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Preface

When, in 2017, I first visited the group of Olivier Arcizet and Benjamin Pigeau, 1 was
greeted by an outstanding excitement for science and research that has been conveyed
also by my predecessor Laure Mercier de Lépinay who handed over to me a setup with
which the first scanning nanowire microscopy has been realized recently. At that time I
strove to work at the interface between photonics, nanomechanics and quantum effects.
In the nanowire based force detection at sensitivities where the interaction of a single
spin with the oscillating nanowire can be resolved, I found the ideal project to work
on during my PhD. We then applied for the Grenoble Quantum Engineering (GreQuE)
and the Quantum Engineering Grenoble (QuEnG) partial scholarships, which were both
granted. Originally, this thesis was to deal with repulsive Casimir forces measured with
the nanowire and the first mechanical readout of single spin states in nitrogen vacancy
centers (NV) in diamonds. However, at that point we did not know about the numerous
discoveries we would make and we were ignorant of the many side paths (some with,
some without an end) this project would go (of course, this is how science often works).
Now, we can say that the finding of this PhD project were much more manifold than what
we originally expected, having advanced the field of nanowire force field measurements
by a large step.

Author’s contribution The inherited force field measurement setup with the 2D de-
tection of the nanowire Brownian motion had already been in place when this project
started. At that time, the measurement was purely based on thermal noise analysis,
which was a hindrance for fast nanowire force field microscopy since the acquisition of
full trajectories/spectra is time-consuming and requires complex post processing. One
of the first advancements implemented by the author was therefore the utilization of
a dual lock-in measurement technique with frequency tracking using two phase-locked
loops (PLLs). In particular, this meant to expand the scanning software by adding a large
amount of new functionalities to it. Beside the direct imaging and computation of force
field parameters such as the force divergence in realtime, a set of advanced scanning
options (e.g. the simultaneous measurement of the voltage parabola, force and gradient
simultaneous readout functionalities, etc.) was developed.

A second practical contribution is the implementation of the FPGA based digital signal
processing unit which allows flexible access to lock-in measurements using inexpensive
hardware. The developed dual-channel, four frequency lock-in is now regularly used
to measure the readout vector in the experiment in realtime. In addition to this appli-
cation, the FPGA module is also used for the active feedback, described in Chapter 4.
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Even though the development was in cooperation with the electronics department of
the institute, particularly with julien Minet, the author was still required to learn the
C-programming language as well as the basics of FPGA programming in VHDL.

The developed measurement protocols and the improvements in soft- and hardware are
now used in most of the group’s experiments (e.g. in [36]).

To explore the proximity forces above nanostructured surfaces, many samples were fab-
ricated, often with the help of the Nanofab team (in particular with J.F. Motte, G. Julie
and B. Fernandez), as well as S. Le Denmat. The measurements we realized allowed us to
acquire certain knowledge on the sample fabrication techniques and their impact on the
final surface quality, and in particular on the role of surface electric fields. For the inves-
tigations of Casimir forces at the nanoscale, we adapted specialized simulation tools and
set up a dedicated machine in the institute’s computation cluster to run Casimir force
simulations.

After a brief introduction, this thesis is structured into four chapters.

Chapter 1 In the first part, we lay the principles of nanowire force field microscopy
out, starting with fundamentals of force measurements with mechanical oscillators to
the reconstruction of a full 2D map of the force field based on the tracking of the eigen-
mode properties of the nanowire. The second part covers the experimental setup with
the two-dimensional optical position readout and a detailed description of the advanced
fast force microscopy experiment. The described advanced protocols allow to reach a
quasi realtime force sensing.

Chapter 2 In the first experimental chapter, we discuss the measurement of the elec-
trostatic force above nanostructured metallic surfaces. The forces are quadratic in the
electric field surrounding the nanowire. We first exploit the component of the force
field gradients that vary quadratically with a bias voltage applied to the sample, allow-
ing for imaging the force field topology created by the underlying nanostructures. Those
measurements are illustrated on different samples presenting positive or negative nano-
structurations, responsible for laterally trapping or anti-trapping force fields. We in-
vestigate the force contributions arising from contributions linear to the bias voltage
created by the existence of residual electrostatic fields which are independent from the
bias voltage, such as electrostatic surface patches. Those residual electric fields add up to
the electric field produced by the bias voltage and are responsible for two force contribu-
tions: one linear, and one independent in the bias voltage. In order to better understand
the measured force field, we give a description of the local physics at the nanowire’s tip
based on the Maxwell stress tensor formalism. We end the chapter with a comparison
of the force field gradients determined by the realtime routines and the gradients of the
simultaneously measured force field, using a dedicated measurement protocol.

ii



Chapter 3 Having discussed the quadratic and linear contributions in the bias volt-
age in chapter two, the third chapter takes a look at the residual forces that remain
when the tunable contributions of the voltage are properly cancelled, and particularly
at the Casimir force. Using again the Maxwell stress tensor formalism, we analyze how
the spatial contribution of fluctuating fields causes a measurable force on the nanowire.
We then discuss recent predictions of exotic Casimir forces above nanostructures and
present numerical simulations of the Casimir force experiences by the nanowire above
different geometries. For the discussion of the experimental results, we first present
an approximate method to determine the mean workfunction difference between the
nanowire and the surface which provides the voltage around which the linear contribu-
tions should be cancelled. This evaluation does not compensate for the quadratic contri-
bution in the residual electrostatic fields but, despite those limitations, the values of the
residual force field we obtain present a good qualitative agreement both in magnitude
and geometric profile with the numerical simulations we conducted. To obtain a more
quantitative evaluation, at the end of the chapter we describe a method to compensate
the parasitic fields in 3D making use of extra control electrodes, which should allow a
better isolation of the Casimir contribution.

Chapter 4 In the fourth part of this thesis we further use the 2D optical readout and
the realtime signal processing unit developed on the FPGA module to create a 2D active
feedback scheme allowing to generate synthetic 2D force fields, and to test their impact
on the nanowire thermal noise: since one can measure the nanowire position in realtime,
one can also apply a force in a chosen direction proportional to the motion readout in
another chosen direction. Here, we discuss the linear feedback regime in the parallel and
transverse cases with and without incorporating an additional delay, meaning that the
synthetic force field can be of reactive or of viscous nature. Using the different feedback
schemes, we demonstrate that we can gain a complete control over the nanowire eigen-
modes, for instance allowing for generating artificial frequency shifts, or implementing
a cold damping scheme. By fully exploiting the 2D character of the readout and actua-
tion tools, we also implemented transverse synthetic force fields, and demonstrated that
transverse force fields can be used to generate a noise squeezing of the nanowire motion
in the 2D position and velocity spaces, as well as to create circularly polarized precess-
ing eigenmodes. These manipulation tools should allow the realization of future force
sensing experiments that could be based on the realtime stabilization of the nanowire’s
mechanical properties through the application of a counter-acting force field in 2D, so
that it could operate in intense and weak force field gradients equally well.

iii
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"Je n’ai fait celle-ci plus longue que parce que je n’ai pas eu le loisir de la faire
plus courte.”

- Blaise Pascal, 4. Dezember 1656, Les Provinciales [85]


http://youtu.be/iZKFkjS5EXY
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Force measurements with mechanical oscillators — an
introduction

The basic concept of mechanical systems — translating an applied force into mechanical
motion or displacement — has been used to measure forces for a long time. In this chapter
we lay out a selection of the historical path the field of force measurements took from the first
realizations in modern science in the 18" century before the development of microscale force
measurements, notably the development of atomic force microscopy (AFM). We finish the
chapter with a discussion of the recent advancements of more exotic force field microscopy,
in particular force field microscopy with nanowires.

+

This thesis discusses the measurements of force fields with nanomechanical oscillators.
They are possible due to the fact that a force changes the state of a movable mechanical
object, which can be read out by various probes. The probably most employed force
measurement technique in the history of humankind uses the deflection of a mechanical
lever caused by an added mass. Examining the deflection for different masses then per-
mits to have a quantitative comparison between the mass of different objects — the base
of any scale, a tool indispensable in the history of trade. While mass measurements are
the most common type of force sensing, the precise determination of forces in general
is a requirement for (modern) science. For instance, until 2019, the unit of the electric
current Ampeére has been defined via the value of the force exerted between two wires
carrying a static current [3].

In this chapter we will take the opportunity to trace the path from previous scien-
tific techniques for force sensing to nanowire force field nanoscopy, the topic of this
work.

Early scientific force measurements

The earliest and most prominent dynamic force measurement is Cavendish’s experiment
to measure the mass of the earth, conducted in 1798 [17]. The difference between a static
measurement and a dynamic measurement is that static methods measure a mechanical
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property, such as the deflection of a lever or the extension of a spring, in a non-motional
state, while dynamic measurement detect changes of an oscillating system, such as a
change of the oscillation period or the maximum deflection. Cavendish’s mechanical
system was a torsion oscillator — a stiff rod with two masses at each end, that is attached
at its center on a single string. When the rod rotates in the horizontal plane, the torsion
of the string creates a restoring force which causes a periodic oscillation. Cavendish
positioned two large masses in vicinity to the smaller masses, the gravitational force
between each mass pair then initiates the movement of the rod. When the movement
of the rod came to a rest, the experimenter placed the large masses on the other side of
the small masses, which caused a movement in the opposite direction. Each time, the
maximal deflection amplitude and the oscillation period from one maximum to the other
is measured.

Figure 1a shows the original experimental setup. The response of the rod to the instan-

o I : & | O

Fig. 1: (@) Original drawing of Cavendish’s experiment for the determination of the earth’s density
from [17]. The torsional balance is in the center of the setup, contained in a wooden box
to isolate it from the environment. Via two view ports on the side and illumination of two
candles, the experimenter could read the displacement of the rod. (b) A recent realization
of Cavendish’s setup using a millimetric version of the original setup [115]. While the
experiment has shown the gravitational coupling between the two masses, the deducted
gravitational constant is subject to a large error.

taneously applied action from the gravitational force between the masses, is a damped
oscillation from one equilibrium point to another. From his measurements Cavendish
inferred the earth’s density and even though it has not been the primary purpose of his
work, one can also calculate the gravitational constant G from his results.

The original setup needed to be highly sensitive as the force between the two pairs of
lead balls with two and six inch diameter, respectively, is only in the range of 170 nN.
A scale with this sensitivity would be able to measure the weight difference caused by
less then a tenth of a small grain of sand. Additionally, the readout of the rod’s position
was purely manual and needed to be repeated over several days. Consequently, the
experiment was large in order to increase the oscillation period and the displacement
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amplitude. With modern equipment one can now perform a miniaturized version of
the direct measurement of the gravitational interaction between two massed, as done
in [115]. Here, the lead spheres are replaced with millimetric gold spheres and only
external mass is periodically approached to one end of the rod. The experimental design
is illustrated in Figure 1b.

Nanomechanical sensors

The advances of nanotechnology and micro-fabrication in the last decades allows to real-
ize mechanical systems on the nanoscale in a controlled manner. Thus, modern nanome-
chanical mass sensors operate on an even smaller scale with unprecedented sensitivity
due to the small mass of the mechanical systems themselves. A common realization
of a nanomechanical resonator has a geometry similar to that of a guitar string that is
attached at its two ends and vibrates in the center. Amongst the oscillators with the
smallest mass are carbon nanotube (CNT) such as shown in Figure 2a, which in the
perfect case consist only of a single layer of carbon atoms that form a cylindric tube.
When a part of the CNT is suspended, it can vibrate at an intrinsic frequency. If a parti-
cle is adsorbed at the surface of the CNT, its vibrational frequency will change (bottom
graph in 2a), and one can infer from this frequency change how many and which kind
of molecules have been adsorbed. One future application for this kind of sensors could
be virus detection on Lab on a Chip devices [53].

Beside CNTs, other popular models are vibrating membranes, which are read out elec-
trically as presented in Figure 2b [62], or disc resonators which are at the same time me-
chanical resonators and optical cavities through circularly travelling whispering gallery
modes as shown in 2c [103].
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Fig. 2: A carbon nanotube is suspended between two electrodes as shown in the two upper
graphics of (a). The vibration of the free part of the CNT is read out via the signal measured
on the third gate electrode. Chaste et al. used this configuration to detect the adsorption
of single naphtalene molecules (bottom graph of (a)). A similar setup that uses a sus-
pended silicon nitride (SiN) bridge is shown in (b) [62]. The vibration of the metal covered
bridge is detected electronically via the capacitive modulation imposed on a single elec-
tron transistor, which dynamically changes its conductance. While in this particular study,
the resonator has not been used for mass sensing, LaHaye et al. showed unprecedented
readout sensitivity close to the quantum limit. Figure (c) shows a realization of another
popular on-chip geometry, which consists of a circular suspended disk (blue) that hosts
a variety of mechanical modes. Additionally, light can propagate circularly in the disk,
making it an optical cavity whose parameters are coupled to the mechanical motion of
the disk. Via a waveguide (green) it is possible to couple light into the cavity and to detect

the transmitted light, which is modulated by the mechanical vibrations of the resonator
[103].

