed — sinc imed — 1) (t1+t2)|. (1.12)

As in the case of absorption of thermal photons, this decoherence mechanism can be

neglected here for the experiment being at room temperature.

Collisions with residual gas particles

In analogy to scattering of photons, the particle collisions with residual gas particles
exert momentum kicks at a rate I'¢o leading to decoherence. For growing free-fall times
this poses additional constraints on the vacuum system employed in the experiment.
We assume a residual nitrogen gas with pressure pg, temperature Tty and mean velocity
of the gas particles vy = \/m. From a van der Waals scattering model an

approximate expression for the collision rate is given by [68, 73, 90, 92]

(1.13)

o 4nT(0.9) (37706)2/5 pevy? _3a(w=0)agE,4E,
col ~

Cs =~
5sin(r/5) \ 27 kpTowe’ 0 3202€2(E, + Eyy) |
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Figure 1.7: Reduction of the fringe visibility due to elastic scattering of residual gas
particles. For an ambient temperature of Ty, = 300 K the pressure depen-
dence of the reduction factor R is plotted for 10% amu (dashed lines) and
107 amu (solid lines) for grating wavelengths of 157 nm (purple) and 213 nm
(blue).

with @ = 0.784 x 4weoR? and ag = 1.74 X 4meg A° the static polarisabilities of the
particle and the gas molecules, respectively, and F, = 4.5eV and F, s = 15.6eV their
ionisation energies. Figure 1.7 shows the reduction factor R.o = exp [—Tcol(t1 + t2)]
of the interference visibility due collisions with residual nitrogen gas as a function
of the pressure p, within the interferometer. Assuming an ambient temperature of
Teny = 300K pressures on the order of 10712 mbar need to be achieved to preserve the
interference contrast. Using cryogenic environments, pressures down to 5 x 10717 mbar
have been reported [93, 94]. State of the art non-evaporative getter pumps in combi-

nation with coated vacuum chambers, achieve pressures down to 10~ mbar [95].

Stability of the interferometer

The requirements on the stability of the grating with respect to the source is comparable
to the limits on the initial localisation of the particles in the source [73]. The mirror
forming the standing light wave by back-reflection of the grating laser therefore needs
to be stabilised to less than 5 — 10 nm, which can be achieved by interferometric read-
out of the relative positions and active feedback. In addition, the grating needs to be
orthogonal to gravity by less than micro-radians due to the acceleration of the particles
in the gravitational field [73].
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Figure 1.8: Reduction of the sinusoidal fringe visibility due to CSL-induced collapse
for 106amu (red) and 107 amu (blue) silicon nanoparticles with 157 nm
(dashed) and 213nm (solid) laser gratings, respectively. For m = 107
amu particles and Agrating = 213nm CSL localization rates down to Acsr,
less than 1 x 10713 Hz can be tested. We assume a characteristic length
rc = 107" m. The full excluded parameter space for 107 amu particles and
213 nm laser wavelength is shown in Figure 1.1.

Contrast reduction due to CSL

To experimentally test the CSL model as discussed in Section 1.2.2 we can calculate
the reduction factor Rcgr, of the sinusoidal fringe visibility due to spontaneous collapse

of the wavefunction which is given by [37, 73, 96]

Rest, = exp [( ”1; )QACSL [1 - ﬁrCmDerf< hiz )] (t1 +t2)] o (1.14)

htz 2mDrc

Figure 1.8 shows the sinusoidal fringe visibility for interferometry with 10% and 107 amu
silicon nanoparticles with Agrating = 157nm and 213nm. Assuming a critical length
rc¢ = 100nm, as proposed in the original GRW model, localization rates Acgy, of the
CSL model down to 1073 Hz can be excluded by observing sinusoidal interference
contrasts of more than 50% of the theoretically expected value at a nanoparticle mass
of 107 amu and a grating wavelength of 213 nm. This would shift current bounds set by
matter-wave interferometry [28] by more than seven orders of magnitude. The entire
excluded parameter space is shown in Figure 1.1.

In conclusion, a matter-wave interferometer for 107 amu silicon nanoparticles is pro-
posed, which will exceed state of the art interferometry experiments [28] by three

orders of magnitude and will be capable of probing hitherto unexplored regions in
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1 Introduction: Towards high mass matter-wave interferometry

parameter space for the CSL model. It can be associated with a macroscopicity
value of fimacro > 20 [44], which would exceed that of present-day interferometry
(Mmacro kDTLI = 12) [28] and be comparable with other proposals involving quantum
superpositions of a mirror [97]. These bounds may be shifted even further by employing
a fountain-like interferometer scheme, reaching masses of up to 10% amu. In addition,
it is proposed that superposition experiments with massive objects can also be used to
measure extremely soft collision with dark matter [98].

In the proposed experiment decoherence poses challenging but feasible experimental
requirements. For reasons of laser stability, available optical pulse energies, and coher-
ence times, but also to prevent decoherence due to scattering of laser photons, a grating
wavelength of Agrating = 213nm will be the best choice. Lasers with sufficient power
stability at this wavelength can be obtained from the 5" harmonic of an Nd:YAG. For
the proposed grating phases, optical pulse energies of less than 300 uJ will be sufficient.
Reaching pressures of down to 1072 mbar and keeping the interferometer at sub-10 nm
position, and sub-urad angular stability will be the most demanding experimental chal-
lenge. To realise sufficient spatial coherence in the source will require optical cooling of
25 nm diameter silicon particles in low mode-volume optical cavities (see Section 3.2).
For non-isotropic particles additional control and cooling of the rotational degrees of
freedom will be necessary (see Chapters 2, 3, and 4) to avoid orientation dependent
decoherence sources [99].

Since all the particles contributing to the interference pattern have to originate from
the same cavity anti-node, additional methods will have to be implemented, in order to
reproducibly deliver the particles into the cavity and to detect their position. Future
improved cooling schemes (see Section 3.1.2) will be capable of cooling particles to be-
low 50 mK in a few milliseconds, thereby avoiding internal heating of the nanoparticles.
Dropping the particles from this well-localised source will ensure the forward velocity
to be spread out by approximately 0.5%, thereby preventing the smearing of the inter-
ference pattern due to a lack of longitudinal coherence or the influence of coriolis forces
[100]. The velocity selection could be improved further by applying stronger radial

cooling or employing time-of-flight resolving detection or selection methods [101].
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2 Launching, tracking and manipulating

nanoparticles in high vacuum

2.1 Nanoparticle launching

Figure 2.1: Basic working principle of laser-induced acoustic desorption (LIAD) of
nanoparticles into vacuum. A focussed laser pulse (wavelength 532nm,
pulse length 6ns, and pulse energy 1-10mJ) hits the back-side of a sub-
strate. Ablation and deformation of the substrate material lead to acoustic
shock-waves which shake off the nanoparticles at the front side.

Developing a reliable source of clean, neutral, slow, size- and shape-selected particles
which operates at ultra-high vacuum (UHV) conditions is the first crucial step for
cavity-cooling, matter-wave interferometry and levitated optomechanics experiments.
In this chapter I will present volatilisation methods for various nanoparticle types and
shapes, such as silica nanospheres and nanofabricated silicon particles. Furthermore, I
will discuss their interaction with light fields in terms of scattering, optical forces and
torques.

Whilst at modest vacuum conditions above millibar pressures the motional energy
of a particle can be dissipated by the surrounding gas, free flight experiments in high
vacuum require a soft launch mechanism to achieve long interaction times of a cavity
field or interferometer with the particle (see Chapters 1 and 3). Nanoparticles can be
trapped in an optical tweezer in a buffer gas environment and transferred into high

vacuum while their motion is cooled with active feedback either in free space [87] or
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2 Launching, tracking and manipulating nanoparticles in high vacuum

Figure 2.2: Library of particles tested in our experiments. a) Commercial silica parti-
cles (diameter 300 nm) spin-coated onto a 300 ym thick aluminium foil. b)
Silicon cubes (edge length 300 nm) etched into a silicon on insulator (SOI)
wafer with an expected break-off point at the silicon to insulator boundary.
c¢) Spherical silicon particles patterned and deposited onto a silicon wafer
via nanodicing [103]. d) Silicon nanorods etched into a silicon wafer with a
pre-defined point of rupture [104]. Scale bars: a) 5 um, b) 400 nm, c) 2 pum,
and d) 400 nm.

inside a hollow-core fiber [102] (see Chapter 3). To avoid differential pumping stages
and achieve faster duty cycles we are developing sources of nanoparticles which can
be operated directly in UHV. For many of these techniques we rely on tailor-made
nanoparticles and substrates which are nano-fabricated by our collaboration partners
Alon Kosloff and Fernando Patolsky at Tel Aviv University, Israel.

Dielectric nanoparticles of various materials, sizes and shapes can be coated onto a
supporting foil, e.g. aluminium, silicon or titanium, or nanofabricated into the sub-
strate itself, see Fig. 2.2. To volatilize them in vacuum one has to overcome the van der
Waals potential between the particles and the substrate, or the binding energy of the
material. Irradiation of the rear side of the sample with a focussed pulsed laser (spot
size of ~ 50 um, a wavelength of 532 nm, where the substrates absorb the laser pulses,
and pulse energies of a few milliJoules) causes ablation and deformation of the mate-
rial. The resulting acoustic shock-waves in the substrate lead to accelerations of the
particles which are high enough to overcome the binding potential and lift them into
vacuum[105]. This laser induced acoustic desorption (LIAD) technique has previously
been used to desorb organic and biomolecular ions [106-109], and single bioparticles
[110]. At even higher pulse energies the front surface of the substrate itself can be

cracked and fragments of various sizes and shapes can be launched [111].
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2.2 Nanoparticle detection

The volatilization of spherical and rod-shaped particles is shown in Figure 2.3. Spher-
ical particles with diameters ranging from 400 nm down to 30 nm, and rod-shaped par-
ticles with lengths between 600-1300 nm and diameters of 60-120 nm, are launched into
vacuum and recollected on a sample plate, where they can be observed using an SEM or
AFM. Larger spheres with diameters around 300 nm and nanorods with masses on the
order of 10'Y amu are suitable for demonstrations of cavity cooling [111, 112], optical
trapping in a tweezer [113] and rotational optomechanics [104, 114]. Smaller particles
with diameters below 30 nm will be required for cavity cooling in small mode-volume
cavities (see Chapter 3) and earth-based free flight matter-wave interferometry, which
is conceivable for masses between 10° and 10" amu (see Chapter 1). To influence the
velocity distribution of charged particles we can apply an electric field between the
sample substrate and the cavity block or otherwise connect both to common ground

(see Appendix Figure B.1).

2.2 Nanoparticle detection

To characterize and optimize the various nanoparticle launch techniques we utilize
the strongly pumped (300 W intra-cavity power) field of a high-finesse optical cavity at
A = 1550 nm to measure the velocity distribution of the nanoparticles. A single particle
flying through the cavity mode scatters a portion of the cavity light into free space.
The intensity depends on the particle’s z- and z-position within the cavity mode.
For non-spherical particles the scattering intensity in the direction of the detector
additionally depends on the orientation of the particle with respect to both the k-
vector and the axis of polarisation of the cavity field (see Publications 2.4 and 3.5). To
detect the scattered light we place the bare, polished end of a 1 mm diameter optical
fiber (Thorlabs FP1000ERT) close to the cavity mode, orthogonal to both the cavity
axis and the polarisation vector of the light field. We focus the rear fiber end onto
a fast, amplified InGaAs detector using a droplet of fiber connector epoxy (Thorlabs
F112), as described in References [89, 104, 113].

For low mode-volume microcavities, as discussed in Publication 3.4, with large
linewidths, the nanoparticle motion can also be detected via the frequency shift im-
printed by the dielectric particle onto the cavity mode (see Chapter 3). This shift can
be seen as an intensity modulation of the light transmitted through the cavity. In the
following I will discuss the scattering behaviour of spherical and elongated particles in

a linearly polarised standing light wave.

2.2.1 Silica nanospheres

When interacting with a light field at A = 1550 nm, silica nanoparticles with diameters

smaller than 400 nm can be considered as point particles in the Rayleigh approxima-
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2 Launching, tracking and manipulating nanoparticles in high vacuum

Source Substrate before laser pulses

. i

Figure 2.3: Launching of spherical and rod-shaped nanoparticles with masses ranging
from 107 to 10'°amu. a) An aluminium foil of 300 um is spin-coated with
commercially available 300 nm silica nanospheres (Bangs Laboratories). b)
After LIAD a substantial amount of nanoparticles is removed. ¢) The same
sample spot of etched silicon nanorods on a 500 um thick wafer before and
d) after LIAD reveals the efficient break-off of the rods. The nanospheres
with diameters of 300nm (e), 150 nm (f), 60nm (g), and 30 nm (h) as well
as the silicon nanorods (i) can be re-collected on a silicon sample plate,
a few centimeters away from the source, and observed under a scanning
electron microscope (e & i) or using an atomic force microscope (f-h).
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2.2 Nanoparticle detection

tion and their scattering is dominated by the dipole contribution [68, 115, 116]. The
normalised scattering intensity in direction orthogonal to both the cavity axis and the

polarisation vector is given by [111]
Sn(t) = cos? (kz (£)) exp (—230 (t)? /wg) , (2.1)

with wavenumber k£ = 27 /A and mode waist radius wy, and is experimentally obtained
by normalising the ratio of detected scattering and transmitted cavity intensity [89].
It consists of two distinct features: A Gaussian envelope due to the particle crossing
the cavity mode in forward direction along x and a periodic modulation caused by the

particle running over the cavity’s standing light wave along z.
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Figure 2.4: Normalised scattering signal (blue, according to Equation 2.1) for a sin-
gle 300 nm SiO2 particle in transit through a wy = 57 um cavity in high
vacuum. By fitting the envelope of the scattering signal with a Gaussian
(orange curve) we measure a forward velocity v, = 5.6 = 0.2m/s and from
the period (averaged over the whole transit) of the sinusoidal modulation
we determine a transverse velocity of v, = 0.24 £0.01m/s

A typical scattering signal of a fast particle transiting the cavity mode is shown in
Figure 2.4. As the particle’s kinetic energy is much larger than the optical potential, its
velocity can be considered constant during the transit. From the 1/e? width T3, of the
fitted Gaussian envelope we determine the forward velocity of the particle v, = wg/T3,.
The transverse velocity is determined from the time difference T, between the scattering
maxima via v, = A\/2T,. The high intra-cavity intensity results in a high signal to
noise of the scattered light. We can measure the particle velocity under various source
conditions and test their suitability for cavity cooling and matter-wave interferometry.
The detailed results are discussed in Appendix B.1. The slowest particle velocities have
been achieved using 200 nm thick aluminium substrates. To protect the mirrors from
deposition of charged nanoparticles we apply a potential difference of -200 V between

the cavity block and the sample surface.
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2 Launching, tracking and manipulating nanoparticles in high vacuum

2.2.2 Nanodiced silicon

Both for cooling and for matter-wave experiments it is favourable to use silicon rather
than silica nanoparticles. At a wavelength of 1550 nm silicon exhibits a polarizability
to mass ratio which is 2.5 times higher than for silica, resulting in 1.5 times higher
optical forces. In addition, a work function of 4.5eV in silicon allows to realise single
photon ionisation gratings (see Chapter 1) [25]. Mono-disperse silicon nanoparticles are
not yet available commercially in the desired diameter-range of 20 — 300 nm. However,
nanofabrication of silicon has been perfected in the last decade [117].

The group of Fernando Patolsky at Tel Aviv University (TAU) has developed a
method to produce arrays of silicon nanoparticles with well defined sizes, which allows
them to position the particles on arbitrary surfaces [103]. In brief, an array of silicon
nanorods is etched into a silicon wafer and filled with an epoxy resin. In the next step,
slices of the desired thickness are cut using an ultramicrotome, resulting in arrays of
particles with well defined geometries, which are embedded in the thin epoxy lamellas.
Those slices are then put onto an arbitrary surface, where the polymer can be removed
using an oxygen plasma, leaving equally spaced tailored particles on the substrate
(see Figure 2.2c). We place those substrates in high vacuum underneath the optical
cavity and launch the silicon particles using LIAD. Their velocity distributions (see
Appendix B.2) resemble those of the silica nanoparticles. However, a shift of the
velocity distribution in an electric field indicates that a higher fraction of the launched
silicon particles is charged, compared to silica. This may be explained by charge

deposition during the exposure to the oxygen plasma.

2.2.3 Silicon nanorods

The TAU team has provided us with tailored and pristine silicon nanoparticles of
various sizes and shapes. In particular, elongated silicon particles can be produced in
a series of time-multiplexed reactive ion etching steps [104], forming an array of silicon
nanorods standing on a silicon wafer with a spacing of 1 um, as shown in Figure 2.2d.
Anisotropic etching of the nanorod base in a Bosch process results in small kerfs, which
serve as break-off points in the launching process (see Publication 2.4).

Using LIAD we can reproducibly break off the nanorods at pulse energies of a few
milliJoule. Figure 2.3c and d show the same sample spot before and after launching
some of the rods with a single laser pulse. A typical launched and re-captured rod
is presented in Figure 2.3i, showing the break-off at the desired rupture point. In
this way, we can reproducibly launch well defined rod-shaped particles through a high
finesse optical cavity in UHV (see Publication 2.4) or reliably load an optical dipole
trap at millibar gas pressures, where the rods can be stably levitated for more than
100 days (see Chapter 4 and Publications 4.1 and 4.2).
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Figure 2.5: Normalised scattering intensity for a nanorod passing through a strongly
pumped high-finesse cavity field polarised along x in UHV. Its forward
(orange dotted Gaussian envelope) and transverse velocity (black, dashed
envelope) can be determined as discussed in the case of spheres in sec-
tion 2.2.1. The rod rotation (fast modulation) can be deduced from the
time-resolved signal via Equation 2.2, as explained in Publication 2.4.

During the launch process, mechanical strain in the nanorod base is released and the
LIAD shock waves add energy to both the forward and the rotational motion of the
rod. In high vacuum there is no damping by residual gas and the rods can move and
rotate freely. By launching them through a high finesse optical cavity, and monitoring
the light they scatter in the direction orthogonal to both the cavity axis and the axis
of polarisation, we can track the dynamics of each individual rod transiting the field.
The scattering amplitude depends again on the rod’s center of mass position within the
Gaussian cavity field of waist wyg, as in the case of spherical particles (see Section 2.2.1).
In addition the scattering amplitude depends on the orientation of the rod with respect
to the axis of polarisation and direction of propagation of the light field. For a rod of
length L and radius a at the position (z,y, z), pointing in direction m in an optical
field which propagates along e, and is polarised along e, the scattered light intensity

Iscn in direction n in the far field is proportional to

—1\?2
Iyca o kta* L? <€r+1> In X Wi | [S% +2cos(k2)SyS- + S2] 2@ +y?)/wg, (2.2)
Er
with Sy = sinc[m- (e, £ n)kL/2] and the electric field within the nanorod iy =
2e; + (e — 1)(m - e;)m.
For the direction of observation n = e, realised in our experiments, the scattered light
intensity will therefore always be modulated by the particles’ center of mass motion

through the standing light wave and Gaussian beam waist, and their rotation. Only in
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2 Launching, tracking and manipulating nanoparticles in high vacuum

the case of a particle rotating in the plane orthogonal to the axis of polarisation of the
light field there is no modulation due to rotation. Equation 2.2 holds in the Rayleigh-
Gans approximation for thin needles for which the particle length exceeds its radius
(L > a) and for which the radius is small compared to the wavelength (nka < 1) [118].

In Figure 2.5 we show a typical scattering signal for a rod with L = (780 £ 14) nm
and a = (65.5 + 5.5) nm, rotating at an angular frequency of wyot = 27 x 5.9 MHz.
We observe the Gaussian and sinusoidal envelopes of the scattering, attributed to the
particle transiting the cavity field in forward direction and moving over the standing
light wave. On top of that, there is a high-frequency modulation of the scattered
intensity which is caused by the rotation of the rod, as given in Equation 2.2. We can
determine the particle velocities and rotation rates for different samples and various
break-off conditions by analysing the spectrum of the time resolved scattering signal.
A more detailed explanation of the experiment can be found in Publication 2.4. By
changing the etching parameters in the nanorod fabrication process, one can alter the
ratio between the kerf and nanorod diameter. A list of all rod parameters is given in
Appendix Table C.1. Figure 2.6 shows that the mean rotation energy of the nanorods,
FErot = Iw?,, /2, with the moment of inertia I = mL?/12, can be reduced by lowering
the ratio between kerf and rod diameter. The mean forward velocities and rotation

energies for the different nanorod samples are listed in Appendix Table C.2.
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Figure 2.6: Reduction of the rotation energies by variation of the ratio between kerf and
nanorod diameter. a) Distribution of rotation rates after launching with
identical pulse-laser parameters for samples S2 and S4, which exhibit two
different underetching ratios (see Appendix Table C.1). b) Dependency of
the mean rotation energies on the kerf to diameter ratio. The mean rotation
energy can be reduced by stronger underetching. An exponential fit (red,
dashed curve) serves as a guide to the eye. The errorbars are given by the
standard deviation of the energy distributions and the uncertainty of the
rod lengths after break-off. For underetched nanorods this uncertainty is
substantially smaller than for those which do not have a pre-defined point
of rupture.
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2.3 Optical forces and torques

2.3.1 Optical forces
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Figure 2.7: Scattering signal from a nanorod transiting the cavity beam, which gets
one-dimensionally channelled in the standing light wave. Contrary to the
rod displayed in Figure 2.5, around the center of the cavity mode, the
envelope of the scattered light (black, dashed line) does not drop to zero
anymore, due to the onset of channelling. From the maximum axial trap-
ping frequency the interaction strength between the particle and the cavity
field can be determined, as discussed in Publication 2.4.