Force microscopy

An important application of force sensing is force microscopy which started around
thirty to forty years ago and soon achieved atomic resolution. Here, a mechanical oscil-
lator — typically a cantilever or a tuning fork — is scanned over a surface. At its extremity
it has an extruded tip that faces the sample and is the point closest to the sample. When
this probe is scanned over the sample, the interaction between the tip and the sample
surface changes the mechanical properties of the probe. Typically, one reads out the
vibration of the probe to detect its resonance frequency, when this changes due to the
interaction with the sample surface, the probe-sample distance is adjusted such that the
frequency remains constant. This non-contact mode of atomic force microscopy (AFM),
represents a non-invasive imaging technique with sub-nanometer resolution which is
independent of the sample material. The upper graphic of Figure 3a presents a sketch
of the zoomed in tip above a sample surface.
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A previous imaging technique, the scanning tunneling microscopy (STM), measured the
tunneling current between a static conducting tip and the surface, which depends on
the distance between probe and sample. This technique, however, requires a conducting
sample surface.

The first realization of an AFM was done in 1986 by Binnig et al. [8]. They combined an
AFM cantilever - at this time an aluminum foil with a diamond tip as probe — and a STM,
whose purpose was to reliably measure the deflection of the cantilever (compare bottom
part of 3a). Via different feedback mechanisms they managed to realize noncontact mea-
surements in which the tip is moved at a static height with respect to the surface. The
vibration of modern AFMs are typically read out optically as sketched in Figure 3b. The
back of commercial AFM cantilevers, one example of which is shown in 3c, are therefore
coated with a metal to enhance their reflectivity.

a m Detector and
feedback
electronics
_FRONT ATOM Photodiode
e ) Laser
Cantiliever
& tip
(a) 8 -
SCANNERS,| T
F| FEEDBACK o | EEORACKIE] [rem
AFM i G
x
BLOCK (ALUMINUM) (L 2
-
y
(b) 25um o 1
A: AFM SAMPLE Y25 mm
B: AFM DIAMOND TIP DIAMOND
C: STM TIP (Au) TIP T )
D CANTILEVER, .8mm
STM SAMPLE
£ MODULATING PIEZO LEVER 50 um
Fi VITON (Au-FoIL) Tl

Fig. 3: The basic principle of atomic force microscopy — a small tip scans over a surface and the
force between the very tip and the surface atoms deflects the supporting cantilever- is
shown in (a). In this first realization of AFM, the deflection of the cantilever (central image,
orange) due to the sample (blue) has been read out with a scanning tunneling microscopy
(brown) [8]. The Al cantilever with a diamond tip is sketched in the bottom right of (a).
The modern AFM readout method uses the reflection of a laser, which is detected on a
quadrant photodiode (b) [1]. The image in (c) shows a common cantilever from its bottom
site, with the tip visible at the right end.

Even a tip that has a single atom at its end, has a tip radius that is comparable to the
structure of the surface. AFMs therefore always measure a convolution of the surface
structure with the shape of the tip, and it has become a scientific challenge in itself to
interpret the effect of the tip’s shape.

Scanning probe microscopy (SPM), to which AFM belongs as well, has been an important
tool in the last decades, particularly in the fields of nanotechnology where it is used
to characterize surfaces or as tool in nanofabrication [57, 69], and biology, where it is
used to observe dynamic biologic processes [31, 48]. Additionally, the probe’s tip can
be functionalized with a biomarker that binds to specific parts of a molecule, allowing
advanced biologic imaging and manipulation.
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This work benefits from this scientific know-how, gained in the last thirty years, and cov-
ers an application of nanowires for force microscopy. While miniaturization of the exist-
ing techniques is often difficult, nanowires present one way to reduce the probe’s size.
Since sensitivity scales with mass and flexibility of the oscillating probe this presents
a possibility to achieve even higher force sensitivities in the aN/+Hz regime at room
temperature. Furthermore, nanowire based force probes provide another access to the
detection of force fields due to their mechanical characteristics.

Previous experiments with nanowire force probes

Nanowire force sensors provide an intrinsically high force sensitivity (aN/+Hz) thanks
to their low mass. They can be fabricated in high quality which leads to excellent me-
chanical properties and their large interaction with a focussed light beam make them
ideal for opto-mechanical applications. By tailoring their aspect ratio, one can engineer
nanowires for a wide range of applications. A particularity of nanowires compared to
AFM cantilevers is that they vibrate in the two dimensional transverse horizontal plane
and henceforth are susceptible to the 2D in-planar force field. By measuring their vibra-
tions in two dimensions, it is possible to reconstruct the force field they are submitted
to. How this is done will be discussed in the following chapter.

Two force field microscopy experiments which employ nanowires in a similar manner as

typical scanning probe experiments have been conducted in 2017 [29, 100] using different

measurement techniques. Rossi et al. used an one dimensional interferometric readout of

eurenoree C’ﬁ:g the nanowire vibrations while de Lépinay et al. employed an optical 2D detection. Both
nanowires ~ experiments achieved the measurement of force fields with gradients as small as a few

fNnm™! (see Figure 4).

With AFMs measuring forces in the vertical direction (the direction of the cantilever
vibration) and nanowires force fields in the horizontal plane, there is a third mechan-
ical system that can be used to measure force fields along three axes, consisting of a
single trapped particle. The position of the levitating particle can be controlled by the
trap parameters. A measurement of the particle’s Brownian motion in a force field then
permits to infer the force field — the same technique as nanowire force field microscopy,
with an additional dimension. In particular the group around Giorgio Gratta performed
experiments using levitating particle force sensors with sensitivities around 10 aN/v/Hz

[9].

Besides scanning probe measurements, our group also successfully employed SiC nanowire
force probes to map the optical force experienced by the nanowire in a focussed laser
beam [43] (Figure 5a) by spectral analysis of the nanowire’s random trajectories. In a
more recent work [35], we mapped the optical force in a fibred microcavity (Figure 5b)
using the new force sensing protocols that have been developed in the scope of this work



Previous experiments with nanowire force probes

(@)

Fig. 4: Two force field microscopy experiments that employed nanowires published in 2017. The
experiment by Rossi et al. in (a) maps the electrical force field between two concentric
structured electrodes [12, 100]. The experiment conducted in the group of the author by
his predecessor Laure Mercier de Lépinay maps the force field above a single electrode
(b) (electrostatic force field gradient (top) and field (bottom)) using a spectral analysis of
the nanowire’s Brownian motion [28, 29].

(see Chapter 1). With prospective force sensitivities of 40 aN/vHz at mK Temperature
[37], the nanowire force sensing platform is also well suited for nano-optomechanical
experiments [36] or coupled spin-mechanical systems (Figure 5¢)[87].
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Fig. 5: Force field measurement experiments performed with SiC nanowires: (a) Mapping of the
force field of a focussed laser beam from [43], (b) Intra-cavity optical force field [36], (c)
Realization of a phononic Mollow-Triplet using the coupling between mechanical oscilla-
tor and a nitrogen vacancy (NV) center in diamond [87].

Recent experiments



Force measurements with mechanical oscillators — an introduction

How exactly one can exploit the mechanical properties of a nanowire to measure force
fields is subject of the next chapter. It lays out the physical foundations behind nanowire
based force microscopy and detailedly explains the 2d detection setup that permits to
read out the nanowires motion. Furthermore, we present an improved detection protocol
based on a fast resonant readout, which surpasses the precedent tools used in our group
and opens the way to realtime imaging of 2D force fields using nanowires.



1 Fast scanning nanowire probe experiment

Nanowire force sensors can achieve a high sensitivity in force, due to their intrinsic small
mass and good mechanical properties such as good quality factors, large linearity or efficient
optical readout, and first realizations of force microscopy experiments with nanowires [29,
100] have proven the suitability of this technique for the mapping of force fields. Compared
to standard AFM, the nanowire oscillates equivalently along its 2 transverse directions and
thus nanowire based force microscopy is a 2D force sensing technique that requires a similar
but distinct signal processing than in standard AFM: two projective measurements need to
be processed in order to access the measured 2D force field. Additionally, experimental
prototypes have to overcome some practical challenges such as the readout of the freely
suspended nanowire, which has a sub-wavelength sized diameter.

In the first part of this chapter, we present the theoretical foundations for 2D nanowire
force field microscopy and discuss the necessary mathematical concepts that are used in the
proceedings of this work. This part finishes with the formulation of the relation between
the measured perturbations of the mechanical properties of the nanowire in a force field
and the spatial structure of the surrounding force field. We then continue with a detailed
description of the experimental setup, covering the 2D optical position readout developed
[29] and focussing on the new, response based detection techniques developed in the scope
of this work. These improvements set the cornerstone of the experiments conducted in this
work and beyond its scope [36].
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1.1 Nanowires as force sensing probes

This section lays out the fundamentals of the motion of a singly clamped nanowire, first
regarding a 1D model and later the full 2D movement of the realistic nanowire. The
reconstruction of the force field in 2D, based on this description, is the core of nanowire
force field microscopy and is discussed subsequently in this section.

1.1.1 The deformation of a suspended nanowire

The vibrations of a nanowire clamped at one side without mechanical constraints at the
other side can be described by the mechanics of a stiff beam. The exact deformation of a
thin beam with fixed position at one end is given by the Euler-Bernouilli equation that
connects the amplitude of deflection r(y) with the position y along the axis of the beam

%r *r
A——(y,t) + EI—(y,t) = 0, 1.1
pA— S (.9 2 (.1) (1.1)

where we introduce the volume density p, the cross section area A, the materials Young’s
modulus E, and I the second moment of inertia. The stationary state of Equation 1.1 can

10



1.1 Nanowires as force sensing probes

be solved exactly [28, 104] resulting in a series of spatial mode profiles. For the n' mode
the solution writes

or,(y) = A, cos(k,y) + B, cosh(k,y) + C, sin(k,y) + D, sinh(k,y), (1.2)
where
QZPA 1/4
k, = ( = ) . (1.3)
EI

In order to obtain the concrete solution for a special case we need to take into account
the boundary conditions. For the fixed end (y = 0) these are

aér"(o) =0, (1.4)

or,(0) = 0 and
9y

meaning that the nanowire’s displacement is zero and the nanowire itself is straight at
its anchor point. For the free end, we have the condition of zero torque whose derivative
is zero as well [22]:
d*6r, 3or,
-(L) =0 and (L) = 0. (1.5)
oy 9y’

Applying these boundary conditions to (1.2) one obtains the relation for the coefficients:
A, = —B,, C, = —D,. And thus we obtain the simplified expression:

cos(k,L) cosh(k,L) = —1. (1.6)

This equation yields the possible values for the coefficient k, that also defines the me-
chanical frequency of the modes. The relation between the frequency of the first four
modes of a circular nanowire are given in Table 1.1. The spatial profile of the first flexural
modes for a singly clamped nanowire are illustrated in Figure 1.1.

Tab. 1.1: Frequencies of the first four eigenmodes of a singly, symetrically clamped nanowire in
multiples of the first eigenmode frequency.
n | 1 2 3 4
Q,/Q, |1 6267 17.548 34393

An oscillating cylindrical nanowire beam has two motional degrees of freedom so that
each eigenmode family n has two degenerated modes. Asymmetric boundary condi-
tions or imperfections in the real nanowire usually lift this degeneracy, such that both
spatial modes are frequency separated. The measured deflection amplitude at position
y on the nanowire then is a vectorial quantity given by the sum of the individual mode
profiles:

sry(t,3) = Y a,(0u,() (1.7)

n

11
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Fig. 1.1: First five flexural modes of a nanowire with mechanical constraints at one end.

where a,(t) is the oscillation time profile per mode and u,(y) the position dependent
modal basis vector. The equation of motion for each individual mode describes the time
profile for its oscillation:

() = ~ O 0(1) = Tin®) + 2= (B OFea () 0,0)), (18)

where the index m of Q,, , denotes the mechanical frequency for mode n with the me-
chanical damping coefficient I', , and the dynamical mass per mode M, = p [ d*r ui(y).
We also introduced a statistical Langevin force Fy;, driving a thermal Brownian movement
of the nanowire. The fluctuation-dissipation theorem determines the spectral density of
the thermal force per mode [89]:

of 1

"(mm)

with the mechanical susceptibility y. Additionally to this statistical force, the term
(£t (r, 1), u,(r)) in (1.8) introduces an external force via its volume density f,;. The force
acting on the nanowire is given by the overlap integral between force density and each
mode profile, defined via the scalar product:

hQ

COth(f,;T)’ (1.9)

SFth,n [Q] = h

L
(a,b) = J %a(r)b(r). (1.10)
0

The force acting on the nanowire is thus that of a reduced force field at the free end of
the nanowire as illustrated in Figure 1.2. By probing the force at different positions and
heights, one can thus realize a cartography of the reduced force.

12



1.1 Nanowires as force sensing probes

Reduced 2D <4
force field R

Fig. 1.2: () The force is acting on the nanowire over its full length with different volumic profiles
depending on its position. The integrated force can be regarded as a reduced force at
the end of the nanowire and a force map can be obtained by plotting the force field in a
plane (b) and at different heights (c).

Because of the typically long nanowires (= 100 pm), many forces can be regarded as
local. An example is the optical force of a narrowly focused laser beam that is used in
this work to exert a modulated force on the oscillator. With a waist diameter of about
one micrometer, the region where f.,; # 0 is small compared to the characteristic length
of the mode profiles (distance between node and antinode) so we can approximate that
foi(r) = 8(r—ry) Foyr. The overlap between force and mode profile then simplifies to

<fext(r> t)> un(r)> = Fextun(r0)~ (1~11)

This leads to an external force that acts more efficiently on the oscillator if it is applied
at positions r, where the mode’s oscillation amplitude is maximal. We can use this ob-
servation to define an effective mass M ,,:

M, p [ d*rui(y)
ui(r) ui(ro)
Experimentally, the optical force is applied a few micrometers away from the end (y = L)

of the nanowire at the same position as the readout so that r, = L. In this case, the ratios
of effective mass to dynamical mass for the first four modes are provided by Table 1.2.

Meff,n = (1.12)

Tab. 1.2: The ratio between effective and dynamical mass of the first four vibrational mode fam-
ilies for a force acting close to the end of the nanowire.
n | 1 2 3 4
Men/M, | 02500 0.2500 0.2433 0.9646

13
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The fact that the effective mass of the first two mode families is identic close to the
nanowire’s end makes it easy to compare the results measured with either mode family.
For one specific mode we can then write the equation of motion

5i(t) = — 2. 51(t) — Toi(r) + @+ Feul®) (1.13)
Mg

with an effective Langevin force 8F;, = Fj,/u,(ry). The first term of (1.13) describes
the intrinsic restoring force of the mechanical system with Q_, as the frequency of the
oscillation. The second term where I is the damping rate modelling the dissipation of
the mode, dominated by acoustic emission at large pressure, and by internal dissipation
at low pressures. The third term presents a time dependent external drive §F(t) acting
on the resonator’s extremity [107].

In the following paragraphs, we discuss the coupling of the nanowire to an external
bath, inherent to the existence of a dissipation channel and will then look at the effects
of external force fields on the nanowire in Equation 1.13.

1.1.1.1 Mechanical susceptibility of a harmonic oscillator

The interactions of the mechanical oscillator with its environment are modelled by
a linear viscous damping term and a stochastic random force §F,,(t). In the case of
an acoustic damping, the dissipation results from the collision of the nanowire with
molecules in the surrounding medium. The random movement of the surrounding ther-
mal bath’s molecules and their collisions with the oscillator create a stochastic random
force 6F,,(t), called Langevin force, which drives the nanowire motion and is responsible
for its Brownian motion. The transposition of the equation of motion (1.13) in Fourier
space gives:

51Q] = — !

T Mg (Q2 — Q2 — irQ)(SFth[Q] = X QIoFn (€], (1.14)

where Q_, is the eigenfrequency of the mechanical mode and i is the imaginary unit
i = +/—1. Here, we also introduce the frequency dependent mechanical susceptibility y
that relates force and mechanical displacement.

The Langevin force §F;,[Q] is by nature a white Gaussian noise with a constant power
spectrum. The spectrum of a stochastic process is related to the autocorrelation function
via the Wiener-Khintchin theorem [116]:

S5, | 2] = FHFp(OFn(t + 7). (1.15)

Where & represents the Fourier transform with the convention & f(t) = I]R f(t)e ™ Mdt.
The brackets (...) signify the averaging on all configurations taken by the reservoir,

14



1.1 Nanowires as force sensing probes

which in the ergodic case is equivalent to a time average. In the case of white gaussian
noise, the auto-correlation function is equal to a delta function with a constant prefac-
tor 2M kg T determined by applying the fluctuation-dissipation theorem introduced in
(1.9) with the susceptibility y of equation Equation 1.14 [13, 60, 89]:

<5Fth(t)5Fth(t + T)> = 2MefkaBT5(T). (1.16)

Applying the Wiener-Khintchin theorem to Equation 1.14 yields the spectral density of
the mechanical displacement S,

S5 [Q] = F6r(t)or(t + 1))
= (27m)"HSr(Q)Fr(Q))3(Q + Q") (1.17)

= QI S5,

To express Sy, in terms of S5z we used the fact that the displacement 6r(t) are purely
random and not correlated in time.

With Ssp, = 2MlkgT = const, the shape of the noise spectral density S5, is determined
by the susceptibility y. Figure 1.3 illustrates the amplitude and the argument of the
susceptibility y which follows the form of a complex Lorentzian with a phase change
from 0 to r at its central frequency Q. A metric that describes the narrowness of such a

- T
> ><
o : Am[2 oo
S | ©
i 10
Q,/2 Q, 30_/2
0

Fig. 1.3: Amplitude and argument of the complex susceptibility x.

resonance is the quality factor Q that is the ratio between resonance frequency Q,, and
linewidth I'
Q

0= T’” (1.18)
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1.1.1.2 Coherent excitation and the dynamic sensitivity limit

Additionally to the thermal Langevin force that causes the Brownian motion of the os-
cillator, an additional exciting force 6F,ump(€2) can be used to drive the oscillator. The
displacement spectrum of mechanical motion is then

6 Q] = MQI(6Fp + 6Fpumpl Q). (1.19)

Here, we used that there is not temporal correlation in the Langevin force and that the
driving force can be written as a sum of monochromatic terms. The observed displace-
ment 5r[Q] is the response to the thermal Langevin force and the monochromatic ex-
citation. The linear response in (1.19) implies that the displacement amplitude directly
scales with the amplitude of the driving force. It is therefore possible to increase the
measured signal ér without affecting the physics of the oscillator. This presents a prac-
tical advantage to purely noise based measurements since a higher amplitude is easier
detectable. Additionally, homodyne measurements at the frequency of excitation can be
used to measure the resonant response of the oscillator and thus its susceptibility. Re-
sponse measurements at multiple frequencies, either in parallel or as consecutive mea-
surements in a sweep, present a powerful tool to probe the oscillators susceptibility and
its dressing due to an external force field.

To get the power spectral density which is the typically measured signal on a spectrum
analyzer, we need to integrate S5, over the resolution bandwidth (RBW) around the mea-
surement frequency Q’

Q'+RBW

PSDs,(Q') = J dQ|X(Q)|2|5Fth+5Fpump(Q)|2. (1.20)
Q’—RBW

For a monochromatic drive §F,m, [Q2] = SF 5(qump — Q) and when the resolution band-
width is sufficiently small compared the oscillator damping rate, the measured power at
the driving frequency is

PSDs(Qpump) = |1 Qpump)|’ (Ssr, RBW + 8 Faupnp). (1.21)

In order to detect a driving force §F,y, in the measured power spectrum, we require a
signal to background ratio (SNB) larger than one. This implies that the second summand
in Equation 1.21 is equal or larger than the integrated noise contribution. We thus obtain
as frequency independent sensitivity limit

8Fpin = \J2M.TkyT - RBW, (1.22)

16



1.1 Nanowires as force sensing probes

which represents a fundamental limit for dynamic lock-in based detection. The force
field microscopy measurements in this work are usually performed with a higher mod-
ulation force §F in order to enhance the SNB and operate with higher detection speed
(larger RBW of the frequency tracking PLL). The dynamic limit can be improved by
cooling of the mechanical system passively, meaning by reducing the temperature of
the oscillator and its environment cryogenically.

1.1.1.3 Static force gradient sensing

A static but anisotropic one dimensional force field F.,;(x) can be linearized around the
equilibrium position of the resonator x; as

oF
Fi(rg + 6r) = E.(ry) + ant or (1.23)
r

o

The static force F,,;(r) modifies the working point of the system, thereby potentially
bringing the oscillator to a new operating point, where the force gradient is now eval-
uated (compare box 1.a). Except this modification, the static force does not contribute
to the fast dynamics of the oscillator. The motion of the oscillator r(¢) in the force
field, being due to its Brownian motion or to an external drive, will create an effective
force modulation JF,,; that is proportional to the force field gradient as illustrated in
Figure 1.4.

A Fext(r)

r

Fig. 1.4: Schematic representation of the force field linearization around the rest point of the
oscillator r,,. The static force F_(r,) has no effect on the oscillator’s dynamics whereas
the modulated 6F,, leads to a dressing of the resonators eigenmodes.

With this additional force that, similarly to the restoring force, depends on the oscillator
position we can write the equation of motion (1.13) as

SF(?)
eff

() = —QL6r(t) — Tor(t) + + gér, (1.24)
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OF, — : -
%Fea®| 55 measure for the force gradient in units of s7%. The
eff ry

susceptibility of the resonator thus gets an additional term g:

where we introduced g =

1= (Q4L-Q*-iTQ+g) (1.25)
=(Q° - Q- iTQ). (1.26)

Note that in Equation 1.26 we combined the cold frequency of the mechanical mode
Q,, and the dressing term from the force gradient’s contribution g to the frequency

Q, = Q2 + g that is the resonant frequency of the new dressed mode. To approxi-
mate the sensitivity of the oscillator to the external force gradient, we can estimate the
force gradient at which the relative frequency shift becomes larger than the mechanical

linewidth:
F<0 -0, = Vo5 + 8- Q) (1.27)

This inequality becomes at first order:

1
T S Eleg
= g 2> 2I'Qy, (1.28)
or
M. Q2 k
axe,ext > 2 efé = = 25111, (1.29)

where we have introduced the stiffness of the oscillator k. The experimental realization
allows us to detect frequency shifts far smaller than the mechanical linewidth, so that
such a measurement is ultimately limited by the oscillator’s frequency noise.

Panel 1.a: Static Force Offset

In a static force field, the nanowire is displaced by the perpendicular force. The
displacement can be calculated with

F F
Ar = ;:“St = M“‘“gz : (1.30)
m eff>“m

While this displacement does not change the oscillator’s dynamics, we obtain a
new working point r; = ry+Ar(Figure 1.5 a). In the case that the force is unrelated
to the force field created by the sample, as for the case of a constant optical force
that is constant over a large area compared to the test force field, one can neglect
this static shift. If, however, the static shift is created by strong local forces in the
test force field, then the intended working point does not correspond to the real
working point during a measurement.

18



1.1 Nanowires as force sensing probes

Figure 1.5 b plots the expected displacement for a realistic parameter range. With
possible displacements over 100 nm, we need to consider the static shift for very
sensitive nanowires and for geometries where large local forces can be expected.

a 3 ﬂ f(Metr = 1 pg) / Hz

10*

10-13

1S
=
— 107 E
[N —
<
e RO 10715 -
6r(ro) or(r,) 107 1076 10 107 i

km [ kg/s?

Fig. 1.5: A constant force F displaces the nanowire by 6r, changing the working point from
r,tor, (a). The displacement ér = F/k. depends on the force and stiffness k_, of
the nanowire. (b) presents the expected static displacement for a realistic range
of forces and stiffness coefficients.

1.1.1.4 2D nanowire system

The ideal nanowire is an axially symmetric beam with a fixed mechanical boundary at
one end. The two dimensional displacement dr(y) at a position y along its length takes
place in the transverse perpendicular (x, z) plane. The resulting two degrees of freedom
allow two perpendicular eigenmodes of the resonator that are degenerated in the ideal
case, meaning that they are indistinguishable in frequency: Q; = Q,. For a real nanowire
this degeneracy is typically lifted by 1%, under the influence of structural defects in the
nanowire’s crystallinity or the mechanical clamping that induces an asymmetry. The
susceptibility matrix of such a 2D oscillator in the base of its two independent eigen-
modes can be written as

2 _ 02 _;
L1 (Ql 0 —il,Q 0 ) (131

T My 0 02 — QF —iT,0
where the indices 1, 2 denote the first and second mode of the oscillator in order of in-
creasing eigenfrequency €, ,, with the convention of an orthonormal eigenvector basis
(e1,€;). The left graphics in Figure 1.6 depicts the perpendicular polarizations of a sus-
pended nanowire. The indicated eigenvectors ey, e, of the susceptibility correspond to
the eigenfrequencies Q;, Q,.
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The dynamics of the two dimensional system is analogue to the one dimensional oscil-
lator and we can calculate the displacement of the nanowire with:

5t[Q] = ¥[Q] 5. (1.32)

Due to the lack of transverse, diagonal terms in the susceptibility matrix in Equation 1.31,
the dynamics of each eigenmode are completely independent from one another. The
presence of an external force field can create such transverse coupling terms in the sus-
ceptibility matrix.