In an optical field, which is far off-resonant with respect to all internal transitions,
the forces acting on a dielectric particle with static polarizability « result from the
induced dipole moment d = oE in the electric field E and the time-averaged dipole
force F(r) = aV |E(r)[* /4. Therefore, in a standing light wave Gaussian beam there
is a force in the radial direction r associated with the field gradient along the beam
waist, and an axial force associated with the gradient along the standing wave in
z-direction. Under the right experimental conditions, these forces can lead to axial
and /or radial harmonic confinement of a particle (see Chapters 3 and 4). The stiffness
of this confinement in both cases can be quantified via the resulting trapping angular
frequencies w, and w,, which depend on the polarizability-to-mass ratio a/m of the

particle and the intensity of the light field Iy. They are given by [119]

/ I [4adok?
Wy = 804702 and w, = o (2.3)
megcwg meoc

For spheres the polarizability is a scalar, which can be determined from the Clausius-
Mossotti relation o = 4megR3(ey — 1)/(e; + 2) [120, 121]. For anisotropic particles

the polarizability, in general, takes the form of a tensor, and their interaction with
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2 Launching, tracking and manipulating nanoparticles in high vacuum

a light field thus depends on their orientation with respect to the field [122]. The
polarizability of a rod-shaped particle is maximal when its long axis is aligned along
the axis of polarisation, taking a value of o = a’mLeg(er — 1). Tt is minimal for a
rod pointing orthogonal to the axis of polarisation, resulting in o) = a?7Leg2(e, —
1)/(er +1). Averaged over all rotation axes, the polarizability reads (o +2a)/3, and
for a rod rotating in a plane orthogonal to the beam axis it is given by (o) + a1 )/2.
The high relative permittivity of silicon at telecom wavelengths (e, ~ 12) results in a
significant shape-enhanced polarisability for the nanorods, with «/ almost five times
larger compared to a sphere of same volume. Even when averaged over all rotation
axes, the rods’ polarizability is two times higher than in the case of a sphere. As
discussed in Publications 2.4 and 3.5, this leads to stronger interactions between the
particles and the light field, which can be exploited in nanoparticle cooling and matter-
wave interferometry experiments. Figure 2.7 shows the scattering from a rotating rod
channelled along one anti-node of the cavity field, revealing the enhanced optical forces

as discussed in Publication 2.4.

2.3.2 Optical torques

E
‘Vlk AZ
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X

Figure 2.8: Euler angles in the z — ¢y’ — 2” convention. The orientation m of the rod
with respect to the beam propagation axis along z and the field polarisation
along z is determined by the angles (¢, ).

As all dielectric particles which exhibit an off-resonant index of refraction higher than
their surrounding medium, silicon nanoparticles behave as high-field seekers. Thin
nanorods with a length comparable to half the wavelength do not only tend to be
attracted towards the center of the anti-nodes of a standing light wave, they also align
along the axis of polarisation where their polarizability reaches its maximal value. In

a light field linearly polarised along x, with amplitude Ey and direction of propagation
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2.3 Optical forces and torques

in z-direction, the resulting dipole torque is given by [123]

N FLE}

cos(2kz)j1(kLcos?) (o1 + Aa cos? ¢ sin? J) (m x e;)

a2 (2.4)
+

cos ¢ sin v <; + %cos(ka)sinc(k:L cos 19)) (m x e;),

where (¢,?) specify the rod’s orientation m (see Figure 2.8), Aa = oy —a, and jy the
first order spherical Bessel function. As mentioned before, the torque vanishes for the
rod pointing along the axis of polarisation (m = e,; ¢ = 0,9 = 7/2). In addition, there
is an unstable equilibrium at which the torque vanishes in case the rod is pointing in the
direction orthogonal to both the beam and polarisation axis (m = e,; ¢ =9 =7/2) or
along the beam axis (m = e,; ¥ = 0). For rods whose length exceeds the wavelength of
the light field, the second term in the expression for the torque can become dominant.
Such long rods would therefore tend to align along the beam axis.

As presented in Publication 2.4, this torque can influence the rotation of a nanorod
during its transit through an intense standing light wave. In Chapter 3 and 4 we will
discuss how optical forces and torques can be used to cool and confine the rotational

motion of a rod.
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2 Launching, tracking and manipulating nanoparticles in high vacuum

2.4 Reprint: Cavity-Assisted Manipulation of Freely Rotating
Silicon Nanorods in High Vacuum

S. Kuhn et al., “Cavity-Assisted Manipulation of Freely Rotating Silicon Nanorods in
High Vacuum,” Nano Letters 15(8),5604-5608 (2015), reports on the detection and
manipulation of freely rotating silicon nanorods in high vacuum, using the intense
field of a high-finesse optical cavity. The process of nanoparticle fabrication, laser-
pulse induced launching, detection of rotation via a modulation of scattering intensity,
shape-enhancement of the nanoparticle polarizability and optical torques influencing
the particle rotation are discussed.

As the leading author I conceived the experiment together with M. Arndt and P.
Asenbaum, took all relevant measurements together with P. Asenbaum, performed the
data analysis together with B. A. Stickler and S. Nimmrichter and wrote the paper
together with P. Asenbaum, B. A. Stickler, S. Nimmrichter, K. Hornberger and M.
Arndt. The nanoparticle fabrication was carried out at Tel Aviv University by A.
Kosloff, O. Cheshnovsky and F. Patolsky in correspondence with M. Sclafani. The
scattering theory was developed by B. A. Stickler, S. Nimmrichter and K. Hornberger
at the University of Duisburg-Essen.
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ABSTRACT: Optical control of nanoscale objects has
recently developed into a thriving field of research with far-
reaching promises for precision measurements, fundamental
quantum physics and studies on single-particle thermody-
namics. Here, we demonstrate the optical manipulation of
silicon nanorods in high vacuum. Initially, we sculpture these
particles into a silicon substrate with a tailored geometry to
facilitate their launch into high vacuum by laser-induced
mechanical cleavage. We manipulate and trace their center-of-
mass and rotational motion through the interaction with an
intense intracavity field. Our experiments show that the
anisotropy of the nanorotors leads to optical forces that are
three times stronger than on silicon nanospheres of the same

mass. The optical torque experienced by the spinning rods will enable cooling of the rotational motion and torsional

optomechanics in a dissipation-free environment.

KEYWORDS: Nanoparticle launching, nanoparticle detection, silicon nanorods, cavity optomechanics

Nanoparticles often exhibit unique optical, mechanical, or
electromagnetic properties because of quantum effects in
confined geometries and low dimensions." Complementary to
that, our present study is part of a long-term effort to control
the quantum properties of the objects’ motion.>™* First
experiments demonstrating de Broglie wave optics with
macromolecules® were triggered by the question whether the
superposition principle of quantum mechanics holds on all
scales. They have led to the observation of quantum
interference with masses beyond 10 000 amu.’ An even higher
mass regime, which might give insight into the quantum-
classical transition, can be reached with novel coherent
manipulation schemes.” Models of a spontaneous localization
of the wave function,® and nonstandard effects of gravity,”'®
will become relevant for delocalized particles in the mass range
of 10°—10% amu, and above 10" amu, respectively. Tests of
such models will require neutral, size- and shape-selected, cold,
and slow nanoparticles that are mechanically isolated from their
environment. This has motivated new experiments to launch
and cool dielectric nanospheres in optical tweezers,'' ™" in ion
traps,"* and in free-flight."®

Here, we extend this research to rod-shaped dielectrics of
tailored geometry and anisotropic polarizability. Once their
rotational motion can be controlled sufficiently well, these
nanorods may be suitable for realizing torsional optome-

v ACS Publications © 2015 American Chemical Society
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chanics. Earlier experiments have shown that optome-

chanical torques can be exerted on nanorods in solution using
the polarization or orbital angular momentum of a light
field.'”~>* The manipulation of nanoparticles in a dissipation-
free environment, however, has remained challenging.*® The
coupling between rotational and motional degrees of freedom
was recently demonstrated with optically trapped birefringent
microspheres in a low pressure environment.**

We have prepared periodic arrays consisting of more than a
million silicon nanorods per square millimeter by dry-etching
crystalline silicon wafers (see Methods and Materials). A
scanning electron microscopy image of such an array is
displayed in Figure 1A. The individual nanorods exhibit a
length of 795 + 17 nm and a diameter of 108 + 16 nm
corresponding to a mass of (1.0 + 0.3) X 10'° amu. The sample
was positioned in a chamber evacuated to 107 Pa underneath
an optical cavity. The backside of the sample was locally heated
by a pulsed laser beam (1—3 mJ pulse energy, 6 ns duration and
532 nm wavelength) focused to 100 yum, which desorbs the
rods by laser-induced thermomechanical stress (LITHMOS)."®
After launch, the freely moving and rotating rods need to pass a

Received: June 10, 2015
Revised:  July 4, 2015
Published: July 13, 2015

DOI:10.1021/acs.nanolett.5b02302
Nano Lett. 2015, 15, 5604—5608

37



2 Launching, tracking and manipulating nanoparticles in high vacuum

38

Nano Letters

Figure 1. SEM micrographs of the nanosculptured silicon rods. Array of nanorods with underetched kerfs (A) before and (B) after LITHMOS
desorption. (C and D) The kerfs define the break points where the rods crack. The actual rod length appears shortened under the oblique viewing
angle. Nanorods with well-defined geometries can be launched, sent through the cavity and collected on a sample plate (E). Scale bars: (A and B) §
um, (C) 1 ym, (D) 400 nm, and (E) 200 nm.
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Figure 2. Tracing the nanorotor kinematics. The motion of every single nanorod can be deduced from the light it scatters while passing the cavity.
(A) The signal as a function of time conveys three distinct time scales corresponding to (i) the vertical transit through the cavity mode (Gaussian
envelope), (ii) the transverse motion across the standing wave (black dotted line, low frequency v,,,), and (iii) the nanorod rotation (high
frequency o). (B) These frequency contributions can also be identified in the Fourier spectrum of the signal. The particle displayed here exhibits
the vertical velocity v, = 11.5 + 0.5 m/s, the on-axis velocity v, = 0.77 £ 0.05 m/s and the rotation rate f,,, = 2.15 + 0.03 MHz. The geometric
collimation of the incident particle trajectories permits an unambiguous distinction of the translational and rotational motion. (C) The measured
scattering signal (blue solid line) is well explained by a simple theoretical model (red dashed line), see Methods and Materials and Supporting
Information.

500 ym diameter and 4 mm long aperture before entering a Small kerfs etched into the nanorod base define the desired
strongly pumped high-finesse infrared cavity (1 = 1560 nm, 400 break-off conditions (see Figure 1C and D; details in the
W intracavity power, 330 000 finesse, w, = 65 um waist). The Methods and Materials). In Figure 1A and B, we show an

rotation rates differ from shot to shot ranging from 550 kHz up electron micrograph of a sample spot before and after the
to 30 MHz; the forward velocities vary between 3 and 78 m/s. LITHMOS pulses. It demonstrates that the rods can be
5605 DOI: 10.1021/acs.nanolett.5b02302
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reproducibly broken off at the tailored constrictions. Figure 1E
depicts a close-up of the etched conical tip of a rod after launch
and recapture.

The standing light wave field of a high-finesse cavity allows us
to track the translational and rotational motion of the particles.
It is optically pumped by a linearly polarized, distributed-
feedback laser locked close to the cavity resonance. At the laser
wavelength of 1560 nm, silicon exhibits a high relative
permittivity (¢, ~ 12) and minimal absorption. In a
homogeneous field, the polarizability assumes a maximum
value of ay/(4me,) = 6.4 x 10° A* and a minimum value of a, /
(4re,) = 9.8 x 10° A® when the rods are oriented parallel and
perpendicular to the field, respectively.>® Even for rotating rods,
the polarizability averaged over all possible rotation axes, ((1/
3ay + (2/3)ay)/(4ne,) = 2.8 X 10° A3, is larger than for a
sﬁi%icon nanosphere of the same mass, ag,,/(47e,) = 1.4 X 10°
A’

We can trace each nanorotor using the light it scatters into
the direction perpendicular to both the cavity axis and the field
polarization. We collect this light in a 1 mm multimode fiber
placed at a distance of 200 ym from the cavity center. The
detected intensity depends on the rod’s position in the standing
wave and also on its orientation (see Methods and Materials).

When a symmetric rotor enters the cavity and moves freely
along the cavity axis, we expect a modulation of the scattering
signal at two distinct frequencies: One is the translational
frequency Vy,,, = 2v,/A of the particle passing the standing-
wave nodes with velocity v,, the second one is twice the
rotation frequency, Vyy; = 2f o

Figure 2A displays the normalized scattering intensity of a
freely rotating nanorod, Sy = (Is/Ic)/max(Is/I:), where I is
the measured scattering signal and I the simultaneously
recorded intracavity intensity. Panel C shows that it agrees well
with the theoretical expectations for light scattering at dielectric
needles (red dotted line). An expression for the expected
scattering signal as a function of the rod’s center-of-mass
position and orientation is presented in the Methods and
Materials. This signal is evaluated along the rotor trajectory. In
the Supporting Information, we provide a full comparison
between the measured signal in panel A and the model,
simulating the trajectory with an appropriate choice of the
initial conditions and the field amplitude. The corresponding
Fourier spectrum, depicted in panel B, exhibits the distinct
frequency contributions of translation and rotation.

For slow rods, we could observe cavity-induced translational
channelling, that is, one-dimensional trapping along an
antinode of the standing light wave. One such case is displayed
in Figure 3, where the scattering signal (panel A) differs
significantly from Figure 2. By low-pass filtering the scattering
signal, we can eliminate the modulation due to the rotation of
the rod. The resulting modulation envelope (black dotted
curve) does not drop to zero while the particle is close to the
center of the Gaussian beam. During this time the frequency
related to the transverse motion of the rod is influenced
significantly. In panel B, we reconstruct the particle trajectory
through the cavity mode from the time evolution of the light
scattering curve.> This is reproduced in a simulation of the
rod’s motion under the influence of the cavity field (see
Supporting Information Figure S2).

The optical channelling effect benefits from the geometrically
enhanced induced dipole moment, due to the strong anisotropy
of the rods.>® For silicon nanorods rotating in the plane
perpendicular to the cavity axis the orientation-averaged
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Figure 3. Transverse optical forces. (A) Scattering signal of a spinning
nanorod temporarily channelled in the standing-wave field. As the
particle approaches the center of the cavity mode along x, after
approximately S us, the optical potential of the standing light wave is
sufficiently deep to trap the rod’s center of mass resulting in an
oscillatory motion around an antinode along z. Thus, the modulation
envelope (black dotted line) no longer falls to zero, in contrast to
Figure 2 (panel A, black dotted line). The oscillation frequency of up
to 470 kHz is deduced from the separation between the envelope
peaks. A silicon sphere with the same volume would only be trapped at
a frequency of 290 kHz."* The fast modulation of the scattered light
(blue solid line) is due to the rotation of the rod at f,, = 1.7 MHz. (B)
Reconstruction of the trajectory of the rod. (C) Illustration of the
experimental geometry.

polarizability in the light field, (@ + a,)/2, is enhanced by a
factor of 2.7 in comparison to silicon spheres of the same mass.
In Figure 3, we observe an enhancement of the trapping
potential by a factor of 2.6.

In addition to the optical force on the particle’s center of
mass, the cavity field exerts a torque on the rods, which tends to
align them along the field polarization axis.2 Figure 4 displays
the scattering curve of a slowly rotating nanorod manipulated in
both its center-of-mass motion and its rotation. In analogy to
Figure 3, we observe transverse channelling, but the rotation
rate (black circles) is now influenced significantly by the optical
torque. The influence of the optical potential on the rotation
rate is most pronounced at around 12 ps. The net increase of
rotational energy during the transit of the rod can be attributed
to the coupling between the rotational degrees of freedom and
the time dependent optical potential (see Supporting
Information Figure S3).

In conclusion, we have presented a method to tailor, launch,
track, and manipulate high-mass silicon nanorods with well-
defined geometry and high aspect ratio. Light scattering inside a
high-finesse infrared cavity allows us to follow the translational
and rotational motion of the nanorotors in real time. For some
of the rods, cavity assisted 1d-trapping and even rotational
forces could be demonstrated. Our results are in good
agreement with theoretical expectations and show that the
rod-like shape enhances the interaction between the particles
and the cavity field significantly, compared to silicon nano-
spheres of the same mass. Optomechanical trapping and
cooling of the center-of-mass motion®' ™" will benefit from
aligning the rods along the axis of polarization. Recent studies
on single particle thermodynamics®” > may be extended to
rotating systems. Our results represent a first ste]i) toward
realizing rotational and torsional nano-optomechanics'®*#33!

DOI:10.1021/acs.nanolett.5b02302
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Figure 4. Optically induced torque. Scattering signal (blue curve) of a channelled nanorod, whose average rotation rate (black circles, right scale) is
deduced from the separation of two adjacent scattering maxima (red dots), that is, half a rotation period. We observe that the particle first spins
down to 600 kHz before it speeds up again to beyond 900 kHz (see also Supporting Information Figure S3).

and rotational cooling, which may become applicable to
delicate biological nanomaterials such as the similarly shaped
tobacco mosaic virus.*>*

Methods and Materials. Nanorod Sculpting. The silicon
nanorod arrays were fabricated from a single crystalline Si wafer
by adapting a previously described dry etching method.>* The
380 pm thick, (100) cut and p-doped wafers exhibit a resistivity
of 1-10 Q cm. They were cleaned by sonication, first in
acetone then in isopropyl alcohol (IPA), each for S min. They
were then thoroughly rinsed with deionized water and dried in
a stream of N,. The clean Si wafers were spin coated with
MMA resist (Copolymer resist EL9, MicroChem) at 4000 rpm
for 60 s, followed by baking at 180 °C on a hot plate for 2 min.
PMMA resist (Polymer resist A2, MicroChem) was deposited
on the MMA layer by spinning at 2000 rpm for 60 s, followed
by baking at 180 °C on a hot plate for 2 min.

An array of 250 nm diameter circular dots with 1 ym spacing
was written using a Raith 150 ultrahigh-resolution e-beam
lithography system (Raith GmbH, Dortmund, Germany). The
patterned wafer was developed in MIBK/IPA 1:3 for 1 min,
followed by rinsing with IPA for 20 s and drying in an N,
stream. A nickel dot array was prepared by e-beam evaporating
a 100 nm thick nickel layer at a base pressure of 10~ Torr with
arate of 1 A/s. Finally, the remaining resist was lifted-off in an
acetone/IPA 1:1 solution, washed with IPA, and dried. The
nickel nanodot arrays served as masks in the following dry
etching.

Vertical silicon nanowire arrays were fabricated by applying
time-multiplexed reactive ion etching in an inductively coupled
plasma deep reactive ion etching machine (ICP-DRIE,
PlasmaTherm SLR 770). In order to form nanopillars with a
well-defined breaking point, we have implemented a Bosch
process, that is, passivation followed by anisotropic etching. A
variation of the ratio between the etching and the passivation
times varies the scalloping and leads to different rod diameters.
On the basis of this, we set up a three-stage etching process: six
“passivation-etching” sequences with a time ratio of 1:1 allowed
us to form 700 nm long nanorod segments. In order to create
the breaking points, the ratio of the time windows was
logarithmically changed to 0.7:1 during four further steps.
Finally, a wider base was formed by changing the interval ratio
linearly to 2:1 in six further steps. The silicon rods were cleaned
by removing the nickel caps chemically.