In the following, we discuss how external force fields change the eigenmodes of the
nanowire and how y can be expressed in the basis of the new eigenmodes. We further
discuss how the force field gradients can be deduced from measurements of the dressed
eigenproperties of the nanowire.

1.1.2 A nanowire in a force field
As in Section 1.1.1.3, a static inhomogeneous force field can again be linearized around
the nanowire’s rest position

Fext(ro + 51‘) = Fext(ro) + VFext|r05r’ (1-33)

where VF,,, is the gradient matrix of the force field that can be written as

OF, oF,
VE=|gn o :Meff<g“ g21). (1.34)

812 822

ox; x5

Here, we rewrote the partial derivatives as components g; = 1/M,;0,F; of the gradi-
ent matrix. In the influence of an external force field, the equation of motion in two
dimensions then reads in the basis of the cold eigenmodes (e;, €,):

. Q? 0 Iy 0 OFy, g £
Si(t) = —( 1 )5r—( ! )51"+—t+< o2l 5 1.35
® ( 0 Q 0 I, My \&12 &2 (1.35)

20



1.1 Nanowires as force sensing probes

1.1.2.1 Dressed eigenmodes

In analogy to the one dimensional oscillator ( Section 1.1.1.1), we obtain the susceptibility
matrix by using a Fourier transform of the equation of motion (1.35) and obtain, again
in the basis of the cold eigenmodes:

6Fn = x'[QJor[Q]

2_ 02 _;: _ _ 1.36
1 (Ql Q? —ilQ - g, e ) 5[l (1.36)
Mg —812 Q; — Q7 —il,Q — gy

Performing the matrix inversion to calculate y[Q], we get

1 Q2 —-Q%—ilLQ -
Q] = — ( 2 2 822 0 _ o z_gzlr 0 )
det y1[Q] 812 1 1482 — 81y

(1.37)
_ (Xu[Q] Xlz[Q])
XalQl xaalQ1)
where the determinant of inverse susceptibility is
det y'[Q] . .
M—ff = (Q% - =il Q -~ gu)(Qg — O —ilQ — gzz) — 812821 (1.38)

The diagonal elements of the force gradient matrix g;;, g5, cause the eigenfrequencies
of the two resonances to shift spectrally, and we can define the variable for this pseudo
eigenfrequency

Qu? Q% — 8115 an = Qz 822 (1.39)
The off diagonal terms in Equation 1.36 couple both eigenvectors, and thus cause a mode
rotation. The new eigenmodes and the eigenfrequencies are the eigenvalues of y[Q = 0].
Thanks to the symmetry' of the eigenvalue problem, we solve

det(y![Q = 0] — 1A, ) = 0 which yields the eigenvalues 1, = M.;Q2 with

Qu +Qn2 (Qn Q
Qf = . 2+ - 1 + 812821 (1.40)

as new squared eigenfrequencies of the two dimensional oscillator.

We now solve the eigenvector equation y!(Q = 0)v = Av which writes

(an Qi)"l gzl"z =0
‘ g12V1+(QH2 OL)v, =0| (141

'The eigenvectors of y![Q = 0] are also eigenvectors of y, it is thus easier to calculate the eigenvalue
and eigenvectors for y '[Q = 0].
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1 Fast scanning nanowire probe experiment

Fig. 1.6: Sketch of the two polarizations of the nanowire modes. The direction of the eigenmodes
are labeled e,, e,. A time trace of the nanowire’s Brownian noise trajectory is plotted to
indicate the movement of the nanowire. The right graphic illustrates the two perpen-
dicular cold eigenmodes e,, and the dressed eigenmode orientations e, . The rotation
angles 66, _are indicated with respect to the corresponding cold modes.

Using Q, in the first and Q_ in the second equation we obtain the normalized eigenvec-
tors:

1 (Qg — QZ>
=e_=
\/g122+(Qz_Q2)2 812

Dressed 12 -

eigenvectors 1
- e ( 821 ),
212 I

+ = Q2 -Q
\/g221 +(Q% - Q) "

where both eigenvectors converge towards the uncoupled eigenvectors if no force field
is present.

(1.42)

We can introduce for each eigenvector the angle of the mode orientation with respect
to the x-axis 0_ = 6, + 60_ = and 0, = 0, + 60, and write the normalized eigenvectors in

terms of 60_ . :
_ [cos 60 _ [—sindb,
- (sin5(9_>’e+ B ( cos 80, )’ (1.43)

in the (e, e,) basis. The change of the orientation angles then calculates:

Mode orientation

812 821
——— and tan50+:ﬁ.

Quz - Q2 Qf - in

tand6_ = (1.44)
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1.1 Nanowires as force sensing probes

1.1.2.2 Calculation of the force field gradients

For the calculation of the force field gradients, we define the following identities:

02 +Q% =0 +0.2
A =02 —QF
u = tan 66_ tan 60,

12 I (1.45)
Q2 —Q% = \|AQ% +4
+ - 239 8128215

where we used the result for the dressed eigenfrequencies (1.40) in the last identity.
Using the first two expressions we note that

T=Q5-Qr =

M -Qf=0° (8,Q, + Q4 — Q) =K. (1.46)

1
2
Combining this identity with (1.44), one has

812821 = tand_tan0, K?, (1.47)

and can thus rewrite the fourth expression of (1.45) as

2
(Qi - QE) = Azguz + 4812821

) (1.48)
= AQ* + p(A 0, + Q% — Q)"
This quadratic equation can be solved for A,Q, by
—u+1
A0 = (@ —Q2) i 1.49
Q= (94 - 08) (1.49)
The “-” solution implies that the g;,g,; has to be zero in all situations which is a non-

realistic over constraint of the solution and therefore discarded. The remaining solution
then is:
L—p

QZ—Qufz(Qi—QE)Hy.

12 (1.50)

By replacing ng in the first identity of (1.45) with the obtained result we can write an

expression for g;; and analogously for g,,:
1
=0Qf — ——(Q% + pQ} 1.51
811 . ”( k) (1.51)

1
=02 — —— (% + u0? 1.52
822 2 1+#( + TH ) ( )
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1 Fast scanning nanowire probe experiment

It is then possible to obtain the expressions for g;,, g,; from equations (1.44) where
g11> &2 are replaced by the above result:

tan 860_

8= p (Q2 —0?) (1.53)
tan 60

821 = 1+ ,u+ (Qi - Qz—) (1.54)

These four expressions for the force gradient terms depend only on directly measurable
quantities (the frequency shifts and the eigenmode rotations) that can be obtained ex-
perimentally by a Fourier analysis of the nanowire’s trajectory in the two dimensional
oscillation plane. This requires a two dimensional detection protocol that is in the focus
of Section 1.3.

1.1.2.3 Force field signatures

Depending on the shape and orientation of the force field with respect to the nanowire
eigenmodes, it dresses them differently. As we have seen in the above equations, the
force field components g;; depend on the eigenfrequency shifts and on the rotation of the
eigenmode basis. Here, we will investigate how those nanowire mechanical properties
are affected by a set of fundamental force field gradients which form a basis of the linear
2D force field gradients.

Force divergence — simultaneous eigenfrequency shift The sum of the squared

eigenfrequencies can be expressed as

1

—(Q2+ QL - (Q+ ) =g+ 8 = M
eff

divF. (1.55)

In case of a pure divergent force field (g;; = gy2), at first order in the force gradients,
the eigenfrequencies shift as a block. A shift of the two frequencies together is thus a
direct measure for the divergence of the force field. The sum of the dressed frequen-
cies squared is sensitive towards force gradients along both eigenmodes. We note that
since the determination of the mechanical eigenfrequencies is in principle only weakly
affected by experimental bias, they present a very practical role in an imaging scanning
mode. A purely divergent local force field is illustrated in the first plot of Figure 1.7.

Aligned hyperbolic force field — eigenfrequency splitting The frequency split-
ting of the dressed eigenmodes (Equation 1.40) is given by

2
Q?i- -0 = \/(Q% - Q% — (822 — gll)) + 4812821 (1.56)
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1.1 Nanowires as force sensing probes

which for small off diagonal terms can be approximated in first order as

Q-2+ -Q% = Q% - Q% — (822 — &11)- (1.57)

Rotated hyperbolic force field - eigenvectors basis rotation  The transverse terms
Z12> 821 of the force gradient matrix create a coupling of the modes since for a movement
in one direction they create a force along the other. The new, rotated basis of this cou-
pled mode is a linear combination of the cold eigenmode basis. We can calculate the
difference between the mode angles (following the definition in (1.43)) with
2 _ 02
0, — 6, = arctan Lz — arctan M (1.58)

ng - Q2 —821

In the case of small force gradients with é’l — 0, we can approximate the mode orien-
1,2

tations by the approximations:

2
Q= Qi and \/(Qu; - Qn?) — 812821 (Qu; - Qu?)’

so that:

812 T 821
0 =~ arctan ————., 0, = =~ +arctan ———.
2 8 2 2 84

(1.59)

For g, = g, the rotational of the force field is zero V x F = 0 and the arguments of
the arcus tangens in (1.58) become the mutual inverse. Applying the identity arctan x —
arctan y = arctan % gives that the angle difference is the limit of the arcus tanges at

g so the modes turn as block, resting perpendicular to each other. This is the standard
case for conservative force fields such as electrostatic fields.

A rotation as block due to a shearing force field is illustrated in the third column of
Figure 1.7.

General eigenmode rotation In a force field with nonzero rotational V x F # 0, the
diagonal components of the force gradient tensor g;,, g5; are not equal and the mode
orientation of both modes can vary independently. The angle difference between both
modes can then be calculated via

- &)(Q) -0
cos(0, —0,) =e_-e, = (12— g 2 ) (1.60)

(et + @3- 0') (st + 2 -0
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1 Fast scanning nanowire probe experiment

where we used the results from Equation 1.42 and the identity:

2=Q%-02. (1.61)

Qi - QHI 12

Under the same assumptions as for Equation 1.59 we can approximate in first order

8127 821

0, —6,) = . 1.62
cos( 1 5) Q% _ Q% ( )

The rotation asymmetry g;, — g5, is thus directly connected to mode shearing and can
be measured by detection of the mode’s rotation. It is important to highlight that the
shearing angle in (1.62) as well as the total rotation in (1.59) are larger the smaller the
intrinsic mode splitting Q3 — Q3 is, which implies higher sensitivity for resonators with
small splitting.

Table 1.3 summarizes the four base signatures. The corresponding spatial shapes of

Tab. 1.3: Force field properties and the corresponding expressions.

Signature ‘ Expression ‘ Effect on resonator

Divergent &1 = & | Block frequency shift

Hyperbolic aligned | g;; = —g,, | Squared eigenfrequency splitting
Hyperbolic rotated | g, = g»; | Block eigenmode rotation 6, — 6, = 7}[
Rotation &2 * &1 | Eigenmode orthogonality breaking

the local force field and their effect on eigenmode spectrum and mode orientation is
presented schematically in Figure 1.7

1.1.2.4 The noise spectrum of a dressed nanowire

A single, measurement channel provides a scalar information, which corresponds to
a projective measurement of the displacement of the nanowire extremity dr along a
measurement vector e, = (cos y,sin y) (written in the e;, e, basis, y being the angle
between e, and e p). In the Fourier domain, we have:

or,

Q] = e, - 0r[Q]

=e, X[Q] - (6F + 6Fpump)

= (cos py11[Q] + sin p o1 [QDSF, + (cos py12[Q] + sin py,[QDSE,.

(1.63)

OF; , are the forces’ components projected in the direction of the first and second un-
dressed eigenmode respectively.
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Fig. 1.7: Characteristical force field signatures which form a basis of any force field configuration.
The second row shows the spectral change caused by each local force field as would be
measured under a 45° projection angle between both modes, while the panels in the
third row display the spatial tomography of the eigenmodes illustrating mode rotation
and amplitude change.

Angular
Tomography

For a purely stochastic Langevin force as in the case of thermal Brownian motion, the
force terms are simply the two Langevin force vectors, which are uncorrelated and
we can calculate the noise spectrum Sor, for a projection onto the measurement vector

73
278(Q + QS5 [Q] = (8r,(Q)ér, ()
= [cos p1x11 [Q] + sin o, [Q](SF,OF, )+ (1.64)
cos p1y12[ Q] + sin pry,, [Q]|2<5F25F2>

Here, we use that the thermal fluctuations §F, , that drive the mechanical modes are
uncorrelated and hence (§F,;5F,) = 0. When the damping matrix is isotrope, the spectral
density for each of these forces is identical to the spectral density of the Langevin force in
Section 1.1.1.1 with Sp, = 2M,¢T'kgT. Plugging the matrix elements of y in Equation 1.64,
we obtain the projected thermal noise spectrum as

cos? ,u((Q”; - Qz)z + QT + g§1>

S
L + sin® ,u((Q 2 Q2)2 + Q% + glzz) (1.65)

Sy [Q] = ——
T det x 1 [Q)

I
+2 cos psin p(glz(Q”; -+ g21(Q”f - Q%)

with the same y[Q] as given in Equation 1.38.
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1 Fast scanning nanowire probe experiment

In the next section we discuss the effect of a resonant external force on the oscillator’s
mechanics and how the oscillator’s response can be used to obtain the dressed mechan-
ical properties and thus to infer the force field gradients.

1.1.3 The nanowire’s driven response

Classical AFM techniques include a homodyne lock-in based detection that allows a fast
low-noise measurement. The oscillation of the cantilever probe is driven at resonance
and the measured signal from the vibration detection is demodulated at the drive fre-
quency.

Applying this idea to the two dimensional nanowire oscillator, the driving force from
Equation 1.35 can be expressed as the sum of the frequency independent Langevin force
8Fy, and the resonant driving force 6F,,,[2] as described in Section 1.1.1.2. As shown,
the physics of the oscillator in a static force field is not affected as long as the applied
force has a constant amplitude. This section takes a look on the driven trajectory in two
dimensions and discusses effects arising when the force does not represent an instanta-
neous drive but contains a delayed part as well.

1.1.3.1 Driven response of a 2D oscillator

After having investigated the nanowire’s thermal noise structure in 2D in Section 1.1.1.2,
we now turn to its response to an external driving force. We will see that such a coherent
drive, which generates coherent trajectories in the stationary regime, can also be used
to determine the mechanical properties of the nanowire, and can thus serve to measure
external force field gradients.

We consider the situation where a modulated driving force is resonantly exciting the
nanowire at discrete frequencies Q; (herei = 1, 2):

Foump(t) = Foep + |6Flep- (cos (4t + ¢) + cos (Qt + ). (1.66)

When driven at resonance, the nanowire’s trajectory describes a narrow ellipse as illus-
trated in Figure 1.8a for excitation at the eigenmode frequency Q = Q,,. In order to
drive both eigenmodes by the same unidirectional force with a comparable efficiency,
the eigenmodes should be oriented in a 45° angle to the driving force. The modulation
strength [Fp,;m,[Q]] can in principle also be adjusted for each tone, but this will complex-
ify the subsequent analysis. An external force field can rotate the nanowire’s eigenmodes
(compare Section 1.1.2.3 ), leading to perpendicular alignment of one eigenmode and the
driving force. This perpendicular mode can thus not be addressed by the driving force.
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1.1 Nanowires as force sensing probes
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Fig. 1.8: (a) Schematic trajectories followed by the nanowire extremity when driven at resonance
of both eigenmodes. The eigenmodes are perpendicular to each other and are driven
by a force in a 70° angle. The B_, vectors indicate two independent measurement direc-

tions. (b,c) Expected response of a theoretical nanowire driven by a coherent force in
the sketched constellation of (a) when sweeping the modulation frequency across the
two fundamental resonances. The two curves correspond to a projection of 6r on the
measurement angles B_ = 15°and B, = 85°. The lighter dashed lines present the thermal
noise spectrum calculated for the same nanowire at room temperature. The amplitude
(b) and phase (c) of the projected displacement are shown, as measured by a 2-channel
network analyzer. Thus, the phase of the projected displacement can be compared to
the phase of the modulated force. When using an optical drive, this permits to infer if
the optical force follows the intensity modulation instantaneously or not.

By sweeping the frequency Q of the driving force Fy,,,,,, and measuring the projection of
the trajectory at each frequency onto a measurement angle f_ ,, one obtains the response
curves in amplitude (Figure 1.8b) and phase (1.8c). At the modes’ resonance frequencies,
the phase increases by 7. The coherent excitation of both adjacent modes at the same
time leads to characteristic dips depending on the measurement direction where the
minimum value of the response falls below the value obtained far of from resonance.
The theoretical amplitude of the displacement érg only depends on the driving strength
and can largely exceed the Brownian noise spectrum that is shown as dashed lined in
Figure 1.8b.

Having measured such a response curve at two different measurement angles f3, one can
deduce the force vector Fp,n, and the force field gradient matrix g; via a fit to Equa-
tion 1.63. Here, force and gradients form a set of eight unknowns ( F,m, can be com-
plex) and the minimal measurement therefore comprises a measurement of amplitude
and phase of the response at two frequencies Q on each measurement vector f_ .. This
holds as far as the damping coefficient is not changed by external effects as discussed

later in this work.
A useful configuration for such a measurement is the detection of the phase and am-

plitude at resonance, since the signal is strongest and an optimal SNR can be obtained.
The stable phase change at resonance and the typical high Q-factor of the nanowires

29



1 Fast scanning nanowire probe experiment

also permits to lock the driving force on each resonance with high precision using two
independent phase-locked-loops (PLL) .

1.1.3.2 Driven trajectories in the position space

Having introduced the nanowire trajectories at resonance in Figure 1.8a and the vectorial
displacement measurement, we can now describe the form of a trajectory in the real
space of a suspended nanowire, driven at a single frequency, by:

5r(t) = m[(l5rx[§2]|ei¢x[9]ex + |5rZ[Q]|ei¢Z[Q]ez)e_iQt], (1.67)

where the amplitude and phase terms are evaluated at the driving frequency as well. In
this expression, we make use of the complex projected displacements quantities dr, ,,
measured along the x and z axis, following the same description as for ér, given above.
We also introduced the notation ¢, , = arg(dr,,). With varying time t, this parametric
2D function describes an ellipse. The ellipse at the frequency Q has the long axis 67,
short axis dr,;, and an inclination angle ¥ of the long axis with respect to the x-axis
given by the expressions:

or.” + 16,
Srmax = M + %\/(|5rx|2 - |5rx|2)2 + |5rx5rz|2 COS(¢Z - ¢x)
5r.” + 161,
bt = IO L 51 ) g costg— ) (168)
l// _ T n l tan~! 25rx5rz 205(¢z _2¢x)
2 2 (|5rx| - |5rx| )

Figure 1.9a provides an example of an elliptical trajectory obtained at a single driving
frequency with the parameters from (1.68). The set of trajectories obtained for a subset of
frequencies around the two eigenfrequencies of a driven nanowire oscillator are plotted
in Figure 1.9b. The driving force is indicated as green arrow. Since it is an asymmetric
excitation, the first mode is driven slightly more than the second.

1.1.3.3 Delayed driving force

Experimentally, different techniques are suitable to generate the excitation force Fpny,.
In particular, optical, electrostatic and mechanical interaction processes are prominent
techniques as they are easy to employ and permit good control of F,,,,,. In the response
measurements, the phase of the projected displacement is measured with respect to the
phase of the force modulation signal. The interaction processes are not always instan-
taneous, meaning that there is a delay between the moment where we turn on the force

and its application on the nanowire. Such a delay in the application of the force is re-
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Fig. 1.9: Illustration of the trajectory followed by a resonantly driven nanowire. Under a
monochromatic excitation, the nanowire follows an elliptical trace (a). If we scan the
driving tone across both fundamental modes, one can plot a set of elliptical traces, one
for each driving frequency (b). The colored trajectories are those obtained when excit-
ing the nanowire at the eigenmode frequencies. The driving force is represented by the
green arrow. The trajectories are plotted in the basis of the nanowire’s perpendicular
eigenmodes. If the eigenmodes are far apart, the resonant trajectories will tend towards
single lines, but when their splitting is comparable to their mechanical linewidth, one
can obtain larger ellipses, supposing that the driving force vector is not aligned with one
eigenmode.

sponsible for an additional €*" term in the force’s Fourier component, and will thus be
responsible for the apparition of an imaginary contribution in Fp;p,[Q].

A prominent example for a delayed force is the photo-thermal force where the delay orig-
inates from the time the system needs to adapt to a new temperature distribution which
is caused by a change in the absorbed optical power. When one modulates the optical
power at the mechanical resonance frequencies, the temperature profile does not have
time to reach its steady state profile and one thus faces a temperature increase in quadra-
ture with the intensity modulation. Such a temperature increase can then modulate the
nanowire’s optical cross-section via the temperature dependence of the refractive in-
dex (the thermal expansion contribution is approximately ten times smaller), which will
cause a delayed optical force, without changing its orientation. Another photo-thermal
mechanism involves a bilayer mechanism, acting as a delayed optical force, which is not
necessarily oriented along the same orientation as the optical flux, since it comes from
a geometric asymmetry in the nanowire material. The photo-thermal effect where a ra-
diation source is locally heating the nanowire that adapts to the new heat distribution
is depicted in Figure 1.10a.

Another effect, one that can lead to delayed electrostatic forces, is caused by the RC
circuit that forms when the nanowire is close to an electrode (Figure 1.10b). The de-
lay of the applied electrostatic force depends on the system capacitance and the circuit
resistivity. This RC-effect is in general rather weak.
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1 Fast scanning nanowire probe experiment

Furthermore, when using a piezo actuation, an effective delay can appear due to the
system’s internal resonances. The frequency response of the piezoelectric effect is dom-
inated by geometry and material dependent resonances (represented by the curve on
the piezos in Figure 1.10c) that can cause a delayed response of the mechanical actua-
tion.

V...
piezo-z
RC Vpiezo-x

(a) (b) (0

Fig. 1.10: Schematic presentation of the delayed photothermal force (), an electrostatic delayed
force due to capacitive effects (b) and a mechanical actuation with non constant re-
sponse of the piezo actuation system (c).

A delayed driving force means that the phase at resonance is not equal to g as the imag-
inary part of ér = ydF now originates not only from the susceptibility but also from the
exciting force. In principle those delays can vary with the frequency, and furthermore
they can be different along both transverse orientations (in case of a piezo drive for ex-
ample). It is always possible to calibrate those delays, but the analysis of the response
measurement is much more simplified in absence of delays.

Forces that are typically instantaneous thanks to their short characteristic timescale 7z,
are the optical pressure force exerted by an intensity-modulated laser beam and the
electrostatic force caused by an inhomogeneous electric field (the dielectric nanowire
is attracted towards regions of high field). These forces establish much faster than the
mechanical vibration of the oscillator 7z < 1/Q,, = 10 ps.

Depending on the amplitude and delay of the driving force the oscillator can become

instable. One example for such an instability is self-oscillation caused by a force with
effective negative damping.
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1.2 The SiC Nanowire force sensor

1.2 The SiC Nanowire force sensor

The nanomechanical oscillators predominantly used in the group are silicon carbide
(SiC) nanowires. Silicon carbide is a compound semiconductor with a bandgap at 385,
405 and 505 nm for the most common crystal structures 4H, 6 Hand 3Crespectively. Since
SiC is lightweight with a density of p = 3210kgm™ and has a large stiffness with a
Young’s modulus of E > 400 GPa [51, 86, 118], SiC based nanomechanical systems have an
intrinsically low effective mass that allows achieving good force sensitivity without op-
erating at too small frequencies where there is lot of technical noise. They are therefore
well suited for MEMS/NEMS applications [21]. The large refractive index of ngjc = 2.6
in the visible [84] leads to the presence of multiple internal optical resonances for visi-
ble wavelengths in the employed nanowires which have diameters between 100 nm to
600 nm. These resonances are described by Mie theory [28, 74] which, together with the
optical band-gap at short wavelength, allows strong scattering of light even with diam-
eters shorter than the optical wavelength. SiC nanowires are therefore easily detectable
through optical microscopes. The large thermal conductivity x; = 360 Wm™ ' K™! of
silicon carbide additionally protects the nanowires from melting at high injected opti-
cal power so they can be employed in focussed laser beams of several tens of mW at
ambient pressure and up to a few mW under vacuum. The optical microscope image in
Figure 1.11 illustrates the scattering of a selection of nanowires with different diameters.
The homogeneity of the colours is a sign of quasi uniform radius over the full nanowire
length. SiC nanowires were subject of detailed studies for what concerns their use as
field emission sources [86, 117] and their electrical properties under large electric fields
are well studied.