Scattering Theory. In order to compute the normalized
scattered light intensity Sy, the rods are modeled as thin,
homogeneous, dielectric needles of length L, diameter D, and
relative permittivity £. We adopt the scattering theory for
dielectric needles,®® valid in the limit L > D/2 and
(\/ (e)kD)/2 < 1, to a standing-wave situation. The light
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intensity in the direction perpendicular to both the cavity axis e,
and the field polarization axis e, is then proportional to
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with k = 277/ the wavenumber, w, the cavity waist, and S, =
sinc[n-(e, + e)kL/2]. Here, we denote the center-of-mass
position of the rod by (x, , z), and the orientation of the rod is
determined by the radial unit vector n. The internal field points
in the direction u,, = 2e, + (¢, — 1)(n-e,)n.

For comparison with the experiment in Figure 2C and in
Supporting Information Figure S1, the scattering intensity is
evaluated along the rotor trajectory and normalized with
respect to its maximum. The simplified equations of motion
(given in the Supporting Information) reproduce the
experimental observation remarkably well, although we have
(\/ (e.)kD)/2 =~ 0.7. A precise description of the optical forces
and torques requires advanced (numerical) techniques.>®
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We provide simulations of the rod’s dynamics for the
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2.4 Reprint: Cavity-Assisted Manipulation of Freely Rotating Silicon Nanorods in High Vacuum

The following figures S1-S3 display the simulated dynamics of a L = 800nm long and
D = 100nm thick silicon rod with mass M and moment of inertia © = ML?/12, which
rotates in the plane perpendicular to the cavity z-axis. In this case the rod can be treated
as a sub-wavelength particle at position z(t), and its orientation with respect to the field
polarization z-axis is described by n = (cos ¢(t),sin ¢(t),0). Given a constant intra-cavity

field amplitude FEj,, the rod’s motion is governed by the following classical equations of

motion:
EQ _ (rugE;)2
Z(t) = Lok [ + (o — 1) cos® @] sin (2kz) e 23
AM
. E2 _plea)?
o(t) = —% (o — 1) sin (2¢) cos® (kz) e ~ “o

with wp the cavity waist, v, the vertical velocity of the rod, and « 1 the polarizability
components, as given in the main text. Particle trajectories that do not pass through the
cavity center, but slightly off-axis, can be accounted for by decreasing the field amplitude
Ey below the cavity value \/m. The corresponding scattering intensity is obtained by
evaluating the expression given in the Methods section along the simulated trajectory. Since
the scattering signal is here proportional to Sx o cos? (kz)exp (—2v2t?/w?), the center-of-
mass trajectory of a freely rotating rod can be reconstructed from the measured scattering
signal by averaging over the fast rotation period.

We ensure that we capture the full transit through the cavity mode by carrying out
each simulation over the time interval between +10wg/v,. In order to compare this to
the measured data, the scattering signal must be normalized, and the time offset of the

simulation must be adjusted, accordingly.
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Figure S1: Normalized scattering signal of a freely rotating nanorod. Simulated signal as a

function of time (red dashed line) in comparison to experimental data (blue solid line). The following

parameters and initial values were assumed: Ey = 4.15x 10V /m, v, = 11.5m/s, 2(0) = —89.85/k,

2(0) =0.74m/s, $(0) = 0.1rad, ¢(0)/2m = 2.14 MHz.
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Figure S2: Simulation of a 1d-channelled nanorod. (A) Normalized scattering signal of a
1d-channelled particle. (B) Simulated center-of-mass trajectory (blue solid line), compared to the
trajectory reconstructed from the experimental data (red dots). The following parameters and
initial values were assumed: Eg = 8.2 x 105V /m, v, = 11.3m/s, 2(0) = —91/k, #(0) = 0.28m/s,
#(0) = —0.4rad, $(0)/27 = 1.685 MHz. The scattering behaviour (C) and trajectory (D) of a sub-
wavelength silicon nanosphere of the same mass is simulated for identical parameters. It illustrates

that spherical particles are subjected to weaker optical forces compared to rods.
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Figure S3: Simulation of translational and rotational manipulation of a rod. This simu-
lation qualitatively resembles the case displayed in Figure 4 of the main text. The motional and
rotational degrees of freedom couple via the optical potential, most dominantly after approximately
15 ps. At this point, the channelled rod escapes the trapping potential of an anti-node and falls into
the adjacent one, while the rotation rate temporarily slows down. The following parameters and
initial values were assumed: Eg = 8.0 x 105V /m, v, = 7.94m/s, z(0) = —99/k, #(0) = 0.28m/s,
#(0) = —0.10098 rad, 4(0) /27 = 810kHz. After transit, we find a 7% higher rotation rate, whereas

the on-axis velocity is reduced by 34 %.
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3 Cavity cooling of nanoparticles

3.1 State of the art nanoparticle cooling

Controlling and cooling the motion of dielectric nano- and micro-particles in vacuum
using optical fields [87, 102, 111, 124-131] has become a thriving field of research. It is
motivated by fundamental questions of quantum physics [132-134] (see Chapter 1) and
by force sensing applications [135-138], single-particle nano-thermodynamics studies
[139-143], electron spin resonance measurements [144, 145], and high-frequency grav-
itational wave detection [146]. It has recently been extended to rotational degrees of
freedom [104, 113, 114, 145, 147] (see Chapter 4). The need for optical cooling tech-
niques, in principle, arises from the lack of sources producing slow and well localised
nanoparticles in high vacuum. Particles, which are confined in optical fields, couple
to a heat bath, e.g. residual gas particles colliding with the particle. This results in
thermal states of the particle motion which is in equilibrium with its environment. To
perform quantum experiments cooling is required to prepare sufficient spatial coher-
ence for free matter-wave interferometry (see Chapter 1), and low thermal occupation
numbers in traps, close to the ground state, at which quantum effects arise.

In principle, cooling techniques can be split into two categories: Active feedback
cooling is based on the detection of a particle’s motion within a light field and the use
of this information to actively modulate the optical forces acting on the particle accord-
ingly; in contrast to that, cavity cooling relies on the passive, intrinsic modulation of a
cavity field caused by the particle whose motion induces a modulation of the index of
refraction in the cavity. In this chapter I will review the working principle and exper-
imental realisations of both cooling schemes, present experimental results illustrating
two-mode cavity cooling, discuss the prospects of cooling 107 amu nanoparticles in ded-
icated microcavities, and introduce a cooling scheme for the ro-translational motion of

anisotropic particles in a high-finesse optical cavity.

3.1.1 Feedback cooling

The basic principle of feedback cooling is simple, thus versatile. By monitoring the
motion of an object oscillating in a harmonic potential - e.g. an optically trapped
particle or a mechanical cantilever - and applying optical forces with appropriate phase

lag, motional energy can be removed from the mechanical system. First feedback
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3 Cavity cooling of nanoparticles

schemes based on the radiation pressure were implemented by Arthur Ashkin and
colleagues to stabilise the motion of microparticles in air [148]. With this technique,
microspheres trapped in high-vacuum have been cooled to millikelvin temperatures
[124]. Nowadays, parametric feedback schemes are commonly employed, where the
position ¢(t) of the oscillator is measured and multiplied by its time derivative, resulting
in a velocity dependent signal proportional to ¢(t)q(¢) [149]. This corresponds to a
phase-shifted signal at twice the mechanical frequency which is used to modulate the
stiffness of the harmonic dipole potential of the optical trap in which the particle is
oscillating. By adjusting the latency of the feedback-loop one can achieve both damping
and amplification of the mechanical motion.

Parametric feedback has been implemented to drive the motion of piezoelectric nano-
electromechanical systems (NEMS) [150], to cool the motion of nanoparticles optically
levitated in the field of a high-NA microscope objective [125], inside an optical hollow-
core fiber [102], a parabolic mirror [129], and in movable optical traps [87]. Using
low-noise electronic circuits and phase-locked loops, temperatures of 150 uK have been
achieved, corresponding to a mean phonon occupation number of n = 21 [151]. Ulti-
mately, however, active feedback cooling runs into some limits:

Feedback cooling critically depends on the signal-to-noise ratio of the position mea-
surement [152]. While this can be improved, employing higher optical intensities, the
shot noise of the increasing radiation pressure becomes a limiting factor [131, 152].
Especially for small particles the detection limit plays a crucial role, since the Rayleigh
scattering intensity, which is typically utilized to observe the particle motion, scales
quadratically with the particle volume. In state of the art experiments, nanoparti-
cle detection efficiencies of up to 0.0005 have been achieved for 100 nm diameter silica
spheres [131]. It is therefore challenging to use active feedback methods to prepare par-
ticles for matter-wave interferometry experiments (see Chapter 1). For small masses,

feedback cooling of 5 x 108 amu particles to 3 K has been realised [138].

3.1.2 Cavity cooling

While resonant cooling of atoms, molecular dimers and trimers has become highly ad-
vanced [153-162], leading to great progress in the fields of atomic and molecular physics,
direct laser cooling of complex molecules, clusters and nanoparticles is still impossible
due to the lack of narrow intrinsic level structures and closed cyclic transitions that
can be individually addressed. However, inspired by direct laser cooling, more than
30 years ago, a new technique was proposed to cool the motion of atoms or dielectric
particles, exploiting their off-resonant interaction with the field of an optical cavity
[163, 164]. The basic idea of this Sisyphus cooling technique relies on compensating
the lack of intrinsic resonances by an external resonance of a high-finesse optical cavity,

using the dispersive coupling between a dielectric particle and the cavity field.
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3.1 State of the art nanoparticle cooling

Assume a cavity, which is pumped by a laser field of frequency wy,, red-detuned by
A = wr,—wg < 0 with respect to a cavity resonance wc. A particle in the cavity exhibits
a higher refractive index than the vacuum inside the cavity and effectively increases the
cavity length. Thereby it shifts the cavity towards resonance with the pump and allows
more light to build up inside the cavity. When the particle moves through the cavity
field, this results in a position-dependent modulation of the intra-cavity intensity with
a time-lag between the motion of the particle and the change in cavity intensity. This
time lag is set by the inverse of the cavity decay rate k = cw/2F L. It is given by the
cavity length L and cavity finesse F = W\/E/ (I — R), that in turn depends on the

reflectivity R of the cavity mirrors.

Dielectric particles in infrared light are high-field seekers and feel a force towards the
center of a Gaussian beam or the anti-nodes of a standing light wave. For a particle
in a cavity of beam waist radius wy and wavenumber k the optical potential can be

written as

V(x) = -l |al* f*(x), (3.1)

with a the complex amplitude of the cavity field, f2(x) = cos?(kz) exp(—2(z2+y?)/w?)

the mode function of the Gaussian standing light wave, and the coupling rate [111, 165]

Qwr,
2e 0 Vm )

0 (3.2)
This coupling rate scales linearly with the angular frequency of the cavity field wr,,
the polarizability «, and thus the volume of the particle, and inversely with the cavity
mode-volume V,, = mwiL/4. Tt determines the amount Upf?(x) by which the cavity
resonance is shifted due to the presence of a particle in the cavity mode. This frequency
shift results in a time-delayed change of the intra-cavity intensity, which in turn is
proportional to the photon number |a|?. The evolution of the complex optical field

amplitude can be quantified with the rate equation [166]
i = [i (& + Uof2(x(6)) = 5 = 1/2(x(0)] @+ tpum (33)

with v the free space scattering rate, which is proportional to the square of the particle
polarizability a, and 1pump the rate at which the laser pumps the cavity. For a detuning
A ~ —k, a coupling rate Uy ~ x and small scattering rates v < Up, k this results in
self-induced modulation of the optical potential such that the particle has to climb up
steeper potential hills than it falls down, as illustrated in Figure 3.1. This results in
a loss of motional energy which is transferred to the cavity field and eventually leaks

out of the cavity at the rate |a(t)|>.

In this way, a particle can be cooled in the
radial and axial direction through its motion along the Gaussian beam waist and along

the standing light wave, respectively. A more detailed semi-classical description of the
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o
»

Optical potential

Particle position along the cavity axis

Figure 3.1: Schematic principle of cavity cooling. a) For a particle coming from a
node of the standing light wave, where the coupling and thus the frequency
shift exerted by the particle onto the cavity were minimal, the intra-cavity
intensity is unaffected and the particle is accelerated towards the anti-node.
b) After crossing the anti-node, where the coupling and frequency shift were
maximal, more light is coupled into the cavity resulting in a deeper optical
potential. As a consequence the particle gets decelerated more than it was
accelerated before in a) resulting in an overall reduction of its kinetic energy.

cooling process can be found in References [89, 111, 116, 132, 167]. A full quantum
description of nanoparticle cavity cooling is given in References [133, 134, 165].

Experimentally, off-resonant cavity cooling has first been realised with atomic en-
sembles [168], single atoms [169] and atomic ions [170]. For dielectric particles, cavity
cooling has first been implemented for sub-micron silica spheres trapped in a cavity
field under modest vacuum conditions [126], and for free silicon nanoparticles being
launched through the cavity field in high-vacuum [111]. Since then, cavity cooling was
optimised and nanoparticle temperatures of below 1K have been achieved in hybrid
ion-optical traps [127, 128]. For atoms, cavity cooling has recently been advanced to
cool the motion of an atomic ensemble to 10 K [171].

Fundamentally, cavity cooling is limited by the cavity decay rate, allowing for a
minimal motional temperature of T' = hx/kg. Experimentally, however, the achieved
cavity cooling performance so far has been limited by heating due to residual gas
molecules [126—128] or the interaction time of the particle with the cavity field [111].
Another technical limiting factor lies in the fact that, for decreasing temperatures, the
particles become more strongly confined in the optical potential, resulting in a lower
modulation depth of the intra-cavity intensity induced by the particle motion, and
thus leading to lower cooling rates. This can be overcome by displacing the particles,
using the electric field of an ion trap [127, 128], or optical fields, which are either
formed by a separate optical tweezer [87, 133], or an additional cavity mode [126]. For
particles traversing the cavity field, as described in Reference [111], the addition of
a neighbouring longitudinal cavity mode can increase the cooling rate. Close to the
centre of the cavity, the position of the anti-nodes of the second mode overlap with
the nodes of the first mode. This reduces the conservative trapping potential while
boosting the overall cooling forces [88, 89, 172, 173].
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Figure 3.2: Cooling of a 300 nm diameter silica nanosphere in transit through a cavity
in high vacuum (10~ mbar). The cavity is pumped by two neighbouring
longitudinal modes (M, M), which are both detuned by A = —k from
their respective cavity resonance. The particle enters the cavity field and
freely runs over the standing light wave as seen in the light the particle
scatters from M; (blue curve, also see Section 2.2). After approximately
100 us the particle is trapped in one dimension and channelled by M; (see
Section 2.3). While the particle freely crosses the cavity in forward direc-
tion we monitor the intensity of M; in transmission (green curve in the left
sub-panel). It is modulated by the particle motion along z with the right
time-delay. This results in cooling. During the particle transit the intensity
of My (red curve in the right sub-panel) is fluctuating due to thermal length
oscillations in the mirror coating (see Reference [89]). Depending on the
intensity of My the conservative trapping potential of My is reduced, re-
sulting in a modulation of the frequency at which the particle is channelled
(see upper right panel), thereby illustrating the basic principle of two-mode
cooling. Overall, the transverse kinetic energy of the particle is reduced by
a factor of three.

Figure 3.2 illustrates the basic principle of two-mode cooling with a 300 nm diameter
silica sphere. While the nanoparticle transits the field of a high-finesse optical cavity
(finesse F ~ 4 -10°, length 3.5 mm, beam waist radius 56 ym, linewidth 110kHz) it is
one-dimensionally trapped and cooled by the first cavity mode M;. A second cavity
mode Ms, which is frequency-shifted by one free spectral range of the cavity, partially
reduces the conservative trapping potential formed by the standing light wave of M.
The intensity of My fluctuates due to thermal oscillations in the coating material (see
Reference [89]), at a frequency lower than the particle induced modulation frequency of
M;j. When Mj is more intense, the 1D trapping frequency in the field of M; is reduced,
thereby illustrating the basic principle of two-mode cavity cooling. Overall, the particle
is cooled by a factor of three in terms of its transverse kinetic energy. Due to the short

interaction time determined by the initial particle velocity, the fluctuations in the
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3 Cavity cooling of nanoparticles

second cavity mode, and the weaker interaction strength of silica particles compared to
silicon, the cooling performance of earlier, single-mode experiments [111] has not yet
been exceeded. The full layout of the optical setup can be found in Reference [89].
New sources for silicon nanoparticles are currently being developed, and the thermal
fluctuations in the mirror coating can also be compensated by additional feedback
on the pump lasers. Future cryogenic particle sources (see Chapter 5) will boost the
cooling. An additional limiting factor in the experiment is posed by contaminations of
the mirrors with nanoparticles. They result in a significant loss of cavity finesse. Even
though the mirrors are geometrically protected from being hit by neutral particles
(see Section 2.2.1), attractive forces due to charges on the mirror surfaces and the
nanoparticles might explain the observed contamination. Once the cavity finesse has
dropped, the mirrors need to be taken out of vacuum and be replaced, or cleaned with
a special polymer (First Contact), which fully recovers the reflectivity of the mirrors.
Theory predicts that two-mode cooling will allow for particle temperatures on the
order of 10 K [89] for interaction times of a few milliseconds. This will facilitate
future matter-wave interferometry experiments, which will require axial temperatures
of less than 50mK (see Chapter 1). For this purpose, nanoparticle sources need to
be developed that launch particles with forward velocities on the order of 10cm/s.
Also, stable trapping of nanoparticles in a cavity field at high vacuum for more than
1ms would solve the challenge. In addition, as discussed in Chapter 1, future high-
mass free-fall matter-wave interferometry experiments will be limited to nanoparticles
of mass 107 amu or below. Up to now cavity cooling has only be realised for particles
with masses on the order of 10'%amu. In the following we will therefore discuss how
nanoparticles with diameters down to 10nm can be coupled to and cooled by low

mode-volume cavities.

3.2 Low mode-volume silicon microcavities

It follows from Equation 3.2 that the dispersive coupling to the cavity falls linearly
with the particle size. In order to counteract this, cavities with smaller mode-volumes
can be employed. Conventional, highly polished mirror substrates are limited to radii
of curvature on the order of 1cm. New techniques had therefore to be developed to
obtain strongly curved mirrors, which maximize the confinement of the cavity field.
Fibre-based microcavities have been successfully realised and optimised, using intense
COg lasers for material ablation at the end-facet of optical fibres [174-176]. Such
cavities have been coupled to individual nitrogen vacancy centres in diamond [177,
178], single ions [179] and acoustic modes of superfluid helium [180]. Buckled dome
cavities, fabricated in a monolithic self-assembly, reach single atom cooperativities of

up to 65[181]. There, a thin layer of fluorocarbon between two reflecting surfaces is
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3.2 Low mode-volume silicon microcavities

heated, resulting in a deformation of the reflectors and the formation of a cavity.

In an alternative approach, mirrors can be formed by chemical etching of silicon
surfaces [182, 183], which are transparent at the employed telecom wavelengths. Us-
ing a micro-machined pre-alignment system, symmetric open-access cavities have been
fabricated by our collaboration partners Georg Wachter and Michael Trupke at the
University of Vienna and TU Vienna, achieving mirror radii of curvature ranging from
10 pm to 1 mm. The chip surface is first smoothed through multiple steps of oxidation
and etching with hydrofluoric acid to achieve a low surface roughness of below 5 A rms.
The chips have been coated with dielectric layers (Advanced Thin Films) to reach a
finesse up to 100.000 [184].

A single cavity chip containing 100 cavities with mode volumes between 1—15pL (as
compared to 7nL for the cavities discussed in Section 3.1.2) has been placed, positioned
and characterised in high-vacuum to identify the cavities with the highest finesse. This
is achieved by scanning the frequency of a widely tunable laser (Toptica CTL) over the
individual cavity resonances. The modehop-free tunability of this laser over the entire
telecom C-band is needed to cover the large free spectral range of the cavities which is on
the order of 1 THz. We can add sidebands onto the carrier frequency, using an electro-
optical modulator, in order to determine the linewidths of the individual cavities [185].
One of those cavities has been selected and optically pumped, stabilizing the laser red-
detuned from the cavity resonance by more than two cavity decay rates. Particles are
launched through the cavity field and detected in real time by measuring the intensity
of the light transmitted through the cavity. In this way we can deduce the particle-
induced frequency shift of the cavity resonance (also see Chapter 2) and observe strong
coupling. The successful nanoparticle detection and the prospects of using silicon

microcavities for future nanoparticle cooling are discussed in Publication 3.4.

So far, the cavity performance has been limited by imperfections of the mirror shape.
The finesse drops when the cavity length exceeds 130 um because larger beam waists
sample larger areas of the mirrors and experience scattering losses. Cavity decay rates
of kK > 2w x 17 MHz have been achieved. For cavity decay rates exceeding the mod-
ulation frequency imposed by the particle motion, the cavity field reacts almost in-
stantaneously which results in an adiabatic modulation of the optical potential and
no cooling. Improved mirror structures have been fabricated and are being coated to
achieve finesses of up to 200.000 for cavities of length [ ~ 100 — 200 ym and radii of
curvature around r ~ 200 um. They should enable cooling of particles in a mass range

between 107 — 108 amu.

Improving the smoothing procedure in the manufacturing process of even smaller
micro-mirrors in the future, thereby achieving a surface roughness on the order of a
few A rms, shall allow the fabrication of cavities with [ &~ 20—30 gm, F > 2-10° and r ~

20 ym. They are designed for cooling of particles below 107 amu in mass, as discussed
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in Publication 3.4. Testing the performance of these high-finesse microcavities at high
intra-cavity intensities (> 2 x 107" W/cm?) is still subject to ongoing investigations.
Microcavities with decay rates on the order of x > 27 x 10 MHz, on the contrary, can
be of use for feedback experiments where the high detection efficiency provided by the

cavity can be exploited.

3.3 Cavity cooling of rotational degrees of freedom

In analogy to cavity cooling of the center-of-mass motion of spherical particles, there is
a cooling effect for both the translational and rotational motion of anisotropic nanopar-
ticles [112]. While the intra-cavity field for a spherical object is modulated by position
changes with respect to the cavity mode function f(x), for dielectric rods and disks
there is also a contribution due to the orientation of the particle with respect to the
cavity axis and the axis of polarisation. In the same way, there is an additional term in
the optical potential leading to optical torques, as described in Equation 2.4. For in-
stance, in the case of a silicon nanorod rotating through, or being librationally trapped
in, the linearly polarized cavity field, the rotational motion of the rod modulates the
intra-cavity intensity. For the pump laser being red-detuned from the cavity resonance
by at least the particle coupling rate Uy, this modulation exhibits the required time-lag
with respect to the particle’s 5D-motion in order to result in a Sisyphus cooling effect
reducing the rod’s rotational and translational energy, irrespective of the particle’s ini-

1. A detailed derivation and analysis of ro-translational

tial position and orientation
cavity cooling, given in Publication 3.5, shows that, in principle, cooling to the ro-
translational quantum ground state is feasible for realistic experimental conditions.
While rods cooled into the quantum regime will enable future quantum experiments
in the rotational degrees of freedom (see Chapters 4 and 5), ro-translationally cold,
anisotropic particles can facilitate future high-mass matter-wave interferometry exper-
iments, where the alignment of the rods and the shape enhanced interaction strength

in an optical field can be exploited [186, 187].

!An animated simulation of the cooling effect for a rod rotating through the field of a high-finesse
optical cavity can be found on YouTube: https://youtu.be/RZTDZilsuul
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3.4 Publication: Nanoparticle detection in an open-access

silicon microcavity

S. Kuhn et al., “Nanoparticle detection in an open-access silicon microcavity”, Ap-
plied Physics Letters, 111 (2017), presents the detection and strong coupling of silica
nanoparticles in the field of a high-finesse silicon microcavity. The low beam waist and
mode volume realised in microfabricated silicon-based cavities lead to large frequency
shifts imprinted by the particles onto the cavity field, allowing for the detection of
transiting particles via the light transmitted through the cavity. The prospects of such
cavity systems for nanoparticle cooling as preparation stage for high-mass interferom-
etry is discussed.

As the leading author I conceived the experiment together with F.-F. Wieser, J.
Millen and M. Arndt, took all measurements together with F.-F. Wieser and J. Millen,
analysed the data together with F.-F. Wieser, performed the calculations on cavity
cooling together with M. Trupke and wrote the paper together with J. Millen, M.
Trupke and M. Arndt. The microcavities were fabricated by G. Wachter, M. Schneider,
J. Schalko, U. Schmid and M. Trupke.
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Nanoparticle detection in an open-access silicon microcavity
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We report on the detection of free nanoparticles in a micromachined, open-access Fabry-Pérot
microcavity. With a mirror separation of 130 ym, a radius of curvature of 1.3mm, and a beam
waist of 12 ym, the mode volume of our symmetric infrared cavity is smaller than 15 pL. The small
beam waist, together with a finesse exceeding 34,000, enables the detection of nano-scale dielectric
particles in high vacuum. This device allows monitoring of the motion of individual 150 nm radius
silica nanospheres in real time. We observe strong coupling between the particles and the cavity
field, a precondition for optomechanical control. We discuss the prospects for optical cooling and
detection of dielectric particles smaller than 10 nm in radius and 1 x 107 amu in mass.

Optical microcavities recirculate and strongly confine
light, thereby enhancing the interaction between light
and matter 1, 2]. Small mode volume cavities have been
coupled to single atoms [3, 4], Bose-Einstein condensates
[5], organic molecules [6], quantum dots [7], and nitrogen
vacancy centers [8]. Whispering gallery mode (WGM)
resonators can be used to detect and characterize label-
free molecules [9], single viruses [10], aerosol-particles
[11] and particles with radii of a few tens of nanome-
ters [12, 13] when the specimen is adsorbed onto the res-
onator. Similar results have been achieved in photonic
crystal cavities [14-16] and nanoplasmonic-photonic hy-
brid microcavities [17].

In recent years, a growing number of research groups
have utilized optical cavities to control the motion of di-
electric nanoparticles [18-20]. Cavity-mediated quantum
ground state cooling is predicted to be within reach for
both their centre of mass motion [21-23] and their ro-
tational degrees of freedom [24, 25]. Cold, free parti-
cles in high vacuum are considered excellent candidates
for matter-wave interferometry [26, 27], in a mass range
where limits to established quantum theory may be ex-
plored [28-31]. The coupling of nanoparticles to a cavity
field can be increased by exploiting the shape-enhanced
polarizability of non-spherical particles [32, 33|, and by
reducing the mode volume of the cavity. Bulk optical
cavities are typically limited to beam waist radii larger
than ~ 50 pm, due to limitations on the radii of curvature
of the cavity mirrors.

Here, we present the detection of free nanoparticles in
transit through a chip-based, high finesse, open-access
silicon Fabry-Pérot microcavity, with a 15 pL mode vol-
ume. We detect the motion of the particles via the trans-
mitted cavity light, and extract their velocity. Such gas-
phase detection and characterization is advantageous in
many fields, such as aerosol physics, nanoparticle synthe-
sis and nanoparticulate exposure studies. In addition, we
observe strong coupling between a nanoparticle and the

*

stefan.kuhn@univie.ac.at

56

ol

Transm. [arb.u.] |

-200 -100 O 100 200
Detuning [MHz]

FIG. 1. Schematic of the microcavity array with nanoparti-
cle injection. The fundamental mode of a single microcavity
is strongly pumped by a laser at 1547 nm, and the transmit-
ted light is monitored with an InGaAs photodetector. Silica
nanoparticles are launched through the cavity mode via Laser
Induced Acoustic Desorption [32, 35]. The upper inset shows
a photograph of one of the mirror chips. The lower inset shows
a scan over the TEMqo cavity mode in transmission (blue),
in which two side-bands, 100 MHz separated from the carrier,
are used to calibrate the frequency scan. From a Lorentzian
fit (red) of the cavity transmission we find the cavity decay
rate k/2m = (17 £ 0.7) MHz and deduce a Finesse of 34,000
from the ratio of free spectral range to cavity linewidth /7.

optical field, which is of utmost importance for efficient
optomechanical cooling.

The method for fabricating and characterizing the sil-
icon microcavities will be explained in detail elsewhere.
Briefly, two silicon chips, which are the mirror image of
each other, are patterned with an array of 100 mirrors
with radii of curvature ranging from 70 gm to 1.4 mm.
They are separated by a 106 pm thick, silicon spacer, as
illustrated in Fig. 1, which lithographically pre-aligns the
cavities. The total length of the individual cavities de-
pends in addition on the depth of the mirrors. The mirror
chips are coated with a high reflectivity, multilayer di-
electric coating (Advanced Thin Films, target transmis-
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sion of 15ppm). A single cavity, exhibiting sufficiently
high finesse, is pumped with 25 mW at a wavelength of
1547 nm (Toptica CTL-1550) to excite a TEMgy mode,
and the laser frequency is stabilized to the cavity reso-
nance via side-of-fringe locking using the back-reflected
beam. Here, we use an optical cavity with a length
L = (130 & 3) pm, a free spectral range vpsg = ¢/2L =
(1.1540.03) THz, a mode coupling of 30 %, mirror radius
of curvature R = (1.3 £ 0.2) mm, a mode waist (radius)
wo = (12 £ 1) pm, a decay rate /27 = (17 £+ 0.7) MHz,
and a finesse of F = 34,000 + 1,300. This yields a
mode volume V,, = 14.5pL or 3,900 3, and an on-
resonance intracavity intensity at the waist of approxi-
mately 2 x 107 Wem™2. The cavity finesse is limited by
the deviation of the mirror shape from an ideal parabolic
profile, and can be improved by optimization of the fab-
rication parameters [34].

Silica nanoparticles (Bangs Laboratories) of radius r =
(150 £ 20) nm are launched through the cavity field at a
pressure of 10~7 mbar, using Laser Induced Acoustic Des-
orption [32, 35]. To detect the nanoparticles, the cavity
input light is detuned from resonance by A = —2.3 x, and
the transmitted light is monitored on a photodiode. The
presence of a dielectric particle inside the cavity mode
effectively increases the optical path length, thus shifting
the cavity towards resonance and increasing the amount
of light transmitted through the mirrors. The particle
also scatters light out of the cavity mode, decreasing the
amount of light transmitted. A net increase of the trans-
mitted signal is a clear sign of strong, dispersive cou-
pling between the particle and the cavity field [36]. This
allows the detection of particles with a signal-to-noise ra-
tio (SNR) of more than 35, enabling detection of silica
particles as small as 50 nm in radius.

An example nanoparticle transit is shown in Fig. 2a.
As the particle traverses the optical mode in the z-
direction i.e. perpendicular to the optical axis of the cav-
ity, the transmitted signal increases with a Gaussian en-
velope (red dotted line), directly mirroring the Gaussian
waist wp of the microcavity mode. Since wq is known
from the cavity geometry, we can extract the velocity
in the z-direction, v, = (15.6 & 0.1)ms™!. There is
also a fast modulation of the signal, as the nanoparti-
cle crosses the optical standing-wave in the z-direction.
Since the wavelength of the light is known, we can extract
the velocity in the z-direction, v, = (3.13 £ 0.07) ms~!.
There is a slight decrease in signal below the baseline
level in Fig. 2a, which is due to the particle scattering
light from the cavity mode. In total, the particle dis-
persively shifts the cavity resonance by more than 2k,
confirming strong coupling between the particle and the
cavity field. The extracted velocities for 19 nanoparticles
are shown in Fig. 2b.

We now consider one specific application of such mi-
crocavities, namely their use for the optomechanical cool-
ing of dielectric nanoparticles [18-23, 37, 38]. Cooling is
believed to be necessary, for instance, to enable matter-
wave interferometry with nanoscale objects [26, 27]. In
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FIG. 2. (a) An example of the microcavity transmission as

a 150 nm radius silica nanoparticle traverses the cavity field.
The laser which pumps the cavity is red-detuned from the
empty cavity resonance by 2.3 k. The envelope due to the
motion in the z-direction (see inset) across the cavity waist is
indicated by the red dotted line. The periodic structure is due
to the particle’s motion in the z-direction, crossing multiple
nodes of the cavity field. From this signal, the velocity in the
x- and z-directions can be extracted (v, = (15.6 & 0.1)ms™*
and v, = (3.13 + 0.07) ms™'). The signal drops below the
baseline due to light scattering out of the cavity mode. (b)
The extracted transverse velocity v, and forward velocity vy
for 19 particles.

particular, we will consider cooling of silicon nanoparti-
cles due to their favourable dielectric properties [19], their
applicability for nanofabrication [33] and their compati-
bility with optical ionization gratings [39]. Such exper-
iments are challenging at high mass, since the short de
Broglie wavelength of a massive object requires a long
interferometer. For a given resolution in the interference
pattern on the detector screen, the required flight time
through the interferometer scales linearly with the par-
ticle mass [44], limiting the mass to the 10 — 107 amu
range [27] i.e. silicon spheres of 6-12nm radius. Such
small particles cannot be cooled in macroscopic cavities.

For optimal cooling the following criteria must be met:
A) Operating in the regime of strong coupling, i.e. the
dispersive frequency shift of the cavity resonance induced
by the particle

2nwrrd e — 1
Up=—F7"— ,
0 Vin e+2

(1)

(laser frequency wy, and relative permittivity of the par-
ticle €) is larger than the cavity decay rate x = cw/2FL.
B) Working in the resolved side-band limit to ensure that
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FIG. 3. Optimizing microcavity parameters to achieve optomechanical control of low-mass silicon nanospheres. We find the

required cavity parameters to enable cooling of particles of a given mass under strong coupling and resolved sideband conditions
(see text). We consider an intra-cavity power of (a) 100 W and (b) 300 W, at fixed L/R ratios of i) 0.5, ii) 1.0 and iii) 1.5.
The insets illustrate that, even with a lower bound of R = 30 um (large points), it is still possible to reduce the coolable mass
by increasing the cavity finesse. For realistic cavity parameters and geometries, cooling of silicon spheres with masses below
1 x 107 amu, corresponding to a silicon sphere of radius below 12 nm, is feasible.

the response of the cavity field amplitude is retarded rel-
ative to the motion of the particle. Therefore, the axial
mechanical trapping frequency of the particle

Y X
N mwdpe e+2

(wave-vector of the cavity field k, intra-cavity power Peay
and particle density p) needs to be larger than . In order
to cool small masses, the following cavity parameters can
be optimized: finesse F, beam waist radius

2)

)
wo = /5 VLR - L),

®3)
via L and R, and the intra-cavity power Py .

The parameter-space for optimal cooling is displayed in
Fig. 3. The coloring of the curves indicates the minimum
finesse, for a given ratio L/R and intra-cavity power, re-
quired to fulfill conditions A & B. This finesse, in turn,
sets the minimal mass that can be cooled for the given
set of geometrical constraints. Increasing the mass does
not allow for a reduction in finesse due to condition B.
At a given L/R, however, the minimum mass can be de-
creased by improving the finesse, as shown in the insets of
Fig. 3. We consider fixed ratios L/R of i) 0.5, ii) 1.0 [45],
and iii) 1.5, and intra-cavity powers of a) 100 W and b)

o8

300 W. Hence, by moving to smaller cavities with higher
finesse [43] (F > 2 x 10°, R ~ 20 ym, L =~ 20 — 30 um,
P.ay > 300W) it will be possible to cool silicon nanopar-
ticles with masses below 1 x 107 amu, corresponding to
a sphere of radius 12nm. Assuming the same SNR as
presented here, optimized microcavities could detect par-
ticles down to 5nm in radius.

In conclusion, we present the detection of free nanopar-
ticles in an open-access silicon microcavity. We observe
their transit via the transmitted cavity light, extract their
velocity, and observe strong coupling between the parti-
cle and intracavity field. Such a system will be useful for
optomechanics, and for characterization and detection of
nanoparticles, bio-molecules, viruses, and aerosols. With
further improvements, this microcavity system will en-
able cavity cooling of a diverse range of sub-10nm par-
ticles, which are suitable for matter-wave interferometry
in a hitherto unexplored mass range of 10® — 107 amu.
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3.5 Reprint: Rotranslational cavity cooling of dielectric rods
and disks

B. A. Stickler et al., “Rotranslational cavity cooling of dielectric rods and disks,” Phys-
ical Review A 94, 033818 (2016), proposes the use of an optical cavity to cool the
ro-translational motion of a nanorod or a disk to the quantum ground-state. There-
fore, a full theoretical toolbox is developed to describe the dynamics and interaction
of the nanoparticle with a cavity field. In a phase-space description a cooling rate is
derived which predicts ground-state cavity cooling to be feasible under realistic exper-
imental conditions.

As a co-author I contributed the experimental knowledge to discuss the feasibility of

the proposed experiment under realistic parameters.

60



3.5 Reprint: Rotranslational cavity cooling of dielectric rods and disks

PHYSICAL REVIEW A 94, 033818 (2016)

Rotranslational cavity cooling of dielectric rods and disks

Benjamin A. Stickler,! Stefan Nimmrichter,!-? Lukas Martinetz,' Stefan Kuhn,? Markus Arndt,?> and Klaus Hornberger1
! Faculty of Physics, University of Duisburg-Essen, Lotharstraf3e 1, 47048 Duisburg, Germany
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We study the interaction of dielectric rods and disks with the laser field of a high-finesse cavity. The quantum
master equation for the coupled particle-cavity dynamics, including Rayleigh scattering, is derived for particle
sizes comparable to the laser wavelength. We demonstrate that such anisotropic nanoparticles can be captured
from free flight at velocities higher than those required to capture dielectric spheres of the same volume and that
efficient rotranslational cavity cooling into the deep quantum regime is achievable.

DOI: 10.1103/PhysRevA.94.033818

I. INTRODUCTION

Laser cooling and controlling the rotranslational degrees
of freedom of a nanoparticle in vacuum is a challenging
task [1] with far-reaching implications: Levitated dielectrics in
a high-finesse cavity can be used as ultrasensitive force sensors
with atto- or even zeptonewton sensitivity [2-5]. In addition,
preparing nanoscale dielectrics in the deep quantum regime
may allow one to address fundamental questions, such as the
thermalization of a single particle [6-9] or the validity of the
quantum superposition principle at high mass scales [10,11].

In the case of small molecules with a sharp internal
transition, the rotranslational motion can be laser cooled
by exploiting the methods developed for atoms [12-14].
Micron-sized particles in solution and low vacuum can be
trapped and manipulated rotationally with optical tweezers
and vortex beams [15-23]. A first step towards controlling the
rotranslational state of a nanometer-sized rod in high vacuum
was demonstrated recently [24].

Here, we show that nanoscale rods and disks are excellent
candidates for cavity cooling [25-27], possibly even into
their rotranslational ground state. This is due to a number of
fortuitous properties: (i) The anisotropic shape of a dielectric
appreciably enhances the effective interaction with the cavity
as compared to a sphere of the same volume, and (ii) for
sufficiently red-detuned cavities, efficient cooling takes place
for all orientations and positions of the particle. In addition,
(iii) their rotranslational motion can be tracked from the
scattered light, since the particle’s position and orientation
are encoded in the polarization and intensity, and (iv) the final
temperature is well below the rotranslational level spacing in
the trap potential.

The finite extension of the dielectric must be taken into
account when describing the interaction between a nanopar-
ticle and the field of a high-finesse cavity since the laser
intensity varies on the length scale of the particles [24,28-30].
Rather than using numerical techniques [31,32] or iterative
methods [33], we exploit the fact that the considered particles
are thin, allowing us to analytically derive the internal
polarization field [34] and thus the optical potential. Here,
it is crucial that we adopt the direction of the internal
polarization field from the exact electrostatic solution [35] and
therefore correctly account for the anisotropic susceptibility
of the particle. Our resulting analytic expressions for the
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Markovian particle-cavity dynamics and the scattered light
intensity provide the theoretical toolbox required to carry out
cavity experiments with dielectric nanorods and nanodisks in
high vacuum.

We start by deriving the optical potential of a dielectric
rod or disk in a standing-wave cavity mode, which enters the
Markovian master equation for the combined state of particle
and field mode. The cooling rate due to the retarded back action
of the light field is then extracted from this equation. It also
determines the threshold velocity for capturing a particle in
free flight. We account for recoil heating of the particle by light
scattering into the vacuum modes by deriving the orientation-
dependent Rayleigh scattering operators and determine the
final temperature of a deeply trapped particle.

II. CAVITY INDUCED POTENTIAL

‘We consider a thin dielectric rod or disk, modeled as a
cylinder of length ¢, radius a, and mass M with moment
of inertia perpendicular to the symmetry axis, I, = M¢?/12
or Iy = Ma?/4, respectively. The particle propagates through
the field of a standing-wave Gaussian cavity mode of waist
wo and wavelength 27 /k; see Fig. 1. The cavity mode is
driven by a pump laser of angular frequency w, and power
P, = hwpnz/ZK, where 71 is the pump rate [36]. When the z
axis is along the cavity axis and the x axis is in the direction
of the cavity mode polarization, the local cavity field at posi-
tionr' = (x',y’,z) reads Ej, = \/2hw,/eoV.bf (') cos(kz)e,,
where f(r') is the Gaussian envelope with waist wy and V.
and b denote the mode volume and the dimensionless field
amplitude, respectively.