With diameters of 100 nm to 300 nm and length of 50 pm to 500 pm the utilized nanowires
in our group reach effective masses (M) in the pg range with observed quality factors
of Q = 1000 — 10000. The typically achieved force sensitivity after 1.22 is in the range of
aN/Hz!/2,

The sensitivity limit for force gradient measurements (Equation 1.28) — valid for noise
based and resonant measurements - lies in the range of some aNnm™ to pNnm™' for
the first mechanical mode family that is typically located between 5 kHz to 50 kHz,

1.2.1 Selection of a single nanowire

A first criterion for the nanowire selection is the desired force sensitivity as this is the
quantity that determines which forces will be measurable. In general it is not appropriate
to operate with a too sensitive nanowire (long and thin) if the force field under investiga-
tion will over-dress its mechanical properties because it will generate large eigenmode

33



1 Fast scanning nanowire probe experiment

Fig. 1.11: Optical microscope image of multiple SiC nanowires. Different colores are caused by
the different thicknesses of the nanowires. Abrupt transitions from one color to an-
other indicate a presence of two crystalline phases along the nanowire. The displayed
nanowires are from a different batch than those used in this work which have a much
higher homogeneity and better crystallinity.

rotations that cause experimental difficulties”. Following the rule for the force gradient
sensitivity (1.28), optimal sensitivities are achieved when using nanowires with mechan-
ical resonances Q,, at low frequency and a high quality factor. Also the force gradient
sensitivity scales linearly with the inverse of the effective mass of the nanowire. These
critreria translate into nanowires with a small cross section and sufficient length to have
both, low mass and small Q_,. For a good quality factor, choosing a nanowire of highest
uniformity and guaranteeing a good mechanical connection to its mount are impor-
tant criteria that optimize the mechanical damping I'. Additionally, a uniform nanowire
without many geometrical and crystalline defects is less likely to present an optical vari-
ability along its length so that the optical measurement process is less sensitive to small
vertical drifts with respect to the measurement laser.

The spatial resolution attainable in an experiment is a second criterion for nanowire se-
lection. While the force gradient sensitivity increases with lower resonance frequency
Q,,, the spatial resolution of the measurement depends on the oscillation amplitude of
the nanowire tip that is immersed in the external force field. In order to keep this oscil-
lation amplitude in a reasonable range of 10 nm to 100 nm, very long nanowires with a
larger cross section are omitted for force field sensing experiments.

“This concerns for instance the lock stability of the PLLs or the blindness to one of the resonances on a
measurement channel if its modal direction is perpendicular.
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1.2 The SiC Nanowire force sensor

A third, more practical criterion is the measurability. Since nanowire based force field
sensing is a form of scanning probe microscopy, like most imaging techniques it relies
on stability and speed. In the resonant measurement performed in this work, stability
and speed can be increased by operating at higher mechanical frequencies what per-
mits working with larger mechanical damping rates. This criterion excludes the use
of nanowires with the highest sensitivity that generally oscillate at very low frequency
(few kHz). Good compromises are therefore thin nanowires measuring about 100 nm
to 200 nm in diameter with a mechanical frequency between 10 kHz to 50 kHz. These
nanowires still provide sensitivities in the range of tens of atto-newton while remaining
friendly to work with. A useful chart that provides the relation between all the mechan-
ical properties is presented in figure Figure 1.12.

T L T T T
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Nanowire length (um)
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100 kHz

1 1 1 1 1 1 1 1

1 I
200 300

Nanowire diameter (nm)
Fig. 1.12: The abacus illustrates the mechanical nanowire properties - fregency, noise level and
force sensitivity — at room temperature, in dependence on the nanowire geometry. The
three nanowires with whom the results in this thesis were obtained are illustrated as

dots. Knowing the length of a nanowire and its frequency, one can deduce its force
sensitivity using this representation.
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1 Fast scanning nanowire probe experiment

We identify suitable nanowires by optical microscopy where we exploit the scattering
properties of nanowires which varies with the diameter of the nanowires. Mie theory
that describes light scattering on nanoscopic objects can be solved analytically for cylin-
drical objects and it is therefore possible to calculate the expected reflection spectrum
for a nanowire of a certain thickness, inserted in a given optical waist. For typical di-
ameters ranging between 100 nm to 400 nm the nanowires can host multiple resonant
optical modes as shown in the plot of the scattering cross section in Figure 1.13. The
scattering from Mie modes is anisotropic and each mode has a characteristic angular de-
pendence that determines its strength in the reflection channel. The blue and red lines in
Figure 1.13 show the effective scattering cross section for two different collection angles
of 60° and 90°.

90°
60°

reflected &
collected light

incident
light

400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 113: Scattering cross section of a 300 nm thick nanowire as function of the wavelength
(black line) and the reflection cross section for solid angles 60° and 90° (red and blue
curve). Each Mie resonance has a characteristic scattering as illustrated by the insets.

Based on the theoretical reflection scattering cross section we can plot the perceived
colour for nanowires of different thicknesses (Figure 1.14). By comparing the colour
of the reflected light in parallel and perpendicular polarizations with respect to the
nanowire axis, with the colour in the chart, we obtain a good estimation of the nanowire’s
thickness. This characterization relies on the knowledge of the transmission properties
of the microscope optics and on the RGB spectra of both the CCD camera employed and
the computer screen on which the image is displayed. The representation in Figure 1.14
takes into account the numerical aperture (NA) of the used 50x objective.

1.2.2 Mounting and installing the nanowire

The nanowires used in the group are mass-produced industrial grade nanowires that
come in powder form. We identify nanowire candidates that stick out of the powder
ensemble by optical microscopy. With the help of a micro-manipulation stage, we attach
a single nanowire to a sharply pointed tungsten wire with a base diameter of 400 pm
using electron microscopy conductive carbon glue as adhesion agent. The tungsten wire
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Fig. 1.14: Perceived color for nanowires with radii between 20 and 200 nm in parallel and per-
pendicular polarization calculated for the 50x microscope objective used for sample
preparation (NA = 0.5).

tips have been fabricated by electrochemical wet etching in KOH optimized to produce
small tip angles using a technique similar to methods employed elsewhere [49, 56, 61].
Figure 1.15 lays out the concept of the fabrication process.

In case of a perfectly attached nanowire, the tip angle is equal to the angle of the nanowire
that should be as straight as possible to avoid an inclination with respect to the sample
in the experimental setup. Sub-Figure 1.16a shows a microscope image of the tungsten
wire (left) attached to a nanowire (centre, light blue) that sticks out of the nanowire

powder (right).

The thus obtained nanowires often carry other wires or dirt with them that are loosely at-
tached by electrostatic and Van der Waals forces. These contaminations can be removed
by immersion in a water droplet (1.16b). The glued nanowire is then further character-
ized by optical reflection as described above (1.16c) and scanning electron microscopy
(1.16d). Spectral analysis of the electrical current of the secondary electron detector of
the scanning electron microscope also provides a first measurement of the mechanical
resonant frequency. However, we found that the SEM imaging was responsible for a sig-
nificant degradation of the surfaces exposed to the beam, so we realize these electronic
measurements only at the end of a measurement sequence’. The nanowire diameter are
efficiently estimated using the color method and the frequency abacus.

For handling and mounting the nanowire, we insert the tungsten carrier in a titanium
support that can be screw-mounted in the experimental setup. Here we also set the
correct height of the nanowire with respect to the bottom of the mount (19 mm).

The tungsten wire is kept in place by mechanical clamping and a small amount of super-
glue or a conductive silver based glue. Before being employed in the setup, the nanowire
is thermally annealed under vacuum in an induction oven at ~700°C for ~10 min. The
curing process serves to harden the carbon glue and thus to improve the mechanical
connection between nanowire and tungsten tip. A good mechanical connection is a pre-
condition for high mechanical Q factors (up to 10000 at room temperature) and thus

3Not all nanowires survive up to this moment.
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Fig. 1.15: Sketch of the setup for the fabrication of the pointed tungsten tips. The 400 pm thick
tungsten wire is mechanically attached to a mount and fed consecutively through two
metallic rings with a few mm diameter that are connected with the poles of a current
source that operates around 100 mA to 300 mA. Droplets of a KOH solution (concentra-
tion 2molL™), posed on the rings, establish the electric connection between electrodes
and wire. The relative size of the wire is largely exagerated in order to illustrate the etch-
ing progress. During the electrochemical etching process W* ions dissolve in the KOH
solution around the Cathode replacing K* ions that attach to the metallic ring. This
leads to a gradial thinning of the wire, most pronounced at height of the ring cathode.
The second ring electrode serves to establish an electrical contact, When the whole di-
ameter has been etched away, the lower part of the tungsten wire falls down, opening
the electrical circuit and stopping the etch process. It can be collected in a water filled
beaker (not shown). Both ends can be used to attach nanowires to, however, the up-
per part is usually of higher quality as it has the smaller tip angle due to the asymetric
shape of the droplet.

for better force gradient sensitivity. It also guarantees a better thermalization of the
nanowires which permits to use higher optical powers for the optical position readout
without damaging the nanowire. The curing can principally improve the crystallinity of
the nanowire and thus further enhance thermal conductance and mechanical Q factor.
We note that we have observed that the curing process can also evaporate metal on the
nanowire, so that materials with an increased vapour pressure at the working temper-
ature such as copper or tin elements should not be used in the oven. After curing, we
mount the nanowire on a standardized support in the scanning force imaging setup that
is described in the following sections.
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Fig. 116: Illustration of the nanowire preparation. A nanowire is selected by its length and color
from the nanowire powder and caught with a pointed tungsten tip (a). It is then cleand
by immersion in a water droplet (b) and characterized with optical reflection measure-
ments (d) and scanning electrom microscopy (c).

1.3 Optical readout of the nanowire motion in 2d

In Section 1.1 we have seen that the mechanical and optical properties of nanowires make
them ideal probes for realizing two dimensional force field sensing via the detection
of the orientations and frequencies of the two fundamental eigenmodes. In view of
the peculiar effects induced by the rotational force fields, which can increase the noise
magnitude, it is necessary to employ a 2D readout scheme in order to distinguish the
action of a rotational force field to a normal rotation of the eigenmode, which will both
change the magnitude of the noise projection on a given measurement channel.

We have already underlined the large optical cross sections of the nanowire, that effi-
ciently interacts with focussed laser beams due to the existence of internal Mie reso-
nances. In this section we will discuss an optical readout technique that allows a mea-
surement of the nanowire’s vibration projected along two linearly independent readout
vectors (non-parallel). These measurement channels are produced at the separate out-
puts of a homemade split photodiode amplifier that measures the light reflected from a
single nanowire. auto1.17 sketches the detection of light reflected from the nanowire on
the split photodiode.

A red probe laser beam is focussed on the nanowire extremity by a microscope objective
of 0.75 NA and 100x magnification, modified for vacuum operation. After the objec-
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Fig. 1.17: Position readout based on the analysis of the nanowire back-scattered intensity fluctua-
tions. The objective focuses the laser beam to a waist. Placed in the waist the nanowire
reflects the light back in the objective that collimates the light into a beam whose in-
tensity is measured on the split photodiode. The registered intensity fluctuations on
each half depends on the position fluctuations of the nanowire in the waist area.

tive, the beam waist represents a small spot of high light intensity, with a lateral ex-
tension of approximately 500 nm which allows to increase the amount of reflected light
from the nanowire. With the objective and thus the laser beam being fixed in space, we
bring in the nanowire mounted on a translation stage which is used to piezo-position the
nanowire within a 3D volume in the waist area. The objective collects the reflected light
scattered by the nanowire and a 99/10 beam splitter allows 90% of the reflected light to
reach the split photodiode that measures the reflected intensity. The detected intensity
at the two halves of the photodiode depends on the position of the nanowire in the beam
waist such that its horizontal movement is encoded as changes of the two photocurrents
measured on left and right halves of the split-photdiode.

1.3.1 The measurement position

With the two signals from the split-photdiode we have access to two linearly indepen-
dent measurement vectors as we now explain. We calculate the sum and difference of
the intensities acquired on the two photodiode halves, which depends on the nanowire
position in the optical waist:

Vo a(xg + 61(1)), (1.69)

where r, is the nanowire rest position, which can be piezo scanned, and where dr(t) are
the vibrations of its vibrating extremity. Each measurement channel is separated into a
low frequency LF and a high frequency HF output with a typical cutoff of 1kHz. The
low frequency channels will thus record

Ve,ee (1),
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which permits to image the optical waist with the nanowire and to identify its location
in space. The HF outputs of the photodiode will record the rapid nanowire fluctuations,
which can be expressed at first order as:

Ve e(t) = 61(t) - VVg g (1o). (1.70)

As such, each measurement channel realizes a projective measurement of the nanowire
deflection along a measurement vector given by:

Bo.o = VVg e(r)) (1.71)

which are simply the spatial gradients of the signals recorded on the DC outputs of the
photodiode amplifier. From the expressions defined above, follow the projected quanti-
ties

VVS,@(rO)

with a projection vector eg g = Vo)
o,e\10

The colormaps of the two plots in Figure 1.18 show the DC sum and difference signals
measured while scanning the nanowire in the transverse horizontal plane. The plotted
quantities represent the static reflection signals measured as voltages V. and V5 af-
ter calculation and amplification of sum and difference of the signals recorded on the
photodiode halves. The quiver plots in Figure 1.18 draw the local measurement vectors
of both channels calculated as the gradient of the upper maps. Following the optical
axis along a vertical line in the centre of the image, the local intensity gradient of the
difference channel is visibly biggest perpendicular to this line, whereas for the sum chan-
nel, we can identify two positions just before and after the waist where the variation is
strongest along the optical axis. It is this spot which we choose as measurement location
for the nanowire due to the perpendicularity of the measurement vectors.