Evaluating the optical force and torque exerted by the laser
field on the dielectric requires knowledge of the macroscopic
polarization field P inside the particle [37,38]. In general, the
internal field must be determined numerically if the particle’s
extension is comparable to the laser wavelength [32]. However,
in the present case one can exploit the fact that the particle
is very thin in at least one direction in order to derive an
approximate analytic expression for the polarization field (gen-
eralized Rayleigh-Gans approximation) [34]. Specifically, this
is possible for rods and disks of (real) dielectric permittivity
& since k?a’(e; — 1) < 1 or k€(e; — 1) < 1, respectively.

The resulting internal polarization field acquires the po-
sition dependence of the external field but it is rotated

©2016 American Physical Society
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FIG. 1. A thin dielectric rod or disk traverses the laser field of a
high-finesse cavity with resonance frequency ., driven with pump
rate n and pump frequency w,. The cavity detuning is A = w, — @,
and « and yy are the cavity linewidth and the Rayleigh scattering rate,
respectively. The orientation vector of the dielectric’s symmetry axis
is denoted by m(£2).

according to the dielectric’s susceptibility tensor. The internal
field is the exact solution to Maxwell’s equations in the
limit of infinitesimally thin particles and it provides a good
approximation for the present scenario [24]. In particular,
the field accounts correctly for the anisotropic susceptibility
of the nanoparticles because its polarization is obtained by
solving the corresponding electrostatic problem [34]. In the
case of rods, the components of the susceptibility tensor
perpendicular and orthogonal to the symmetry axis are Xﬁ =
& —1 and x| =2(e; — 1)/(e; + 1) while Xﬁi =(&—1)/&
and Xf =&, — 1 for disks [35]. We denote the anisotropy
by Ax = x; — x. and the maximal value by xn =& — I.
Note that the orientationally averaged susceptibility of a
dielectric rod or disk thus exceeds the susceptibility of a
dielectric sphere. With the above notation, the polarization
field is proportional to x e, + Ax(e, - m)m where m is the
direction of the dielectric’s symmetry axis. This dependence
on the dielectric’s orientation is familiar from anisotropically
polarizable pointlike particles [39].

The particle-cavity interaction potential can now be cal-
culated by integrating the potential energy density derived
from cavity perturbation theory [30,40,41] averaged over one
optical cycle, —P - E}; /4, or, equivalently, from the averaged
force and torque densities [38]. Denoting the center-of-mass
position of the dielectric by r and its orientation by m(£2), with
Q = (@, B,y) being the Euler angles in the z-y’-z” convention,
we find the optical potential as

A
Vr.Q) = hUMbe%r){"—l + L) ex]Z}
Xm Xm
1 1

X 5 + 3 cos(2kz)S[m(2),e.]¢. (1)
Here, Uy = —wpxmVo/2V. denotes the coupling frequency
with Vj the dielectric’s volume. The orientation-dependent
shape function S(m,n) accounts for the particle’s finite
extension and reads for rods and disks, respectively, as

sin(kfm - n)

n) =——

S
H(m kfm - n
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_ J1(Zka|m x n|) @

Sq(m,n) =

s

kalm x n|

where J;(-) denotes a Bessel function of the first kind. Both
functions (2) take on their maximum value if their arguments
vanish and, thus, it can be seen from (1) that rods tend to align
with the field polarization, m = e,, while disks align with the
cavity axis, m = e;. In the limit of small dielectrics, k¢ < 1 or
ka < 1, the potential of an anisotropic pointlike particle in a
standing wave laser field [39] is recovered and the potential (1)
becomes proportional to the local laser intensity.

III. MASTER EQUATION FOR DIELECTRIC AND CAVITY

A dielectric particle moving through the cavity modifies
the laser intensity by effectively shifting the cavity resonance
frequency w. as well as enhancing the cavity loss rate. While
this retarded reaction of the cavity on the dielectric’s motion
can cool the particle’s motional state, Rayleigh scattering
of cavity photons off the dielectric leads to recoil heating.
Compared to other decoherence mechanisms [41], recoil
heating dominates for deeply trapped particles and thus
determines the steady-state temperature. The coupled particle-
cavity dynamics can be described with the help of a Markovian
quantum master equation for the total state operator p. This
equation can be derived by coupling the particle-cavity system
to the infinite bath of empty vacuum modes, which are then
traced out in the Born-Markov approximation [42]. Here,
scattering enhanced coupling between vacuum modes [30]
can be safely neglected since we consider very thin particles,
for which the scattering rate is sufficiently low. Denoting by
# and Q the rotranslational coordinate operators and by b the
cavity field operator, one obtains

i o
0p = —%[Hp,p] — iUp[v(#,2)b'b,p] + Lcp

D3 [E= [TREETTERWE) e
s, 4 ns Plyg 5 thns ns s

s=1.2
where Hj, is the free particle Hamiltonian and L.p describes
the unperturbed cavity dynamics,
Lep = ilAb'b +in(b — bl),p] + k(2bpb’ — {b'b,p}),

“
with v(r,Q) = V(r,Q)/ilU|b|?> being the field-independent
part of the interaction potential (1). The position- and
orientation-dependent Lindblad operators of Rayleigh scat-

tering into polarization direction €, with scattering rate
Yo = cxéVozk“/Gﬂ V., are Lyy = bAy[F,m(£2)] with

3 A .
Aps(r,m) = \/jf(r)em . [X—Lex +~Lm. ex)m]e""“‘r
8 Xm Xm

x {€*S[m, (e, — n)/2]+e % S[m, (e, +n)/2]}.
(%)

They are diagonal in the rotranslational degrees of freedom and
thus tend to localize the state in position and orientation. While
the operator (5) transfers a superposition of the momentum
kicks hk(n =+ e;) on the dielectric’s center of mass, its action
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on the orientational degrees of freedom is more intricate
because the angle operators €2 are not the generators of angular
momentum kicks but of the canonically conjugate momentum
translations [43,44]. Thus, an eigenstate |mq,mg,m,) of the
canonical momentum operator pg conjugate to the Euler
angles €2 transforms under the action of (5) into a superposition
of shifted eigenstates, each weighted with the corresponding
Fourier coefficient of the Lindblad operator. Nevertheless, it
will turn out that the Rayleigh scattering dissipator describes
diffusive rotranslational motion for deeply trapped nanoparti-
cles. In addition, in the limit of small, isotropically polarizable
point particles [28,41] the operators (5) turn proportional to
the local standing wave profile.

IV. SCATTERED LIGHT INTENSITY

The light scattered by the dielectric can be utilized to
track its rotranslational motion [24]. Specifically, a detector
at position Rn measures the intensity

haopyolb)*

47 R? ©

In(r,Q) = D 1 Ans e m(@)11

s=1,2

as derived from the electric field integral equation [34] in the
far-field limit. The polarization of the scattered field depends
only on the dielectric orientation since it is orthogonal to the
direction of its internal polarization field.

V. EQUATIONS OF MOTION

In order to assess under which conditions cavity cooling and
trapping of the dielectric are possible, we determine the local
cooling rate from the classical equations of motion. Denoting
by (p, pe) the canonically conjugate momentum coordinates,
the classical equations of motion are obtained from the master
equation (3) by replacing all operators with their expectation
values,

b =i(A — Upv)b — <K+%)b+n, (7a)
Q=0,,H,, and T=0d,H,, (7b)
o = —daV + I |b|22/ LT
= — 1 - E)
Po Q Yo = Js A ns 92 ns
and
‘ 2 d’n .
p=—0V + hylb| Z Elm(AmarAm), (7c)
S2

s=1,2
where we introduced the total scattering rate as a function of
position and orientation,

d’n )
V@D =y0 ) /S 2 Ans[rm(@).

s=1,2

®)

Equation (7a) describes the retarded reaction of the light
field on the particle dynamics. The equations of motion of
the particle (7b) and (7c) contain the conservative optical
potential (1) as well as the nonconservative radiation pressure
due to Rayleigh scattering (5). This contribution vanishes close
to the minimum of the potential (1); it vanishes everywhere
for isotropic point particles.

PHYSICAL REVIEW A 94, 033818 (2016)

The particle-cavity equations (7) must be solved numer-
ically in general. However, if the particle is not yet deeply
trapped, we can neglect Rayleigh scattering. Assuming further
that the particle moves sufficiently slowly, such that the cavity
reacts nearly instantaneously, we expand the cavity amplitude
to first order in all velocities and angular momenta. Thus, we
obtain nonconservative equations describing the dissipative
dynamics of the nanoparticle. In general, the different degrees
of freedom are strongly coupled and exchange energy, such
that it is not useful to define a friction rate for the individual
coordinates. Nevertheless, by adapting Liouville’s theorem
one can calculate the rate at which an infinitesimal phase space
volume centered at (r,$2) expands or contracts [45],

dhcn*URLA — Upu(r,Q)] { [8,v(r, )]
(k2 +[A = Upu(r,)]?}3 M

[0,v(r, QP | [3pv(r, Q)]
Isin? B I ’

I'e,Q) =

(©)]

Notably, this rate is everywhere negative if the laser is
sufficiently far red-detuned, i.e., for A < Uy, and thus cooling
occurs irrespective of the particle’s position and orientation.
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FIG. 2. (a) Trapping probability as function of the forward
velocity for a silicon rod (blue; ¢ =800 nm, @ =25 nm) and a
sphere (red; R ~ 72 nm) of the same volume. The nanoparticle
is launched towards the cavity with forward velocity v,. In order
to obtain the trapping probability we solve the classical equations
of motion (7) for several thousand initial conditions for each wv,.
The transverse velocity v, is uniformly distributed within 5% of
the forward velocity v,, assuming a collimated beam. We neglect
the weak y dependence, setting v, = 0 and y = 0, and assume the
orientational degrees of freedom to be microcanonically distributed
with a total rotation frequency of 1 MHz. For the cavity, we chose
the following realizable parameters: A = 1.56 um, k¥ = 0.78 MHz,
P, =10 mW, A =—1.2«¢, F =330000. In panel (b) we show
the total energy for a sample trajectory with v, =0.5 m/s and
v, = —0.3 m/s. The dielectric rod (blue) is captured and cooled while
a sphere (red dashed) of the same volume traverses the cavity almost
unaffected. Negative energies indicate that the particle is captured.

033818-3

63



3

64

Cavity cooling of nanoparticles

BENJAMIN A. STICKLER et al.

This generalizes the results obtained for cavity cooling of
point particles [46,47]. The cooling rate (9) vanishes if the
particle reaches the mechanical equilibrium, where the partial
derivatives of v(r,2) are zero. This could be circumvented
by resorting to well-established techniques such as two-
mode [41,48] or feedback cooling [49-52].

The facts that cooling occurs almost everywhere for A <
Uj and that the effective interaction strength is enhanced due to
the anisotropy have a remarkable consequence: They facilitate
trapping of rods and disks at velocities at which corresponding
spheres would traverse the cavity almost unaffected. This is
demonstrated in Fig. 2, which shows the trapping probability
as a function of the forward velocity for dielectric rods and
spheres of the same volume together with the total energy
along one sample trajectory.

VI. COOLING LIMIT

Recoil heating due to Rayleigh scattering prevents the
dielectric from being cooled to its absolute ground state. To
determine the steady-state temperature, we study the quantum
master equation (3) in the case that the particle is already
deeply trapped. For simplicity, we consider a moderately
sized particle, k¢ >~ 1 or ka ~ 1, for which the interaction
potential (1) can be approximated harmonically around its
single minimum, implying that the rotranslational degrees of
freedom are only coupled via the cavity field. (If a linear
coupling between the different degrees of freedom is required
by a specific protocol, this can be achieved by illumination
with a second laser.)

For a dielectric rod aligned with the field polarization axis,
m(£2) = e,, at a position of maximum laser intensity, ro = 0,
the harmonic frequencies are

. [2h|Uol|bo|*k? . 28| Ul 1bo? A x
wz = _— a)a = _—
M Ix

. 20| Upllbo* [ Ax | (kE)?
wg = [————|— +

1 xiooo12 0 o
In a similar fashion, a deeply trapped disk has its surface
aligned with the cavity axis, m(£2) = e;, at a position of max-
imum laser intensity and the frequencies are a)‘Z’ = a)g = o}
together with w8 = 0. Here by = n/(k + y2/2 +i[A — Upl)
denotes the steady-state cavity amplitude in the potential
minimum with yfi = Yse(r0,L20) being the corresponding
Rayleigh scattering rate. The frequencies in the transversal
direction (x,y) can be safely neglected because the laser
waist wy is typically much larger than the wavelength. The
frequencies (10) are of the same order of magnitude exceeding
the cavity linewidth «. Note that the trapping frequency w, is
determined by the maximum susceptibility x,, = &, — 1 rather
than by the average value.

Similarly, we expand the Lindblad operators harmonically
around the potential minimum. A straightforward calculation
demonstrates that the remaining Lindblad operators are linear
in the field operator b as well as in the position operators
2 and 2 and thus they describe diffusive motion. One can
determine an approximate expression for the steady-state
temperature from the resulting relations between steady-state
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operator expectation values. Defining temperature as the
energy difference between the steady-state energy expectation
value and the energy minimum divided by Boltzmann’s
constant, its steady-state value is given by the recoil limit

v

S (5 LY Z/ di“p ALP, an
2M, (i + y0/2)ks S Js, A T

for v = z,a,8 with M, = M, My g = I, and 3, AY the deriva-
tive in direction v of A, evaluated at the potential minimum.
In particular, for small particles, k¢ < 1, one has T, ~
Yoh?k?|bo|? /S Mkegek and T, g 2 yol® Ax2|bol? /21 x 2 kefekn
where keff = K + y0/2.

As an example, we consider the silicon rods from Fig. 2.
They are strongly coupled to the cavity, |Uy|/k = 1.1, yielding
the final temperature 7, >~ 14 pK, which corresponds to a
mean occupation number in the harmonic potential of n, ~
0.16. In a similar fashion, we obtain for the rotational degrees
of freedom T, >~ 31 uK (n, >~ 0.34) and Tg >~ 29 uK (ng =~
0.23). This demonstrates that reaching the rotranslational
ground state should indeed be possible.

VII. CONCLUSIONS

Our findings open the door for numerous experiments and
applications: The control gained over center of mass and
the orientational degrees of freedom can be used for inertial
sensing [2]. By monitoring the scattered light intensity one
can track the dynamical impact induced by a background gas,
allowing the direct observation of the thermalization of isolated
orientational degrees of freedom [9] or, by using a directed
beam of ultracold atoms, one can measure the scattering cross
section, thus probing the dispersion interaction of nanoscale
dielectrics [53].

Ground-state cooling of the nanoparticle would comprise
a first step towards optomechanical experiments involving
both the center-of-mass and the orientational degrees of
freedom [54,55]. Such deeply trapped particles can be used
as point sources for orientation-dependent interference exper-
iments [56,57] by rapidly switching off the cavity [58,59].
If the laser intensity is reduced adiabatically [60], on the
other hand, a free quantum state of low kinetic and rotational
energy can be generated. Finally, aligning many anisotropic
particles in a single-cavity mode might give rise to novel
phenomena, such as a nonpolar version of a gas of interacting
dipoles [61], where synchronization of the dielectric’s motion
may be observable [22].
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4 Rotational optomechanics

In recent years, a growing number of research teams have started to study optomechan-
ical systems with rotational degrees of freedom. In the quantum regime, mechanical
rotations exhibit novel features due to their non-linear equations of motion. Quantum
effects, e.g. the quantization of angular momentum, are easier to access as a conse-
quence of the anharmonic energy spectrum of the free rotor [188]. Control over all
motional degrees of freedom will be of great importance for high-mass matter-wave in-
terferometry experiments with nanoparticles, to eliminate additional decoherence and
dephasing channels for non-isotropic objects [99]. Schemes to couple light to rotational
degrees of freedom have been proposed, addressing the torsional motion of spiral res-
onators coupled to optical beams with angular momentum [189], nanorods [133] or
nano-windmills [190] trapped in Laguerre-Gaussian cavity modes, and nanoparticles
rotating in optical ring potentials [191].

Recently, first experiments with rotating nano-objects have been realised: Birefrin-
gent spheres have been confined and set into rotation in an optical dipole trap, observing
coupling of their linear and rotational motion [147]. Charged graphene flakes have been
trapped in an ion trap and spun with circularly polarised light [192]. Their rotation has
been stabilized using radio-frequency electric fields [193]. High mechanical frequencies
of the torsional motion of non-spherical nano-diamonds, levitated in an optical dipole
trap, have been observed [145]. Alignment of levitated Yb3*:YLF nanocrystals has
enabled refrigeration of their internal temperature down to 130K [194].

In this chapter, I will present our contribution to this line of research. We can stably
trap and levitate silicon nanorods for more than 100 days at millibar pressures in a
standing light wave optical dipole trap, formed by two counter-propagating focussed
laser beams (see Publication 4.1). This allows us to measure all relevant trapping
frequencies, control the nanorod motion via the polarisation within the trap, and tune
the rotation rate of spinning particles via a dynamic modification of the trapping
potential by changing the ellipticity of the field polarisation. The experimental results
are in excellent agreement with theoretical predictions from scattering theory, collisions
with gas particles, and optical dipole forces. In the same optical setup we can frequency-
lock the mean rotation frequency of a levitated rod to an external clock via a periodic
modulation of the trapping polarisation (see Publication 4.2). In this way, the particle
follows the clock frequency with an accuracy of 1 uHz, resulting in a frequency stability
A frot/ frot of almost 10'2,
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Figure 4.1: Tuning the mechanical trapping frequencies of a rod via its length. We
assume a trap power of 1.35 W and a beam waist radius of 27 um. While
the axial trapping frequency is independent of the length, the librational
frequencies, as defined in the inset, can be increased by shortening the rod.

These rotating systems show great potential for future quantum experiments. Prepar-
ing them in the ground state of their librational motion with parametric feedback [195]
or cavity cooling, as discussed in Section 3.3 and Publication 3.5, will allow us to study
the free evolution of the particle’s wave packet after releasing them by harmonically
switching off the trap [196], or observe coupling of the individual degrees of freedom
within the trap [197, 198]. Ro-translational cavity cooling experiments will benefit from
high mechanical trapping frequencies, which result from the shape enhanced polariz-
ability (see Section 2.3) and the tunability of the trapping frequencies of the librational
motion via nanofabrication. Figure 4.1 shows the dependency of the various trapping
frequencies on the geometry of the rod. New feedback cooling methods for the ro-
tational degrees of freedom will be developed, which will be based on controlling the
polarisation of the trapping field (see Appendix D). Bringing the ro-translational mo-
tion of an anisotropic particle to the quantum regime will facilitate a variety of novel
experiments, as discussed in Chapter 5.

Apart from quantum experiments, torsional systems have great potential for torque
sensing applications. Nanoscale torsional resonators are capable of sensing torques on
the order of yoktoNewtonmeter, thereby approaching the standard quantum limit of
mechanical torque sensing [199, 200]. At room temperature and millibar vacuum con-
ditions our locked rotor, in principle, achieves a torque sensitivity of sub-zeptoNewton-
meter (see Publication 4.2) and has been patented as local sensor for gas properties,
e.g. pressure, flow dynamics, accommodation, and temperature, or radiation pressure
and optical potentials of light fields [201]. In addition, this system will allow us to study
the friction and diffusion rates in a pressure independent way to facilitate studies of

the Einstein relation in the rotational degrees of freedom.
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S. Kuhn et al., “Full rotational control of levitated silicon nanorods,” Optica 4(3), 356-
360 (2017), discusses the optical trapping of silicon nanorods in a standing light wave
dipole trap. Their motion is analysed through the spectrum of the light the particles
scatter out of the trap. By controlling the polarisation of the trapping field the particles
can either be aligned and fully trapped in five degrees of freedom in case of co-linear
polarised light, or set to rotation at MHz frequencies in case of circular polarised
light with equal handedness. Both types of dynamics are well understood by theory,
leading to a good agreement between theoretically predicted trapping frequencies &
rotation rates and the experimental data. By dynamical modification of the trap
depth, exploiting the polarisation tensor of the non-spherical nanorod in elliptically
polarised light, we increase the tuning range of rotation frequencies.

As aleading author I conceived the experiment together with J. Millen and M. Arndt,
analysed the data together with J. Millen and B. A. Stickler and wrote the paper
together with J. Millen, B. A. Stickler, K. Hornberger and M. Arndt. The theory was
developed by B. A. Stickler and K. Hornberger at the University of Duisburg-Essen.
The nanorods were fabricated by A. Kosloff and F. Patolsky at Tel Aviv University.
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Optically levitated nano-objects in vacuum are among the highest quality mechanical oscillators, and thus of great
interest for force sensing, cavity quantum optomechanics, and nanothermodynamic studies. These precision
applications require exquisite control. Here, we present full control over the rotational and translational dynamics
of an optically levitated silicon nanorod. We trap its center-of-mass and align it along the linear polarization of the
laser field. The rod can be set into rotation at a predefined frequency by exploiting the radiation pressure exerted by
elliptically polarized light. The rotational motion of the rod dynamically modifies the optical potential, which allows
tuning of the rotational frequency over hundreds of kilohertz. Through nanofabrication, we can tailor all of the trap-
ping frequencies and the optical torque, achieving reproducible dynamics that are stable over months, and analytically
predict the motion with great accuracy. This first demonstration of full ro-translational control of nanoparticles in
vacuum opens up the fields of rotational optomechanics, rotational ground state cooling, and the study of rotational
thermodynamics in the underdamped regime.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further distribution of this work must
maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.
OCIS codes: (020.7010) Laser trapping; (350.4855) Optical tweezers or optical manipulation; (220.4241) Nanostructure fabrication.

https://doi.org/10.1364/OPTICA.4.000356

1. INTRODUCTION

Nanofabrication has advanced all areas of science, technology, and
medicine [1], including the field of optomechanics, where the
motion of a mechanical oscillator is controlled by light. The quan-
tum ground state of motion has been reached in optomechanical
crystal devices [2] and superconducting microwave circuits [3].
Ground-state cooling enables the coherent transduction of signals
(4], the production of non-classical states of light and matter [5],
and the ultra-sensitive detection of motion [6] and forces [7].
Coherent optomechanical technology is limited by the coupling
between the mechanical device and its environment, which leads
to decoherence of quantum states, and by a reduction in mechani-
cal quality factor due to clamping forces on the oscillator.

These limitations can be overcome by optically levitating the
mechanical system such that it oscillates in a harmonic trapping
potential. Optical trapping is applicable from atoms in vacuum
(8,9] to complex organisms in liquid [10]. By optically levitating
nanoscale objects in vacuum, ultra-high mechanical quality
factors (Q ~ 10'2) are predicted [11], and it may be possible
to generate macroscopic quantum superpositions [12]. Such mas-
sive quantum systems could test the limits of quantum physics
[13,14], looking for the existence of new mechanisms of wave-
function collapse such as spontancous localization [15] or

2334-2536/17/030356-05 Journal © 2017 Optical Society of America
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gravitational effects [16-18]. Such goals require a high degree
of control over all of the dynamics of the nanoparticle.

The field of levitated optomechanics is growing rapidly, with
progress including feedback [19-21] and cavity cooling [22-25]
to the millikelvin level and below, the sensing of forces on the
zepto-Newton scale [26], and the study of Brownian motion [27]
and equilibration [28] in the underdamped regime. Experiments
are often limited by the quality of commercially available nanopar-
ticles. Impurities lead to absorption of the trapping light, causing
loss at low pressures [29], and even graphitization of levitated
diamond [30]. Recently, rotation has been detected in levitated
particles [31-34], displaying far greater rotation rates than experi-
ments in liquid [35-38].

In this work, we trap clean, nanofabricated silicon nanorods
and study their center-of-mass and rotational motion. Our par-
ticles are of uniform, tailored size and shape, allowing a high de-
gree of repeatability, predictability, and control of the dynamics.
We are able to trap the nanorods, trap and control their orienta-
tion, and tunably spin them using the radiation pressure exerted
by the light field. While rotational control has been achieved in
liquid [35-37,39,40], this is the first demonstration of trapping
nanorods in vacuum, to the best of our knowledge, and we
observe novel features such as shape enhanced light-matter
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interactions and dynamic reshaping of the trapping potential.
Such full control opens the way to optomechanical rotational
cooling [34,41,42], even to the quantum level [42].

2. EXPERIMENTAL SETUP

A single silicon nanorod is optically trapped in the focus formed
by two counterpropagating laser beams of wavelength
A = 1550 nm; see Fig. 1(a). At this wavelength, silicon exhibits
a high relative permittivity, €, = 12, and negligible absorption,
which is supported by the fact that we see no signature of heating
due to light absorption (following the method in Ref. [29]). The
nanorods are tailored to have a length of £ = (725 + 15) nm
and a diameter of & = (130 & 13) nm, corresponding to a mass
M = (1.3 £ 0.3) x 10'® amu. They are fabricated onto a silicon
chip following the methods described in Ref. [33]. The laser trap
is characterized by a beam waist radius w, ~ 27 pm and the total
power P, = 1.35 W, making a large volume trap to enhance the
rate of capture. The nanorods are trapped in a clean N, environ-
ment at a pressure of p, = 4 mbar, after being launched by laser
desorption from a silicon wafer; see Refs. [33,43]. Up to 10 nano-
rods are simultaneously trapped, and we perturb the trapping field
until a single nanorod remains. The rods can be stably trapped for
months at any pressure above 1 mbar, below which they are lost,
as observed in experiments with spherical nanoparticles [22,29].

3. TRAPPING THE NANORODS

The motional state of the nanorod is described by its center-of-
mass position (x, y, z) and by its orientation (&, f3) [see Fig. 1(b)],
where x points counter-parallel to the direction of gravity and

Sy

(b)
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Fig. 1. (a) Nanofabricated silicon nanorods of length ¢ =~ (725 £+
15) nm and diameter & ~ (130 = 13) nm are optically levitated in a
standing laser wave at low pressures. The light they scatter is collected
by a multimode optical fiber placed close to the trap waist. (b) The rods
have five degrees of freedom that can be controlled: three translational
(x, 9, z) and two rotational (a, ). (c) By monitoring the scattered light,
trapping of all five degrees of freedom can be observed in the PSD when
the trap light is linearly polarized. These data were acquired at a pressure
of 4 mbar. The appearance of the various harmonics can be explained by
slight misalignment of the trap as discussed in Supplement 1.
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z along the beam axis. The orientation of the rod is parametrized
by @, the angle between the x axis and the projection of the rod
onto the x—y plane, and f the angle between the rod’s symmetry
axis and the beam propagation axis. The motion of the nanorod is
measured via the light that the rod scatters out of the trap, which
is collected with a 1 mm diameter multimode optical fiber as de-
scribed in Ref. [33].

The polarization of the two trapping beams determines the
properties of the optical trap. In the case of co-linear polarization,
the rod aligns with the field polarization and is thus trapped in all
its degrees of freedom. The resulting trapping frequencies can be
measured in the power spectral density (PSD) of the scattered
light signal, as shown in Fig. 1(c). Using a LiNb-polarization con-
troller, we can perform arbitrary wave-plate operations on the
polarization of the trapping light [44]. The optical setup [see
Fig. 2(a)] is designed such that the rod experiences the same
polarization from both arms of the counterpropagating trap.
By realizing a half-wave-plate operation on the linearly polarized
trapping beam we can align the rod along any direction orthogo-
nal to the trap axis, as has been observed in liquid [36].

The trapping frequencies of a harmonically captured rod can
be calculated as [42]
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where # = 27/, ¢ = 2330 kg m™3 is the density ofsilicon,)(” =
€, -1 is the susceptibility along the rod’s symmetry axis, and
Ay = (e, - 1)2/(e, + 1) is the susceptibility anisotropy [45]. At
the maximum input power we measure f,, = (1.6 £ 0.2) kHz,
f.=024£1) kHz, f,=(134£1) kHz, and f;=
(175.0 £ 0.5) kHz; see Fig. 1(c). For comparison, a silicon nano-
sphere of the same volume under the same experimental condi-
tions would have f, =58 kHz, and a silica sphere would
have f, = 47 kHz, illustrating the great potential for silicon
nanorods in cavity cooling experiments [42]. We can use the
measured frequencies to deduce the trapping waist radius
wy = (27 & 3) pm, which is the only free experimental param-
eter. The measured frequencies agree well with the theoretical ex-
pectations, as shown in Fig. 3(c). The slight (<5%) discrepancy
between the measured and predicted value of f4 is attributed to
the fact that the rods have finite diameter and the generalized
Rayleigh—Gans approximation [42] is not strictly valid.
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4. SPINNING THE NANORODS

When the trapping light is circularly polarized, the trapping po-
tential for the @ motion vanishes while the standing wave struc-
ture along z is retained. The radiation pressure of the laser field
exerts a constant torque /N, acting on a. Adapting the theory
presented in Ref. [42], the resulting torque is obtained as

P Ay£? 413
N, = Do e d k
48cw?

where the two functions 7, ,(#¢) are given by

[y (RE) + 12 (k)] 2
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Fig. 2. (a) Experimental setup. Light at A = 1550 nm is produced by
a fiber laser (Keysight 81663A), and then goes through an electro-optical
in-fiber polarization controller (EOSPACE), allowing us to realize
arbitrary wave-plate operations. The light is amplified in a fiber amplifier
(Hangzhou Huatai Optic HA5435B-1) and split equally to make the two
arms of the trap. Stress-induced birefringence in the fibers can be
accounted for with polarization controlling paddles (PCPs). The system
is completely fiber-based until out-coupled to the aspheric trapping lenses
(f = 20 mm). The inset shows a scanning electron microscopy micro-
graph of a rod that was launched and captured on a sample plate. The
scattered light signal reveals the nanorod dynamics in case of (b) co-linear
polarization, and (c) the strongly driven rotation of the rod for circularly
polarized trapping light.
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For short rods, ¥ < 1, one has 7, ~ 1, while 7, ~ 0.

Collisions with residual gas molecules lead to damping of the
rotational motion. Since the mean free path of the gas molecules
exceeds the diameter of the rod (free molecular regime [46]), the
rotational damping rate for diffuse reflection of gas molecules of
mass 7, takes the form [47]

3 7
(2 + 4)’

where 7" is the gas temperature.

The maximum steady-state rotation frequency is obtained by
balancing the torque Eq. (2) with the damping Eq. (4),

Na
fa,m:\x - 27T1F’ (5)

with 7 = M¢?/12 the rod’s moment of inertia. This expression
agrees well with the measured value of the rotation frequency
S aror @8 a function of power and pressure, as shown in Figs. 3(d)
and 3(e), respectively.

A comparison of the PSD for the co-linear and the circular
polarization traps is shown in Fig. 3(c). The peak related to
the trapping frequency at f, vanishes and a pronounced peak
at 2, . arises. We are sensitive only to 2, . due to the sym-
metry of the rod. The rotation of the rod in the circularly polar-
ized field results in a reduced average susceptibility and thus a
weaker trapping potential, which shifts the axial trapping
frequency to f, . = 94 kHz as discussed in Supplement 1. The

z,r0t

rapid rotation in « leads to a stabilization in # and hence the
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Fig. 3. Comparing the dynamics when the nanorod is (a) trapped in all degrees of freedom by linearly polarized light and (b) driven to rotate in the a
direction by circularly polarized light. (c) The PSD for circularly (red) and linearly (blue) polarized light. For circular polarization, the trapping frequency

f o vanishes, and the rotational frequency f'

a,rot

appears. The peak at f; vanishes since the motion in 3 is stabilized when the rod is spinning. Markers

indicate predicted trapping frequencies. The rotational frequency scales (d) linearly with power, and (e) decreases with increasing pressure, as predicted by
Eq. (5). Markers represent the mean value of £ wror the shaded areas represent the full range of f, wror and solid lines are the theoretically expected maximal
value of f, ... The broad frequency distribution of £, is due to coupling between the motion in @ and x, y (radial). (f) Perturbations from the
equilibrium position (lower panel) are reflected in instantaneous frequency fluctuations (top panel). (g) The correlation between the radial position
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complete suppression of the peak at f; in Fig. 3(c). A similar
effect has also been observed for spinning microspheres [32].
The broad distribution of frequencies about 2 £, . is due to
perturbations temporarily decreasing the rotation rate, which
then takes time to spin back up to the maximum value. For exam-
ple, irregular excursions in the radial x, y directions lead to varia-
tions in the instantaneous rotation frequency via variation in the
local light intensity, as shown in Fig. 3(f), with the correlation
clearly shown in Fig. 3(g). The maximum rotation rate is limited
by pressure in this setup, with an ultimate limit presumably set by
material properties. In previous work, rotation rates of 50 MHz
were observed for free nanorods in ultra high vacuum (UHV) [33].

5. TUNING THE ROTATIONAL FREQUENCY

To study the effect of driven rotation in more detail we use the
polarization controller to perform a quarter-wave-plate (QWP)
operation on the trapping light and track the motion of the
rod at each setting; see Fig. 4. Starting from a linear polarization
along x and increasing its ellipticity at first leads to a shift of all
trapping frequencies to lower values due to a reduced trap depth,
as shown in Fig. 4(a). At a QWP setting of 30°, the radiation
pressure induced torque starts driving the rod into rotation over
the trapping potential in the direction of @, the frequencies f,
vanish, and £, drops to a steady value of f, . = (94 & 1) kHz,
as also seen in Fig. 3(c). Rotating beyond 45°, one may expect the
nanorod to become trapped again at 60°; however, the rod is not
trapped until 85°. When starting at 90° and decreasing the QWP
angle, the rod spins at 60° and is not trapped until 5°, showing a
symmetric hysteresis; see Fig 4(b).

This effect is due to the anisotropy of the susceptibility tensor:
a trapped rod experiences the full trap depth related to y, whereas
the trapping potential for a spinning rod is proportional to the
susceptibility averaged over rotations in the 2D plane orthogonal
to the beam axis (y + y)/2, which is smaller by a factor of 1.7.
Thus, it requires a greater torque to spin a trapped rod than to
maintain the rotation of an already spinning rod. The value of
[ aror Varies with the ellipticity of the light, as shown in Fig. 4(b).
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Fig. 4. Effect of performing a QWP operation on the trapping light at
5 mbar, cither increasing from 0° (crosses) or decreasing from 90°
(circles). At 0° and 90° the trap is linearly polarized along the y axis.
At 45° the polarization is circular. (a) Shift of the trapping frequencies
for different QWP settings. For small deviations from linear polarization
the trapping frequencies decrease due to a lower trapping potential. At
30° from the starting linear polarization, the light is circularly polarized
enough to drive fa'm[, at which point fa,/i vanish, and f, drops. At 85°
from the starting linear polarization, the motion becomes trapped again.
(b) Because of this hysteresis the driven rotational frequency £, . can be
tuned over several hundred kilohertz via the ellipticity of the trapping
field. The markers indicate the mean value of f, ., and the shaded
region represents the range of measured frequencies.
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By exploiting the dynamical modification of the trap depth we
can extend the range over which the rotation frequency can be
tuned to many hundreds of kilohertz.

6. CONCLUSIONS

In summary, we present a method to capture and levitate nano-
fabricated silicon nanorods at low pressures, working with
telecom wavelengths in a fiber-based setup. We can precisely con-
trol the length and diameter of our nanorods, meaning we can
tailor rods to attain particular trapping and rotational frequencies.
We are able to trap all relevant degrees of freedom, and control
the orientation of the rods via the polarization of the trapping
beams. By using circularly polarized light we can spin the nano-
rods at more than 1 MHz, and tune this frequency over hundreds
of kilohertz by introducing ellipticity into the field polarization
and through a dynamic modification of the trapping potential.
When the rod is spinning we notice a stabilization of the tilt angle
f and a coupling to the radial motion x, y. The system is very well
understood as documented in the excellent agreement between
experiment and theory. The high degree of control opens the
way to study rotational optomechanics [48-50], orientational
decoherence [51,52], rotational underdamped Brownian motion,
and stochastic thermodynamics, and synchronization of multiple
rotors due to optical binding [53]. This is the first use of silicon in
an optical trap in vacuum, and its high susceptibility and low ab-
sorption in this frequency band, combined with the shape-en-
hanced susceptibility of rods, will enable rotational cavity
cooling to the quantum level [34,42]. Such deeply trapped,
cooled particles may be used as point sources for orientation-
dependent interference experiments [54,55].
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1. DISTINGUISHING DIFFERENT TRANSLATIONAL
AND ROTATIONAL MOTIONS

All trapping frequencies of the nanorods can be calculated, based
on their geometry as measured through scanning electron mi-
croscopy. The scattered light signal contains information about
all degrees of freedom, with a high signal-to-noise ratio (SNR) [1].
In the manuscript, all data for (x,y,z,«) is extracted from the
scattered light detector D4, and the motion in f is extracted from
a polarization dependent measurement on the scattered light
D5.

We independently check all motional degrees of freedom to
confirm our assignation of frequencies, using other detectors.
This information is not used in the manuscript. The full optical
layout is shown in Fig. S1, and each detector and its uses are
outlined in table S1.

Motion in z and a: We expect the trapping frequencies for
z and & to be f, = 124kHz and f, = 134 kHz respectively. In
the data we see a double-peak in the Power Spectral Density
(PSD) of the scattered light signal D4 around these frequencies,
as shown in Fig. S2a). To confirm experimentally which peak
is which we implement an additional detection scheme. The
nanorod rotates the polarization of the trapping light, depending
on the angle it makes to the polarization axis (i.e. by an amount
proportional to «).

We monitor the trapping light that has interacted with the
nanorod by collecting some of the light coupled back into the
fiber outcouplers, splitting it off with a 99:1 fiber beamsplitter

and turning its linear polarization by 45°. This light then goes
through a fiber polarizing beamsplitter (PBS), and each arm of
the PBS is coupled onto a fast fiber-coupled balanced detector
D1 (Thorlabs PDB420C). By this method we measure just the
rotation in &, as shown in Fig. S2a). This confirms that the higher
frequency peak is due to motion in «.

We also monitor the intensity fluctuations of this picked-off
light on detector D2, which yields information about the motion
in z, as described in Ref. [2]. The quality of this signal is poor,
due to the large beam waist of our trap, and could be improved
through a difference measurement. It reconfirms that the peak
at 124 kHz is due to motion in z.

Motion in x, y: We pick off a small amount of the light that
has interacted with the nanorod using a free-space 97:3 beam-
splitter. This light is incident on a D-shaped mirror to cut the
beam in half, and the resulting two beams are measured on a
differencing photodiode D3. This yields the motion in y, as de-
scribed in Ref. [2]. By performing a half-waveplate operation
on the trapping light we can rotate the nanorod to measure x.
Due to the large beam waist of our trap, the SNR is poor for this
signal.

Motion in f: Using a lens we collect the scattered light emit-
ted in the opposite direction to that collected by the multimode
fiber. This light is sent through a polarizing beamsplitter cube,
which is rotated by 45° with respect to the x-axis, and monitored
with a photodiode D5. This yields information about the motion
in B, as shown in Fig. S2b).
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z
Detector | Model Motional sensitivity
D1 Fiber coupled differencing photodetector, Thorlabs PDB420C «
D2 Fiber coupled photodetector Bookham PP-10GC58L XY,z
D3 Homebuilt differencing photodetector xory
D4 Multimode fiber coupled Hamamatsu photodiode G12180-005A with | All degrees of freedom
Femto HCA-100M-50K-C amplifier
D5 Free space photodetecotr Thorlabs DET10C B

Table S1. Detectors used to measure the motion of a levitated silicon nanorod. Only detectors D4 and D5 are used in the
manuscript, D1-3 are used for confirming our assignation of motional degrees of freedom.

PCP CIRCULATOR

POL. CONTROL

LASER

pCcp 50:50

D2

97:3

Fig. S1. The full optical layout, including mechanisms for
independently measuring different trapping frequencies. A
small portion of the free-space light is split on a D-shaped mir-
ror, yielding the radial motion x on detector D3. A portion of
the light that is coupled back into the fibers is picked off, and
split equally to be sent to two detectors. D2 monitors the mo-
tion in z, as described in Ref. [2], and D1 the motion in a. We
collect the light which the nanorod scatters using a multimode
fiber, and monitor its intensity on detector D4, and use a lens
to collect the scattered light to perform a polarization sensitive
measurement in the 45° basis on detector D5.
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Further notes on detection

The SNR from the scattered light detector D4 is significantly bet-
ter than that from detectors D1,2,3. Because of this, even though
the z and a peaks overlap, fitting the PSD of D4 is the most
accurate method for monitoring the dynamics of the nanorod.
However, we can always use the other detectors to confirm our
findings. The SNR of the scattered light signal is so good be-
cause we only collect light that is scattered by the nanorod, with
virtually zero background.

We expect the scattered light signal D4 to be only sensitive
to the first harmonic of all motions 2fy , . g, since it depends
on position squared. However, Fig. S2a) shows that we measure
the fundamental motions f,, on D4. This is due to a slight
misalignment between the trapping beams, and because the
polarization in each arm of the trap is not perfectly identical. We
confirm this through calculation, which also confirms that D4 is
not sensitive to the fundamental frequency fp.

The polarization (rather than intensity) sensitive detectors
D1,5 are sensitive to the sign of the motion in «, B respectively,
and so the PSDs in Fig. S2 show the frequency f, g and not its
harmonic.