The readout vectors g g can be expressed in terms of the local intensity gradient in the

x,z basis
aVe,%
Poo = (a e;c®) (1.73)
0z

The lengths of the vectors ‘ ﬁe,ea| translate the projected displacement 67 g of the nanowire
in the direction eg g to a change of intensity. The displacements érg g can then be
distorted to reconstruct the nanowire motion projected on the orthogonal (x,z) basis,

as:
Org\ _ [cos Bg sinfg\[0r,
(SrZ) B (cos ,8: sin ﬁ:)(&z)‘ (1.74)
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Fig. 1.18: The difference (left) and sum (centre) signals acquired with the split photodiode dur-
ing a scan of the nanowire through the optical beam waist. The measured light is the
reflection from the nanowire as it scans through the waist. The nanowire dwell time is
in the order of 10 ys. The right plot (bottom/row) shows the according measurement
vector of the two signals. The green spot marks the location where near perpendicular
readout vectors can be obtained. This is also the measurement location.

Here, f5 g denotes the angle between measurement vector and the x axis. To calcu-
late the projective displacement in the cartesian lab coordinate space we thus apply the
inverse transformation of (1.74)

ore\ _ 1 sin g, —sin g\ (g
dr,]  cos P sin fg — cos fg sin fo \—€0s fg  cos fs J\O7g )’
which is only defined when the measurement channels are not colinear (f5 - fg # 0).

The precise determination of the measurement vectors is an essential ingredient of the
signal analysis in 2D. This is the subject fo the following sections.

1.3.1.1 Static determination of the measurement vector

After a coarse positioning of the nanowire in the optical waist, assisted by the maps in
Figure 1.18, exactly knowing the local measurement vector requires a finer local estima-
tion since the DC maps can suffer from deformations induced by the system inertia and
there can be drifts in the nanowire position with respect to the optical waist. To do so,
we realize a local map around the chosen position, of the DC voltages V- and V5 fol-
lowing a technique established in [28, 44]. It is based on a displacement of the nanowire
along different discrete positions on a grid around the chosen working point. Figure 1.19
illustrates the positions of the nanowire at which measurements are performed and the
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1.3 Optical readout of the nanowire motion in 2d

trajectory followed by the measurement algorithm, a square-spiral trajectory. The step
size can be adapted and is typically of the order of 10 nm to 20 nm.

To decrease uncertainty errors, the trajectory is usually repeated multiple times for av-
eraging. A third order polynomial regression of the two local maps V5-(x;, z,), Vi(x;, z;)
yields the local intensity gradients VV5-(x,, z,) and VV(x,, z), which are the above
introduced measurement vectors. For an improved estimation of the gradients, the in-
terpolation of V¥ is also performed in coordinate frame (x’,z’) rotated by 45°. From
the quantities 8., Vi, 3, V22, one can then also calculate the gradients in the unrotated
frame. The mean of both estimations is finally chosen as measurement vector [44].

When using a reliable and well calibrated piezo positioning stage, the nanowire positions
explored during the calibration protocol are reliably known, and the residual error can
be limited to the intrinsic optical and physical measurement noises. The measurement
uncertainty is different on both measurement channels. Due to the large gradient of
the difference signal intensity in the direction perpendicular to the optical axis, this is
the signal with smallest slope uncertainty, whereas the smaller slope obtained along the
optical axis of the sum channel causes a higher uncertainty on the sum signal. As such,
the best SNR are in general obtained on the difference channel, which also presents the
interest of suppressing common technical noises.

Fig. 1.19: Illustration of the nanowire’s path around the central measurement position in the laser
beam’s waist followed during the readout sensitivity calibration protocol. A measure-

ment of Vg;C and Vgc on a spatial grid provides the local intensity gradients from which
the measurement vectors are determined.

Several series of the low noise photodiode amplifiers were produced in Institut Néel by
Daniel Lepoittevin, with a conversion gain varying from 2000 VA™ to 2:10° VA™, so
that we can adapt the detector to the type of power needed in the experiment. For a typ-
ical probe laser power of 10 uyW to 100 pW the recorded voltages after the photodiode’s
electronics are in the order of 10mV to 1000 mV with gradients [VVg o| =1:10*Vm™
to 1-10° Vm™! with an error of about 10 % due to the uncertainty on the sum channel’s
measurement vector.
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1 Fast scanning nanowire probe experiment

The thermal noise of the nanowire, spreading on a few nm (rms), is thus converted into
voltage fluctuations of a 10 uV to 100 uV (rms), which can be efficiently sampled, for
instance with spectrum analyzers. When, instead, one drives the nanowire, we typically
use oscillation amplitudes spanning over 1nm to 100 nm, which then corresponds to
voltage amplitude in the 10 uV to 10 mV range.

1.3.1.2 Dynamic determination of the measurement vector

While the interpolation of the intensities measured at positions close to the measure-
ment location provides a statistically stable estimate of the local readout vectors, the
repetitions of the figure of about five times and an acquisition time per point in the or-
der of 10 ms make it too slow to be used as a rapid sensitivity estimator during force

field cartography.

In order to have faster access to the local measurement vectors, we implemented a dy-
namic protocol based on homodyne modulation technique where the piezos controlling
the x and z axes are individually driven at two frequencies, Wgx and wg 4, SO that the
nanowire follows a driven trajectory. wg, and wg, are at low frequencies, around 80 Hz
so that they remain inside the transmission band of the photodiode’s DC channels,in
the flat response band of the piezo drive and at very low frequency compared to the
first mechanical resonances, so that the nanowire reacts without undergoing significant
deformations. Both frequencies are separated by 10 Hz to 20 Hz in order to spectrally
separate the effect of the two driven movements along x and z. Figure 1.20 illustrates
the movement of the nanowire during the calibration protocol where the amplitudes

5r£ - applied on each axis are typically set to an amplitude ranging from 10 nm to 30 nm,
where a larger value on the z axis ensures a better measurement of the slower slope
along z when using smaller light intensities. The low frequency signals recorded on the
photodiode’s sum and difference channel are each demodulated at the two driving fre-
quencies to directly obtain the local gradient of the reflection maps, which are encoded
in the amplitude of the four demodulated signals:

Voo (1o + 8rp  cOS wp te, + 8rg , cos wp te,) = w7
| ’ ’ : ’ 1.
Ve,e(ro) +9,Vg g cOs wg 1 + 9,Vg g cOS g 1.

Due to the frequency dependence observed in the response of our piezo actuators (un-
loaded resonant frequency of approx 500 Hz), a static reference measurement taken as
described above, is used to calibrate the dynamic homodyne measurement. The four
gradients obtained from this static measurement are compared to those of the dynamic
protocol to find a calibration scale for each axis. To obtain the most reliable results, such
a calibration should be performed at a position with high signal intensities and a stable
static measurement. In addition, the acquisition time for of both calibration measure-
ment (static and dynamic) are increased to 3 s to 4 s for an improved result.
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Focussed laser from
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Fig. 1.20: Sketch of the nanowire's trajectory in the laser beam waist for the measurement of the
readout vector. The bretzel like shape is a result of a common divider of the driving
frequencies along x and z axes and a larger amplitude for the z direction. The size of
the drawn trajectory is exaggerated and not to scale.

Thanks to the efficiency of the homodyne measurement, which allows a reliable extrac-
tion of the modulated signals strength out of a noise background, the measurement time
to determine the readout vectors can be reduced from 5s to 10s to some hundreds of
milliseconds. The measurement time is limited by the frequency of the sinusoidal drive
and the filter bandwidth of the demodulation. Section 1.4.6.2 discusses in detail the mea-
surement and the customized FPGA-based protocol developed for that purpose.

The sinusoidal movement of the nanowire can lead to the apparition of parasitic side
peaks on the nanowire’s mechanical resonances. Due to their splitting around 100 Hz
and the narrow excitation band, the mechanical resonance remains almost unaltered
during the dynamic measurement of the readout vectors. Figure 1.21 shows the ther-
mal noise spectrum of a nanowires Brownian motion zoomed on the first mechanical
resonance with dynamic readout vector measurement and without. In order to make
the side peaks visible the nanowire had to be placed in a central position in the laser
beam waist with a pronounced intensity gradient on the difference channel. However,
we try to avoid running the dynamical measurement protocol when realizing sensitive
measurements. The sensitivity calibration can be rapidly activated during long lasting
scripts.

45



1 Fast scanning nanowire probe experiment

801 — active displacement

NW at rest
-85 /\

70 Hz |
-90 4—7 \
-100 A }' \
A
J ,

+105 i |
A i,

8S§ / dBm

4 2
-110 “"’\""."1'[' |"{J | ‘M“'\“f\"‘-l‘\)\' ‘1N\“'\r

T T T T T T T
18400 18450 18500 18550 18600 18650 18700
Frequency / Hz

Fig. 1.21: Thermal noise spectrum of one mechanical nanowire resonance. The blue spectrum ex-
hibits side peaks created by the sinusoidal displacement during the dynamic readout
vector measurement. The 70 Hz splitting corresponds to the frequency of the displace-
ment along the x-axis to which the difference channel is sensitive. The green curve
plots the spectrum at rest.

1.4 Experimental implementation

Beside the optical detection, the scanning force microscopy setup requires a xyz-scanning
system to move the sample with respect to the nanowire, a reliable driving force, and
signal processing tools. The measurement should further be conducted in an isolated
environment under low pressure to protect from external influences such as acoustic
noise, temperature fluctuations and electric stray fields. Figure 1.22 outlines the experi-
ment scheme with the described optical detection path and the nanowire and experiment
positioning with respect to the laser beam (see Section 1.3) in the upper part of the fig-
ure (a). The probe laser light, focused by the microscope objective, is scattered by the
nanowire that is micro-positioned in the beam waist. The reflected light is captured and
rectified by the objective. On its way back, a beam-splitter reflects 90 % of the light onto
the split photodiode where the difference and the sum of the photocurrents detected
on both halves are calculated and amplified by the homemade photodiode amplifier. In
the signal analysis part (c), a radar like signal analysis unit computes the projected dis-
placement 6r,(t) measured along an arbitrary angle p out of the direct signals §Vg ¢(t)
produced by the photodiode outputs. It is realized using the fast signal processing capac-
ity of a field programmable gate array (FPGA). The raw or radar-rotated signals can then
be further analysed, for instance in the frequency domain using a vector signal analyser
(VSA) or recorded on time-sampling devices and employed in a response measurements
(lock-in detectors or vector network analyzer (VNA) ). The measured signal is also used
to lock two phase locked loops (PLLs) whose frequencies are locked at the the mechanical
resonance of the two nanowire eigenmodes using an external drive, which is in general
the optical force that is exerted by the green pump laser (b). The nanowire and the
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Fig. 1.22: Nanowire force nanoscopy setup with schematic representation of the scanning mi-
croscopy block (a,e), the optical drive (b), the homodyne detection and signal analysis
block (c), and the electrostatic control block (d). A versatile control software orches-
trates the ensemble of detection and control devices.

PCl card 2

sample with their positioning systems (a, e) are located in a temperature and pressure
controlled chamber. Besides positional control, electrodes placed on the nanostructured
sample are use to generate, control and analyze the electrostatic force landscape between
sample and nanowire (d).