2. FITTING DATA

To extract trapping frequencies we fit the PSD of the scattered
light time series with the function

_ 22kpT Iy
PSD(w) = C5 My (] 2 § P2’ (S1
where d labels the degrees of freedom (i.e. x,y,z,4,p8), I'y is
the (angular) momentum damping rate, wj is the trapping fre-
quency, M, is the particle’s mass or moment of inertia and Cy
is the calibration between our measured signal and absolute
motional information. The derivation of this PSD is standard,
e.g. [2, 3]. When recording the time series of the particle’s mo-
tion, the PSD can usually be calibrated to extract C and convert
from units of VZHz ! to m2Hz 1. However, our signal contains
both translational (x,y,z) and rotational («, ) information, so
such a global calibration isn’t possible. As an indication of sensi-
tivity, the peak sensitivity for motion in the z direction from the
PSD from detector D4 is 3 um? /Hz 1.

Each degree of freedom can be fit with this expression. Fig-
ure S3 shows an example of fitting the PSD. Due to the proximity
of the z and a peaks in the scattered light PSD, we fit the data
with a sum of two of the functions defined in Eq. S1 to extract
the parameters for both the z and « motions.
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Fig. S2. a) A comparison of the PSD of the signal from the scattered light detector D4 (red), which is sensitive to motion in all direc-
tions, and the polarization sensitive detector D1 (blue), which is only sensitive to «. This confirms that the higher frequency peak
corresponds to the # motion, which agrees with our calculations. b) A comparison of the PSD from the scattered light detectors D4

(red) and D5 (blue, polarization sensitive). D5 is sensitive to the frequency fg, which isn’t visible on detector D4.

3. TRAPPING FREQUENCY POWER SCALING

We expect all trapping frequencies to scale with the square root
of power, see Eq. (1) of the manuscript. Figure S4 shows the mea-
sured trapping frequencies as a function of power in comparison
to the theoretical expectation. The only unknown experimen-
tal parameter is the laser waist wp, which we extract from the
ratio of f, to fy. The ratio of f, to f, confirms the length of
our nanorod, which agrees with scanning electron microcope
images. We observe excellent agreement between theory and
fa,z, and also for the axial frequency when the rod is rotating
fz,rot- The discrepancy (< 5 %) between theory and experiment
for fg is attributed to the fact that the rods have finite diameter
(d = 130 nm) and, the generalized Rayleigh-Gans approxima-
tion [4] is not strictly valid.

4. REDUCTION OF TRAPPING POTENTIAL WHEN THE
PARTICLE IS ROTATING

Due to the rotation of the rod in the plane orthogonal to the trap
axis, only the averaged susceptibility (x| + x1)/2 enters the
trapping potential of the translational motion in z-direction. This
means that in Eq. (1) of the manuscript, x| has to be replaced by
( X +x 1 )/2. This agrees well with the measured reduction of
the trapping frequency, see Fig. S4.

5. EXTRACTING INFORMATION FROM THE ROTA-
TIONAL MOTION

When the trapping light is circularly polarized the nanorod ro-
tates in the plane orthogonal to the trap axis (¢ direction) with
the frequency fu rot- As shown in the paper, fy rot has a broad dis-
tribution. To analyze this motion we extract the instantaneous
frequency, using time bins 100 times longer than the mean rota-

tional period. In the paper we present the mean value of fy rot
and display shaded regions around the data points representing
the minimum and maximum values of fy rot. The theoretical
analysis predicts the maximum rotation frequency fy max, which
is determined by the balance between the torque exerted by the
light field and the rotational friction due to collisions with gas
molecules.
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Fig. S3. The PSD of the scattered light signal showing all motional degrees of freedom. Solid red lines are fits to the data using
Eq. S1.
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Fig. S4. Variation in the trapping frequencies with total trap power, markers are data, solid lines are the theoretical predictions.
The frequency f rot is the trap frequency in the z direction when the nanorod is rotating in the a direction. Experimental uncertain-
ties are smaller than the data markers.
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4.2 Reprint: Optically driven ultra-stable nanomechanical

rotor

S. Kuhn et al., “Optically driven ultra-stable nanomechanical rotor,” Nature Commu-
nications, 8:1670 (2017), presents the frequency locking of the mean rotation rate of
a nanorod to an external drive. By switching the polarisation of the trapping field
between linear and circular the rod can be prepared to undergo rotations with a sta-
bility of its mean rotation frequency f./Af; of up to 7.7 x 10*!. This stability is set by
the frequency stability of the drive. The coupling of the nanorod to the environment
is only reflected in a phase difference between the external drive and the rotational
motion of the rod. Utilizing a lock-in amplifier, this phase is used to locally measure
the gas pressure.

As the leading author I conceived and designed the experiment together with J.
Millen and M. Arndt, performed all measurements together with J. Millen, analysed
the data together with B. A. Stickler and J. Millen and wrote the paper together with
B. A. Stickler, K. Hornberger, M. Arndt and J. Millen. The theory on the chaotic
dynamics of the nanorod and its stable limit cycles was developed by B. A. Stickler
and K. Hornberger at the University of Duisburg-Essen. The nanorod was fabricated
by A. Kosloff and F. Patolsky at Tel Aviv University.

This work is also subject to a filed patent application [201].
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Optically driven ultra-stable nanomechanical rotor
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Nanomechanical devices have attracted the interest of a growing interdisciplinary research
community, since they can be used as highly sensitive transducers for various physical
quantities. Exquisite control over these systems facilitates experiments on the foundations of
physics. Here, we demonstrate that an optically trapped silicon nanorod, set into rotation at
MHz frequencies, can be locked to an external clock, transducing the properties of the time
standard to the rod's motion with a remarkable frequency stability f./Af, of 7.7 x 10™. While
the dynamics of this periodically driven rotor generally can be chaotic, we derive and verify
that stable limit cycles exist over a surprisingly wide parameter range. This robustness should
enable, in principle, measurements of external torques with sensitivities better than 0.25
zNm, even at room temperature. We show that in a dilute gas, real-time phase measure-
ments on the locked nanorod transduce pressure values with a sensitivity of 0.3%.
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and stable oscillators have found a plethora of applications

in metrology. While pendulum clocks exploited the stability
of mechanical motion to keep track of time, state-of-the-art
atomic clocks rely on well-defined internal resonances of atoms,
achieving a precision of a few parts in 108 (ref. 1). To exploit the
stability of clocks for physical applications, it is essential to
develop “gearboxes” that can be synchronized to a good time
standard, translating atomic definiteness into other domains of
physics. Phase-locked quartz oscillators?> and frequency combs
are examples of such transducers, imprinting clock stability onto
a mechanical system or light field respectively, with high
accuracy”.

Nano- and micromechanical systems are of great technological
interest, due to their low mass and extreme sensitivitY to external
forces*~6, torques” 8, acceleration’, displacement!® 11, charge!?,
and added mass'> %, Many of these systems are themselves
realizations of harmonic oscillators, with frequency stabilities
reaching f/Af=10% (refs. 1> 1), which can be further improved
through mechanical engineering!’, injection locking'® 1°, elec-
tronic feedback?’, or parametric driving?!. The contact-free
mechanical motion of particles suspended by external fields in
vacuum??~%’ can reach a frequency stability that is only limited
by laser power fluctuations and collisional damping by residual
gas particles®.

In this work, we transduce clock stability into the rotation of an
optically trapped silicon nanorod in vacuum. By periodically
driving the rotation with circularly polarized light, we create a
nanomechanical rotor whose rotation frequency f,, and frequency
noise, is determined by the periodic drive alone. This driven rotor
is sensitive to non-conservative forces, and the operating fre-
quency can be tuned by almost 1012 times its linewidth. Through
our method, the frequency stability is independent of material
stress, laser noise, and collisional damping. The driven nanorotor
operates at room temperature, and across a wide pressure range
from low vacuum to medium vacuum, achieving a pressure
resolution of three parts-per-thousand, and in principle allowing
a torque sensitivity below the zepto-Nm level.

F requency is the most precisely measured quantity in physics,

Results

Frequency locking. We levitate a nanofabricated silicon nanorod
in the standing light wave formed by two counterpropagating
laser beams, and track its motion by monitoring the scattered
light, see Fig. la and “Methods”. When the laser is linearly
polarized, the nanorod is harmonically trapped in an antinode of
the standing wave and aligned with the field polarization. When
the laser is circularly polarized, the scattered light exerts a tor-
que?® 3132 and propels the nanorod in the plane orthogonal to
the beam axis, while its center-of-mass remains trapped®’. The
maximum rotation frequency of the rod is determined by its size,
the pressure, and the laser intensity?. Collisions with gas parti-
cles, and center-of-mass excursions into regions of different light
intensity, give rise to a broad distribution of rotational fre-
quencies®, as shown by the blue curve in Fig. 1c.

However, if the rod is driven by periodically switching the laser
polarization between linear and circular, the rod can frequency
lock to this modulation, leading to a sharp peak in the power
spectral density (PSD) of the scattered light (Fig. 1b). The locked
rotation peak is eleven orders of magnitude narrower than in the
unlocked case (Fig. 1c). The rotation frequency can be
continuously tuned over a range of 10'? linewidths whilst locked
to the periodic drive, retaining its high frequency stability.

In order to characterize the frequency-locked rotation, we drive
the nanorod with frequency fg = 1.11 MHz, at a gas pressure p, =
4 mbar and total laser power P=1.35W. We record its motion
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Fig. 1 Frequency locking. a A silicon nanorod is optically trapped in a
standing wave formed by counterpropagating focussed laser beams at A=
1550 nm, see “Methods” section. The polarization of the light is controlled
using a fiber-EOM driven by a signal generator. We detect the motion of
the nanorod via the scattered light collected in a multimode optical fiber.
The signal is mixed down with a local oscillator f, o to record the spectrum
and the phase of the rotation with respect to the drive frequency f4. Both
frequencies fy4 and fio are synced to a common clock. b Power spectral
density (gray points) of the frequency-locked rotation at 1.11 MHz, taken
over 4 continuous days, fit with a Lorentzian (red curve). The upper bound
on the FWHM is 1.3 pHz. ¢ Comparison of driven rotation when frequency-
locked (“locked rotation”, red, right axis) and un-locked (“threshold
rotation”, blue, left axis)

continuously for four days (see “Methods” section). The PSD of
the locked rotation is shown in Fig. 1b. We record an extremely
narrow feature, which yields a Lorentzian FWHM below 1.3 pHz
within one standard deviation. In this way, we achieve rotational
stability with a phase noise —80 dBc Hz ™! below the signal at only
3 mHz from the carrier frequency (Fig. 2).

Stable limit cycles. To explain this ultra-stable rotation, we model
the dynamics of the rod’s orientation a with respect to the
polarization axis?®. Denoting by I" the damping rate due to gas
collisions (a function of gas pressure p), by N the torque exerted
by the circularly polarized standing wave (a function of laser
power P) and by V the maximum potential energy of the rod in a
linearly polarized standing wave, the equation of motion is

d=-Ta+ e - Tsnoal-h),

where I = M{?/12 is the moment of inertia and h(t) represents
the periodic driving, with h(t) =1 for circular polarization at t €
[0, 1/2f3) and h(t) =0 for linear polarization at t € [1/2fy, 1/f3);
expressions for I', N, and V are given in “Methods” section.
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Fig. 2 Characterizing the locked rotation. The phase noise of the rotor (red)
and drive (blue) is calculated from two individual four day measurements at
a drive frequency of fy=1.11MHz (see "Methods” section)

In the limit of long driving times ¢ > 1/f; the nanorod rotates
with constant mean rotation frequency f, = (a)/2x, and its
motion approaches one of two qualitatively distinct types of limit
cycles. In the first type, threshold rotation, f,=N/(4zll') is
determined by the balance between I' and the time averaged
radiation torque N/2. Threshold rotation exhibits a broad
frequency distribution, as shown by the blue curve in Fig. lc,
due to its dependence on P and pgzg. It should be noted, that the
behavior of threshold rotation is almost identical to illuminating
the nanorotor continuously with circularly polarized light, which
propels the rod at a maximum rotation frequency f, = N/(2zIT').

In the second type of limit cycle, the aforementioned locked
rotation, f, locks to a rational fraction of the driving frequency.
Experimentally, we observe f:fg=1:2- and f.:fy = 1:4-locking,
where the rod performs one rotation in two or four driving
periods, respectively. The rotational frequency f, now does not
depend on environmental parameters such as pg or P, but only on
the frequency stability of the drive. Locked rotation is shown in
Fig. 1b and the red curve in Fig. 1c.

The realized limit cycle is determined by the initial dynamics of
the nanorod, and by experimental parameters such as pg, P, f4,
and the rod dimensions. For a given nanorod the ratio between
torque and potential is fixed, and thus Eq. (1) depends only on
the dimensionless damping rate I'/fy and dimensionless torque
N/f21. In Fig. 3a we show this reduced parameter space. The blue
shaded area indicates the region where 1:2-locking is possible.
The labeled solid lines indicate where threshold and locked
rotations have the same frequency, and locking occurs indepen-
dent of the initial conditions.

Rotational dynamics. To explore the dynamics of the driven
nanorotor, we experimentally vary p, and fy, thereby following a
path through parameter space (red line in Fig. 3a). The observed
f, are shown as blue points in Fig. 3b, the top panel showing the
path 1-2-3, and the lower panels 3-4. This plot shows that for
certain parameters both types of limit cycles can be observed,
depending on the initial conditions. When starting from 1, the
rotation 1:2-locks to the drive (horizontal solid line). When
increasing p, along 1-2, the rod jumps out of lock, and exhibits
threshold rotation. When decreasing f; along 2-3, the rod
remains at threshold rotation, following the theoretically expected
frequencies with excellent agreement (orange dotted lines).
Decreasing p, along 3-4, the rod first follows the threshold
rotation frequency until it crosses the horizontal line, where it
briefly enters 1:4-locked rotation, returns to threshold rotation
and eventually jumps into 1:2-locked rotation. The solid red lines
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Fig. 3 Driven rotor. a Reduced parameter space for the periodically driven
nanorod. Different regions can exhibit different limit cycles, as determined
by the initial conditions. Within the blue shaded region f,:f4 =1:2-locking
can occur, while it can not be realized in the white region. Along the labeled
solid lines the frequency of threshold rotation coincides with 1:2- or 1:4-
locking. To explore the various limit cycles we select a path in parameter
space (solid red line) which we follow experimentally by adiabatically
varying pg and fq. b Experimentally measured rotation frequencies f, along
the path in parameter space (blue points), and simulation (solid red line).
The three different limit cycles observed are: threshold rotation (orange
dotted lines), 1:2- and 1:4-locking (horizontal solid lines)

in Fig. 3b are the theoretically predicted f, for an adiabatic path
through parameter space, with the discrepancy due to imperfect
adiabatic control in the experiment.

Applications. For 1:2-locked rotation, the phase lag ¢ between
the drive and the rotation is

¢ = arccos [% (N = 2zfyIT) |; )

it depends upon gas pressure p, through I" and on laser power P
through V and N. The requirement that this phase is real defines
the shaded region in Fig. 3a. The phase ¢ is sensitive to non-
conservative forces, such as light or gas scattering.

A lock-in amplifier is used to monitor ¢ (see “Methods”
section), yielding real-time readout of phase variations. For a
constant laser power P, measuring the phase amounts to local
sensing of the gas pressure pg, as shown in Fig. 4b. We achieve a
relative pressure sensitivity of 0.3%, which is currently limited
only by the intensity noise of the fiber amplifier. This sensitivity
may still be improved by five to six orders of magnitude by
stabilizing the power®>. This shows the great potential of our
system as a pressure sensor. The fine spatial resolution provided
by the micrometer-sized rotor could allow, for instance, mapping
of velocity fields and turbulences in rarefied gas flows or atomic
beams.

The driven nanorod is sensitive to externally applied torques
through Eq. (1). In analogy to the pressure sensing application,
the phase between the drive and the driven rotation of the locked
rotor provides a real-time readout with a bandwidth of 100 kHz
set by the lock-in amplifier. From Eq. (2), the torque sensitivity
can be estimated as 2.4 x 10722 Nm for our current experimental
parameters, which at room temperature would be the highest
value achieved in state of the art systems®, and which could also
be significantly improved by laser power stabilization. This
sensitivity can be reached for any non-conservative force, that
varies on a timescale longer than 1/f;. The bandwidth and
sensitivity of this sensor for arbitrary torques warrants further
investigation.
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Fig. 4 Sensing applications. a At 4 mbar, the locking frequency f4 can be
continuously tuned by over 800 kHz, which corresponds to almost 102
linewidths. The peaks in the PSD differ in amplitude since for short
recording times they are not fully resolved. b In this parameter region the
phase lag (black dots) between the rotor and the drive depends linearly on
pressure (fitted red line) and thus can be used for precise pressure sensing.
The pressure values are given by the reading of a commercial pressure
Gauge (Pfeiffer Vacuum PCR 280), and the shaded region is the error
margin as defined by the manufacturer-given resolution and repeatability of
the Gauge

Discussion

In conclusion, we have presented a technique for locking the
rotation of a levitated nanomechanical rotor to a stable frequency
reference, leading to a high mechanical frequency stability which
can be used for instantaneous, highly sensitive local measure-
ments of pressure or torque. One great advantage of the locked
nanorotor over nanomechanical resonators is the absence of an
intrinsic resonance frequency. B{ varying fg we can tune the
rotation frequency over almost 10'2 linewidths while retaining its
stability, as shown in Fig. 4a, circumventing the low bandwidth
that naturally comes with highly sensitive resonant detectors.
Measuring a phase lag rather than a frequency shift allows us to
monitor force variations in real time, bypassing the inherent
growth in measurement time that comes with decreasing line-
width in a resonant sensor.

Our system is sensitive to non-conservative forces, such as
those due to photon absorption or emission, shear forces in gas
flows, radiation pressures in light fields, optical potentials, mass
and size variations of the rod due to gas accommodation, and
local pressure and temperature variations in the gas. Employing
higher optical powers, larger duty cycles of the drive, or lower gas
pressures will increase the sensing range by a factor of more than
ten, while retaining the exquisite sensitivity. The stability of the
locked nanorotor may be further increased by driving it with a
more stable clock. By reaching ultra high vacuum, this technique
may also be suited to prepare quantum coherent rotational
dynamics®4, for which the high frequency stability may be
exploited.

Methods

Nanorod trapping. A silicon nanorod of length ¢ = (725 +15) nm and diameter d
= (130 + 13) nm (with mass M =2.2x 10~ k) is trapped at a pressure of p, =4
mbar, using light of total power P=1.35 W with RMS power fluctuations of 0.3%.
Our method of producing and trapping the nanorods is described in refs. 2 3°. The
motion is monitored by placing a 1 mm core multimode fiber less than 100 pm
from the trapped nanorod, which collects the light that the nanoparticle scatters,
yielding information about all translational and rotational degrees of freedom.

Rotation analysis. In order to record a time series as long as 4 days we mix down
the scattered light with a local oscillator at frequency fio such that the rotational
motion signal of the rod is shifted to a frequency of 190 Hz (Fig. 1a) and digitized

4
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with a sampling rate of 2 kS s~1. This signal can then be used to calculate the phase
noise S (f) = 10log,,[PSD(f)/PSD(f4)] in units of dBc Hz™!. The drive signal is
recorded and analyzed in the same way.

To extract the relative phase ¢ of the nanorod rotation with respect to the drive
we use a Stanford Research Systems lock-in amplifier (SR830) which performs a
homodyne measurement on the mixed-down 190 Hz scattering signal. For this
purpose both the modulation frequency f; and the local oscillator f; o are synced to
a common clock.

Rotational dynamics. The rotational motion depends crucially on the damping
rate I, the radiation torque N, and the laser potential V, through Eq. (1). All three
quantities can be evaluated microscopically as detailed in refs. 2% 3. Specifically,
the rotational damping rate due to diffuse reflection of gas atoms with mass mg,
evaluated in the free molecular regime, is I' = dépy . /2nmg(6 + 7)/8M\/ks T,
where T denotes the gas temperature. The optical torque exerted by a circularly
polarized standing wave can be evaluated by approximating the internal Gpolarf
ization field according to the generalized Rayleigh-Gans approximation®® as

N = PAyCd* i [Ayn, (k€) + 1, (k)] /48cw?, where k =2x/4 is the wavenumber,
Ay = x| — x. depends on the two independent components of the susceptibility
tensor and #, (kf) = 0.872 and , (k¢) = 0.113%°. In a similar fashion, one obtains
for the laser potential V = Pd2(Ay /2cw}.

The phase lag (2) is obtained by averaging the equation of motion (1) over one
driving period 1/fy and exploiting that the motion is 1:2-locked, (&) = zfy while
(@) = 0 and, consequently, a(t) = ag + zfst. The phase difference between the
polarization change from circular to linear and the maximum scattering signal
observed when the rod is oriented orthogonal to the detector (a(t) =7) is p =7 —
2ay leading to Eq. (2).

Data availability. All relevant data are available from the corresponding author
upon request.
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5 Conclusion and QOutlook

In this cumulative thesis I have explored novel experimental techniques to facilitate
future high-mass matter-wave interferometry experiments with silicon nanoparticles.
These techniques include laser-induced volatilisation methods in high-vacuum, the de-
tection and strong coupling of nanoparticles in silicon based open-access microcavities,
a theoretical study on cavity cooling of the ro-translational motion of nanoparticles,
and experiments involving the rotational degrees of freedom of silicon nanorods, freely
propagating in high vacuum or levitated in an optical dipole trap. They have been
presented in five publications. In addition, I have discussed the feasibility of nanopar-
ticle interferometry with masses up to 107 atomic mass units by adapting the scheme
proposed in Reference [73] and estimated the influence of a variety of potential deco-
herence sources and the implications for testing the CSL model. All of these aspects
will be of great importance to facilitate high-mass matter-wave interferometry with
nanoparticles for which cooling of all motional degrees of freedom will be necessary to
prevent decoherence and dephasing [99].

In the future, both interferometry and nanoparticle cooling experiments will benefit
from advanced nanoparticle sources, based on frozen cryogenic matrices [185], which are
currently being developed. There, the basic idea relies on depositing single nanopar-
ticles on top of a frozen matrix, e.g. Argon at 7' < 80K [185]. The deposition of
the particles can be performed with LIAD, which has been demonstrated to work for
nanoparticles down to 30 nm in diameter, as shown in Section 2.1. In the next step,
we will heat the particles with a focussed laser beam which melts them out of the
matrix and guides them into the desired region within the experiment. The particles
will, therefore, not only exhibit internal temperatures below room temperature, but
also their thermal center of mass velocities will be on the order of 0.1 m/s. This will
facilitate two-mode cooling to below 50 mK in dedicated microcavities, as discussed in
Sections 3.1.2 and 3.2, and thereby enable matter-wave interferometry with 107 amu
particles, as proposed in Chapter 1.

To cool particles as small as 12nm in radius or 107 amu in mass, microcavities with
smoother surfaces and better controlled mirror shapes have to be developed and im-
plemented. Currently, a second generation of parabolically shaped, strongly curved
micromirrors is being coated to reach cavity finesses of up to 200,000. This will enable
nanoparticle cooling of masses below 10% amu. A third generation of micromirror chips

will be targeted at radii of curvature around 20 ym, cavity lengths around 30 pym, and
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5 Conclusion and Outlook

finesses of more than 200,000 to enable cooling of particles below 107 amu and facilitate
matter-wave interferometry, as proposed in Chapter 1.

To advance rotational optomechanics experiments, a new setup is currently being
implemented, in which nanorods will be ro-translationally cooled via feedback and
cavity cooling techniques in a crossed tweezer-cavity setup. In a first step, parametric
feedback methods will allow us to cool and stabilize the motion of the rods in order to
reach high vacuum while keeping them trapped. This will include parametric feedback
onto the power and the polarisation of the trapping field to address both the COM and
the librational motion of the rod. In a second stage, a high finesse cavity will cool the
ro-translational motion towards the quantum regime. While the harmonically trapped
librational motion is still linear and comparable to conventional levitated optomechan-
ical systems, by harmonically ramping down the optical potential, the particle can
be released and the non-linear motion of the free rotor will allow us to observe novel
quantum features, such as the quantization of angular momentum and revivals of the
wavefunction. Tailoring the dimensions of the rods via nanofabrication to achieve high,
well separated mechanical trapping frequencies will be of great benefit for cooling. Fu-
ture microcavities may even enable us to interact with the rotational degrees of freedom
of a tobacco mosaic virus (300 nm length, 16 nm diameter) or carbon nanotubes, for
which UHV compatible volatilisation methods still need to be developed.

Advancing the control over the ro-translational motion will facilitate measurements of
angular momentum diffusion [196] and heating rates due to collisions with gas molecules
or photon scattering [202]. In this way, the CSL model (see Section 1.2.2), could be
tested in the ro-translation degrees of freedom [203]. Coupling a cooled, anisotropic
particle to Laguerre-Gauss beams with orbital angular momentum could allow us to
transfer multiple & of angular momentum per photon, and enable experiments to pre-
pare and probe superpositions of angular momentum states while keeping scattering low
[133, 190, 204]. The alignment and stabilisation of non-spherical particles containing
internal quantum systems, e.g. silicon or nitrogen vacancy centers in nano-diamonds,
will be crucial for future spin-resonance and magnetometry experiments [145, 205].

Ro-translationally cold, elongated particles may enable high-mass matter-wave inter-
ferometry experiments beyond 107 amu, where the anisotropy will facilitate strong co-
herent beam-splitting mechanisms and orientation dependent interference effects [186,
187]. An array of collectively cooled nanorods may also be exploited to realize a levi-
tated grating for matter-wave interferometry with atoms or molecules. By monitoring
their momentum transfer to the nanorods one may be able to realize experiments mo-
tivated by the Bohr-Einstein debates.
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A Material properties and interferometer
parameters

Figure A.1 shows the index of refraction and extinction coefficient for bulk silicon as a

function of wavelength.

7

Index of refraction
Extinction coefficient

10" 10° 10’ 10 10" 10° 10’ 10°
Wavelength [um] Wavelength [um]

Figure A.1: Index of refraction and extinction coefficient for bulk silicon. All values
taken from Reference [206]. Missing data-points were obtained by linear
interpolation. This data serves to calculate decoherence rates due to the ab-
sorption and emission of thermal photons or scattering (see Section 1.3.3).

Table A.1 lists the coefficients n and k of the dielectric function e(w) = (n + ik)?,

the polarizability «, and the material parameter § (see section 1.3.2).

Wavelength 157 nm 213nm 266 nm 355 nm 1550 nm
n 0.478 1.119 1.831 5.65 3.478

k 2.0 3.025 4.426 3.02 <1-1076
Polarizability a/ R3 dmeg - 1.78 | 4dmeg - 1.22 | 4mweg - 1.09 | 4mweg - 0.958 | 4dmweqg - 0.787
[ Parameter 0.474 0.207 9.57-1072 | 6.00-1072 | ~1-1077

Table A.1: Optical properties of silicon at Agrating = 157nm, 213nm, 266 nm, and
355 nm and the cavity wavelength 1550 nm. All values are taken from Ref-
erence [206].

Table A.2 lists the optimised interferometer parameters for a phase grating at grating

wavelengths of 157nm, 213 nm, 266 nm, and 355 nm, or a phase + ionization grating

for 157nm and 213 nm, as discussed in Section 1.3.2.
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A Material properties and interferometer parameters

Table A.2: Optimized interferometer parameters for nanoparticle masses of 1 x 10% amu
and 1 x 107 amu, at various grating wavelengths (assuming an absorptive
phase grating). For Agrating = 157nm and 213 nm the different parameters
for both cases of an absorptive phase grating or a phase + ionizing grating

90

Wavelength Agrating 157 nm 213 nm 266 nm | 355 nm
m =1 x 10% amu

tr [ms] 15.6 28.7 44.8 79.7

t1 [ms] 31.2 57.4 895 | 159.4

Ly [cm)] 0.48 1.62 3.93 12.5

to [ms] (phase/ion) 26.0 / 26.0 41.3 / 44.5 72.8 128.7

Ls [cm] (phase/ion) 1.13 / 1.13 3.16 / 3.48 9.00 28.3

tiot [ms] (phase/ion) 57.2 / 57.2 98.7 / 101.9 162.3 288.1

Lot [cm] (phase/ion) 1.61 / 1.60 4.78 / 5.09 12.9 40.7

Optimal pulse energy

Fa[ud] (phase /ion) 120.3 / 115.5 | 183.2 / 173.8 | 247.3 282.6
m=1x 10" amu

tr [ms] 156 287 447.6 797.2

t1 [ms] 312 574 895.2 | 1594.4

Ly [cm)] 47.7 161.6 393.1 | 1246.9

to [ms] (phase/ion) 260.3 / 260.0 | 413.1 / 444.8 | 728.2 | 1287.0

L5 [cm] (phase/ion) 112.9 / 112.7 | 316.3 / 347.5 | 899.6 | 2825.6

teot [ms] (phase/ion) 572.1 / 571.9 | 987.1 / 1018.7 | 1623.4 | 2881.4

Ltot [om] (phase/ion) | 160.6 / 160.4 | 477.9 / 509.1 | 1292.6 | 4072.5

Optimal pulse energy

Fa|ud] (phase /ion) 12.0 / 11.5 183 /174 24.7 28.3

no at optimal Eg and

ac = m x 50*mm? | 3.57 / 3.42 1.62 / 1.54 0.91 0.57

(phase/ion)

Periodicity of the inter-

ference pattern D [nm] 144 / 144 183 / 189 241 321

(phase/ion)

are listed.




B Velocity Distributions of nanoparticles in
free flight

B.1 Silica nanoparticles

Figure B.1: Detecting free nanoparticles through scattering. Particles are launched
into UHV (< 10~8 mbar) as described in section 2.1. They need to pass a
cylindrical aperture of 4 mm length and 500 um diameter before they enter
the field of an externally pumped high-finesse optical cavity. When the
particles couple to the cavity mode they scatter a portion of the light into
free space. Time resolved detection of this light reveals information of the
particle’s position and velocities (see Section 2.2), and in case of nanorods
also their angular velocity (see Publication 2.4). An electric field between
the sample substrate and the block containing the cavity can be applied to
manipulate charged particles.

Electric fields

Particles launched via LIAD are known to carry a wide distribution of charges, rang-
ing from neutral to £300 elementary charges [110]. We employ electric fields to test
whether charged particles can be pre-slowed before entering the cavity to increase the
interaction time between the particles and the optical field and enhance the cavity

cooling performance. A potential difference V is applied between the block housing
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B Velocity Distributions of nanoparticles in free flight
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Figure B.2: Influence of an electric field on the velocity distribution of 300 nm diam-
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eter silica spheres. Particles with forward velocities vy > 20m/s can be
filtered out by applying small voltages with either polarity. High negative
potential differences accelerate the particles and shift their mean velocity
to approximately 15m/s. At high positive voltages the cavity becomes un-
stable whenever a laser pulse impinges the sample surface. This might be
explained by laser pulses ejecting electrons from the sample surface which
are accelerated onto the cavity block.



B.2 Nanodiced silicon particles

the cavity and the sample surface, as shown in Figure B.1. Figure B.2 shows the
velocity distribution of 300 nm diameter silica spheres launched from a 200 pm thick
aluminium substrate, measured in the cavity for potential differences of -1000V, -200 V,
0V, 4100V and +250V. While particles with high forward velocities can be filtered
out at -200V, +100V and +250V, at higher potential differences the particles get
accelerated. The abundance of particles at velocities vy < 1m/s, however, is highest
if both the sample and the cavity block are connected to common ground. In addi-
tion, we observe that for a high positive potential difference V' > 500V the cavity
gets extremely unstable when the pulse laser hits the sample surface, which could be
attributed to electrons that are ejected from the sample material and accelerated onto
the cavity block.

At 0V potential difference, it turns out that particle clusters are frequently deposited
onto the cavity mirrors at the position of the optical mode. This contamination results
in a substantial drop of the cavity finesse due to scattering losses. Since the cylindrical
aperture (0.5 mm diameter, 4 mm length) of the cavity block (see Fig. B.1) geometri-
cally prohibits the particles from reaching the central mirror spot, we conclude that
those clusters of particles carry charges and are attracted to the charged dielectric
surfaces of the cavity mirrors. To reduce the probability of such events for LIAD, we

apply a potential difference of -200 V.

Sample substrates

We deposit silica nanospheres on various substrate materials with different thicknesses
to test the influence of the binding potential between the particles and the supporting
substrate on the velocity of the launched particles. For this purpose we have tested
a 500 ym silicon wafer, 200 ym & 600 ym aluminium, and 12,5 ym titanium foil. Fig-
ure B.3 shows the velocity distribution of 300 nm silica particles launched from these
surfaces. The slowest forward velocities and highest particle yield can be achieved with

200 pm thick aluminium substrates.

B.2 Nanodiced silicon particles

Nanofabricated silicon particles [103] are patterned and deposited on various sample
surfaces, as described in Section 2.2.2. We measure their velocity distribution after
LIAD by the same means as for silica particles. Figure B.4 shows the results for two
different sample materials and potential differences. While this method allows to launch
single silicon particles from well-defined initial positions, the velocity distribution shows
that a softer launching mechanism is necessary to achieve velocities required for both
cooling and interferometry experiments, raising the need for cryogenic sources (see
Chapter 5).

93



B Velocity Distributions of nanoparticles in free flight
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Figure B.3: Velocity distribution of silica nanoparticles launched via LIAD from
200 pm aluminium (blue), 600 ym aluminium (orange), 500 pum silicon
wafer (green) and 12.5 um titanium foil (red). All measurements were
carried out with a potential difference of -200 V between cavity block and
source. The slowest particle velocities are achieved with 200 gm aluminium.
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B.2 Nanodiced silicon particles
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Figure B.4: Velocity distribution for nanodiced silicon particles. Launching from a
200 gm aluminium substrate (black, top) and a 360 pum silicon wafer (red,
middle) at 0V potential difference give similar results. A clear shift of the
velocity distribution at a potential difference of -400 V between the cavity
block and the source (blue, bottom) indicates that a large fraction of the
silicon particles is charged.
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C Nanorod parameters

Table C.1 lists the dimensions, mass and moment of inertia for all nanorod samples

that have been used.

—__ Sample S1 2 3 S4 S5
Properties
Rod Length [nm] 961 £ 37 | 1131 +35| 68612 | 780 + 14 | 795 + 17
Rod Diameter [nm] 71420 | 101+12 | 89+12 | 135+ 11 | 108+ 16
Kerf Diameter [nm] - 65+ 9 40 £ 5 35+ 8 41 + 10
Mass [10° amu] 5.34 +3.02 | 127 £3.0 | 599+ 1.62 | 157+ 2.6 | 10.2 = 3.0
Moment of Inertia | o0 | 399 | 995+ 57 | 3.00+ 1.07 | 13.2 + 2.3 | 8.94 + 2.71
[10731 kg m?]

Table C.1: Properties of the nanorod samples.

Table C.2 lists the mean rotation rate, forward velocity and motional energies for the

rod samples listed in Table C.1.

Sample

Propertios S1 S2 S3 S4 S5
Number of Rods 112 63 121 61 85
(frot) [10MHz] | 187+ 0.1 | 555+ 0.1 | 577+ 0.1 | 238+ 0.1 | 4.20 + 0.1

(vg) [m/s] 98.6 3.5 | 926+ 56 | 540+ 02 | 328 £0.1 | 365+ 0.2
(Erot) [103eV] 41.8 £ 24.0 | 11.8 £ 3.0 | 247 £ 0.68 | 1.41 + 0.25 | 3.04 £ 0.92
(Ez) [104 eV] 32.7 £ 185 | 71.0 £ 16.8 | 10.9 = 2.9 11.7 £ 1.9 | 8.37 £ 2.46

Table C.2: Mean forward velocities, rotation rates and motional energies for all nanorod
samples listed in Table C.1. We determine the kinetic and rotational energy
Fign = mv2/2 and Eyor = (27 fior)?/2 from the measured forward velocity
vy and rotational frequency frot. All values represent an average over all

rods observed for the individual samples.
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D Polarisation calibration

In order to trap silicon nanorods under controllable conditions, it is crucial to carefully
align the polarisation within the trap. As described in Publications 4.1 and 4.2, our
standing light wave optical trap is formed by two counter-propagating beams. Except
for the free-space region around the trap, most parts of the experiment are fiber-based.
This includes an electro-optical lithium niobate polarisation controller (EOSPACE),
which is employed to set arbitrary polarisation states. To ensure that the polarisation
in both beams is identical and a standing light wave is formed, the birefringence in the
two arms of the fiber-setup needs to be compensated by polarisation control paddels.
In addition, the polarisation controller must be calibrated to set arbitrary polarisation
states within the trap. It is, in principle, capable of performing eight arbitrary wave-
plate operations, which can be controlled individually by three voltages per stage. For
our purposes, a single wave-plate operation is sufficient and we have hard-wired all
eight stages together. This also reduces the range of voltages that need to be applied
to cover the full Bloch sphere and leaves us with three control voltages Va, Vg, and

Vo, from which Vg is connected to common ground.

WP PM

PBS

Figure D.1: Optical setup for calibrating the polarisation within the trap. A half-wave
or quarter-wave-plate (HWP/QWP) is positioned within a motorized rota-
tion stage before the trap while the counter-propagating beam is blocked.
Behind the trap a polarising beam splitter (PBS) and a power meter (PM)
are placed to measure the power of the beam reflected by the PBS. The
lithium-niobate electro-optical polarisation modulator (EOSPACE) is con-
trolled by the voltages Vi and V. The full optical setup can be found in
Publication 4.1.

To set the polarisation control paddels and calibrate Va & Vi, a setup as sketched
in Figure D.1 is utilized. It consists of a motorized rotation stage (Thorlabs PRM1Z8)
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D Polarisation calibration

in which we can controllably rotate a half-wave (HWP) or quarter-wave-plate (QWP).
Behind the trap, a polarising beam splitter (PBS) is inserted and a power meter (Thor-
labs S122C) measures the beam power in the up-reflected port. In the first step, we
set Vo and V¢ to zero and minimize the reflection from the PBS for the first beam B1
using the polarisation control paddels in B1 while the counter-propagating beam B2 is
blocked and no wave-plate is inserted. In this way we ensure a vertical polarisation of
B1 when no control voltages are applied. In the next step, we insert a half-wave-plate,
such that initially the reflected intensity on the PBS remains minimal. By step-wise ro-
tation of the HWP, the values for V4 and V¢ can be determined at which the wave-plate
operation can be counter-acted by the polarisation controller by keeping the reflected
power on the PBS at a minimum. This process is automatized in a LabView routine

(see Figure D.2). The same measurement is then carried out for a QWP.

Scan -1450.35
+F ok |
: . 7
Stepsizeangle () SATVA SENE A . VA min E
: = = ) g
E} 1 2[4 | 2[4 | 06 1 05 e
Nurmber of steps SIS ol ik . V€ min 06,1083
2 2ln | Bin J 09 { 02
Tnitial
7200977 SEpseshh N stepse)C Current Position min value (W) |
Elfox J Ellox ] 11096 061923 file path (dialog if empty]
max angle Direction (L/2) 5 =1

.590 ‘,jz

Figure D.2: LabView interface for calibrating the polarisation within the trap. The
waveplate in Figure D.1 is rotated with a motorized rotation stage (Thor-
labs PRM1Z8) and the control voltages of the polarisation controller Vj
and V¢ are scanned step-wise around the optimal setting for the previous
angle of the waveplate while monitoring the power in the reflected port of
the beamsplitter.

Once the polarisation controller is calibrated for B1, we have to make sure that
the polarisation in B2 behaves in the same way. For this purpose, we flip around the
calibration setup such that B2 first passes through the wave-plate, then the trap and
the PBS while B1 is blocked. Before inserting a wave-plate, again we minimize the
reflected power on the PBS via the paddels in B2 for Vo = Vo = 0V to obtain vertical
polarisation in B2. Now we insert a QWP at an initial angle that keeps the reflection
on the PBS at a minimum. Starting from this position, we rotate the QWP by 45°, but
instead of scanning the parameters Va and Vi, we set them to the corresponding value,
which has been obtained for B1. Now, we can set a subset of the polarisation paddels
of B2 to minimize the reflected power on the PBS. The QWP is turned back to zero
and the remaining paddels of B2 are used to minimize the reflected power again. This
procedure is repeated until the reflected power for both QWP settings is at a minimum.
The outcome converges quickest by optimising the two paddels which correspond to

quarter-wave-plate operations (1 fiber loop) for linear polarisation (QWP at the initial
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position) and the third paddel (2 loops) for circular polarisation (QWP at 45°). Once
the reflected power is minimized for both settings, the polarisation in both arms is
equal and can be set by the polarisation modulator. The quality of the polarisation
calibration can be tested by performing a parameter scan for the second arm as well,
and a small miss-match can be compensated by averaging over the optimal settings
for B1 and B2. It typically depends on the input polarisation into the polarisation

controller. Figure D.3 shows typical values for V4 and V¢ after calibration.

N W R~ 0 OO N

Voltage [V]

_3 1 > 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90

HWP angle [°]
QWP

Voltage [V]

-80 60 -40 -20 0 20 40 60 80
QWP angle [°]

Figure D.3: Typical control voltages for HWP and QWP operations for B1 (blue) and
B2 (red). The black curve shows an average value.
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