This section’s discussions cover the different blocks of the experimental setup starting
with the optical setup for the optical pump and probe signals (Section 1.4.1). After the
optics, Section 1.4.3 gives a description of the mechanical details of the nanowire and
sample positioning systems and stabilization measures realized to optimize scan quality.
The last three subsections cover the experiment control and data acquisition, emphasiz-
ing on the realization of automated scans and measurement scripts with a custom control
software (Section 1.4.4) and the technical improvements realized on the base setup dur-
ing the conduct of this work. In particular we describe the integration of a dual channel
multi-frequency lock-in amplifier for realtime force field imaging that Section 1.4.5 cov-
ers in detail. Furthermore, the extension of the setup with a flexible FPGA based digital
signal processing (DSP) module permits a wider range of measurements such as the con-
tinuous monitoring of the readout vector (Section 1.3.1.2), the radar like measurement of
dr,(t) and the generation of artificial force field gradients (see Chapter 4). The operation
principles of the FPGA instrument are subject of Section 1.4.6.
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1.4.1 Optical setup

The readout laser is a 632 nm, 15 mW HeNe laser with its intensity adjusted by a half-
wave plate and a polarizing beam splitter to discard a portion of the laser power. It is
drawn at the left of the optical setup in Figure 1.23. The beam is subsequently widened
by an inverse telescope arrangement of two lenses and stray light is removed using
diaphragms. An afterwards placed 90:10 beam-splitter lets through only 10 % of the
intensity towards the experiment chamber. In the backwards direction it reflects 90 % of
the light reflected from the nanowire towards the detector and thus serves as a simple,
polarization independent circulator. On the transmitted beam, another half-wave plate
controls the probe beam polarization that is set onto the nanowire, before it passes a
dichroic mirror used to combine the force driving (pump) and readout beams (probe).
The combined beams then enter the vacuum chamber that hosts the experiment via
a transparent window with anti-reflection coatings for the visible light on both sides.
After passing another diaphragm to remove stray light, a 100x, 0.75 NA Zeiss microscope
objective modified for vacuum operation with a working distance of 4 mm, focuses the
readout beam to an approximately 500 nm wide optical waist in which the nanowire is
piezo-positioned. The probe beam is focused to the same spot and we exploit the slight
chromatic dispersion of the microscope objective, so that the optical waists’ spots of both
beams do not match perfectly along the optical axis and the green probe beam waist
is around 3 um before the red waist. This spatial arrangement allows to position the
nanowire on the optical axis, just after the red probe waist, to benefit from a slope in the
sum channel, while having the nanowire not too close to the green waist. As such, the
green optical force is rather homoegeneous in the area an thus does not apply too large
force gradients. This remark is also true for the readout beam — one needs to minimize
its optical power so that it does not significantly perturb the nanowire eigenmodes.

Part of the reflected light (both, the pump’s and probe’s light) is collected by the micro-
scope objective and exits the vacuum chamber, counter-propagating with respect to the
readout laser. The signals are again spectrally separated by the dichroic mirror, and the
probe light again arrives at the 90:10 beam-splitter, where it is deflects at 90% towards
the detection units. Filters with a bandwidth centred around the 632 nm of the readout
beam serve to suppress the residual green light that could be detected on the photodiode
(this suppression is essential, especially when using lock-in detection that can detect a
faint fraction of residual green, time-modulated light). After the filters, a (f=200 mm)
lens focuses the light onto the split photodiode (PD1 in Figure 1.23), using fine mirror
mounts to balance the intensities on the photo-diode quadrants. A flipable mirror be-
fore the filter stage can also be inserted in the optical path to direct the reflected light
to a CCD camera for visual alignment of the nanowire and the sample in the vacuum
chamber. The propagation path of the readout laser is shown in the lower part of the
setup illustration in Figure 1.23.

A second laser in the optical setup serves to exert a time-modulated, spatially homoge-
neous force to drive the nanowires eigenmodes as described in Section 1.1.3.1. We use a
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Fig. 1.23: Optical setup with the red readout laser in the lower part. The upper part illustrates
the optical path of the excitation laser that is first modulated by a double pass through
an AOM working on the first diffraction order. Readout and pump laser are then super-
posed and focussed by a 100x microscope objective inside the experiment chamber.
The reflection of the readout laser is measured on the split photodiode PD1. Optional
detection on the reflected green laser beam is possible on PD2.

100 mW green laser with a wavelength of 532 nm that can again be intensity regulated
with a half-wave plate and a polarizing beam splitter. The transmitted part of the beam
is then intensity modulated to generate a time modulated optical force. To do so, we
employ a double pass acousto-optical modulator (AOM) scheme. A first lens focuses the
light onto the AOM, next a pinhole selects the first order of the light diffracted by the
acoustic wave, followed by a second lense which collimates the beam. A final mirror
reflects the beam for the double pass configuration of the AOM in order to increase the
modulation contrast on the first diffraction order. A quarter-wave plate in front of the
mirror turns the polarization into a circular one during the first passage, while it trans-
forms it back into an orthogonal linear polarization during the second passage. As such,
the intensity modulated beam that comes back from the AOM, is now reflected by the
polarizing cube. The light’s polarization can be adjusted with a quarter- and half-wave
plates positioned before a telescope that adjusts the beam width to match the micro-
scope’s back aperture. Similar to the readout beam, a 90:10 beam splitting cube discards
90% of the beam. The transmitted arm is then combined with the readout beam on the
dichroic mirror that only reflects the green pump laser but transmits the red readout
laser (cutoff wavelength = 581 nm). The pump beam then shares the same path into
the chamber as the readout beam. An additional detection arm for the reflected green
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light is installed after the 90:10 beam splitter and allows the collection of the pump light
reflected by the nanowire, which then serves for optical alignment and can also be used
to perform an optical readout of the nanowire motion. The relative positions of the red
and green waists have to be precisely aligned, which can be achieved by adjusting their
relative position along the z axis via the divergence of the incoming beams using the
telescope lenses.

A white light source located on the right hand side of the vacuum chamber in Figure 1.23
illuminates the nanowire and the sample in the chamber from the back side as seen
by the microscope objective. Via the alternative detection path, using the flip mirror,
the CCD camera can record an image of the nanowire and the sample that is used for
alignment.

1.4.1.1 The split photodiode detector

The dual photodiode detecting the reflected light from the nanowire is a Hamamatsu
split photodiode that measures the intensity on two active areas A and B, separated
by an inactive zone of 20 um width. The photodiode has a quantum efficiency around
85% at 632nm. A homemade optimized electric circuit, designed and fabricated by D.
Lepoittevin, splits the photocurrent produced by each quadrant into a high frequency
and a low frequency channel using a high and a low pass filtering stage respectively. An
additional electronic amplification increases the intensity of the electric signals before
the sum and difference signals from the two active areas are created. Figure 1.24 lays
out the operational scheme of the photodiode.

In the frequency domain, the conversion from power fluctuations p*5[Q] detected on
the two halves of the photodiode to the signals V5[Q], VE-[Q] for the low frequency
and V[ Q], Ve[ Q] for the high frequency channel follows the linear mapping:

Vi Gpe  —Gpe\(p*
= 1.
i) -(Be <)) 1)
where GAS[Q] determines the (amplified) contribution of the power registered on area A
to the difference signal. The HF signal can as well be expressed with the same map as in

(1.76), however due to different amplification gains, the conversion factors are different
and depend on the analysis frequency.

Calibration The determination of the measurement vectors, as explained before, is
performed on the DC channels ( Section 1.3.1.1), while the dynamic movement of the
nanowire is recorded using the HF signals. We thus need to calibrate the conversion
factors from HF to DC signals, which do not depend on the analysis frequency. Using
Equation 1.76 and an identical conversion matrix for the HF channels, we can connect

50



1.4 Experimental implementation

A
— 500
+Vp DC Amplification B H—_ 1> Sum DC

500 )
- Difference DC

500
— > Sum HF
B
HF Amplification A
— 500 .
Area A B H— 1+ Difference HF

il

Fig. 1.24: Schematic electric layout of the split photdiode’s amplification circuit. The amplifica-
tion part is shown for area A. The same circuit design is used for area B. After a signal
filtering step followed by current to voltage conversion stages (grey box) the sum and
difference signals for low frequency (DC) and high frequency (HF) channels are com-
puted.

how a given power modulation at a frequency Q would be read out on the HF and DC
measurements channels:

(V§F> B -1
Vi GHEGhE + GAEGRE
A A A A
(‘i%? O = G Giaf G~ GirfG Dsi)(‘flic) (1.77)
GurGpe — GurGpe —GurGpe — GurGpe /\Voe
a_ o, VD9C>
= 1.78

(05_++ 0‘++) (Vf‘)ac (178)

where the diagonal coefficients a, , a__ are the HF/DC conversion factors while the off-
diagonals a, _, a_, describe systematic acquisition errors due to imperfect electronic sig-
nal processing.

The calibration of the conversion coefficients requires a frequency response measure-
ment of the photodiode using a signal of constant intensity p for the two channels HF,
DC and the two active areas A and B. Here, the characterization of the channels in their
respective measurement range of about 0 Hz to 150 Hz for the DC channel (used for
static imaging, static beta measurements and dynamical beta measurements) and 1 kHz
to 100 kHz for the HF channel (used for resonant or broadband mechanical readout) is
particularly important.

We use the acousto-optical-modulator (AOM) introduced in Section 1.4.1 to modulate
the probe laser that is directed and focused on a single half of the split-photodiode. The
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employed AOM has a flat response in the frequency range of interest (as shown in [28]),
and hence the signal intensity at different frequencies can be directly compared.

Figure 1.25 shows a schematic illustration of the optical arrangement for the calibration
of the split-photodiode. The AOM is driven by a modulated electrical signal generated
by a Zurich Instruments HF2 digital lock-in amplifier, which can be used as network anal-
yser to realize frequency response scans. The HF?2 is also the main acquisition device for
most of the dynamical measurements discussed in this work. It has an optional high-pass
input filter and an optional 50 Q input impedance that affect the measured transfer func-
tions. We therefore perform the calibration measurement with all possible combinations
of the input settings and all the photodiodes produced are similarly calibrated.

v
N2 AOM N4
R e .
I —
oD Network
%’I §§§ N Analyzer

Split Photodiode

Fig. 1.25: Optical arrangement for the calibration of the split photodiode. The laser beam is mod-
ulated by the AOM and a network analyzer measures the response of the photodiode.

Iteratively measuring the response on all four output channels (A®, AS, B®, BS) with
the laser focused first on quadrant A, then on B, we obtain the eight transfer functions
Gg’gf 2O of the photodiode and the signal processing circuit with respect to the constant
optical modulation p[Q] . Figure 1.26 compares the transfer functions for the two pho-
todiode halves measured in the @ and © channels using the input high-pass and 50 Q

impedance of the HF2 for the HF channels of the photodiode.

The photodiode’s transfer functions exhibit differences between the response to irradia-
tion of areas A and B that are smaller than 1% in the target frequency range. This holds
for both, amplitude and phase response of the diode and the electronic circuit, and re-
flects the quality of the device. We thus regard the photodiode as symmetric and use a
single transfer function for both halves A, B per channel &, ©.

1.4.2 Conversion of the photodiode signal to physical 2D displacement

Bringing together the photodiode response calibration and the measurement vector de-
termination (Section 1.3.1.1), we can convert the acquired voltage fluctuations recorded
on the sum and difference channels of the photodiode to a two dimensional displacement.
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Fig. 1.26: Transfer functions of the split photodiode’s output channels for a modulated optical
signal on isolated active areas. 180° have been added to the phase of one quadrant on
the e channel to take into account the sign.

In order to do so, the following equation converts the voltage fluctuation recorded on
each channel into oscillation amplitudes (in m):

_8Ve[Q] Gic(wp)
WAL, GRlel

5ra[Q] (1.79)

Here, wg is the frequency at which the measurement of the readout vector is realized. It is
around 80 Hz to 100 Hz for the dynamical protocol, and is zero for the static protocol. The
quotient HF/DC = G$2[Q]/G52 (wﬁ) is the conversion factor between low frequency
DC and high frequency HF channel of the photodiode. The correction factor for the
employed photodiode is shown in Figure 1.27.

The gradient |[VVp| is obtained from the calibration of the measurement vector and cor-
responds to the length of the measurement vector |f|. For a measurement of the thermal
noise spectrum the formula can be rewritten in terms of the power spectrum:

_ Ssvel€] (ch(“’ﬁ))z
ws P\ Gadel )

Scsre [Q] (180)
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Fig. 1.27: The HF / DC calibration curve for the utilized photodiode is shown for the case of no input
AC filter on the Zurich Instruments lock-in (blue) and for the most used configuration
of 50Q input impedance plus AC filter. The two quadrants are depicted as solid (e)
and dashed () lines. While the flat region with the highest response is not located
at the ideal frequency range for the nanowires employed (between 5kHz to 100 kHz),
the photodiode is still one of the devices with the best amplification characteristics
available at the time of the measurements.

The calibrated displacements 7  can be converted to the experimental coordinate sys-
tem using Equation 1.74. For dr, we have as complete conversion expression:

: sve[o] Goc(wp) . 5v®[Q] Gie(wp)
sin fo 5 e e~ SiMfe TR cral

oS fg sin fg — cos B sin fg

sr,[Q] = , (1.81)

and a similar one for dr,.

The preceding paragraphs introduced how a two-channel, optical reflection measure-
ment can provide the positional displacement of a nanowire dr in two dimensions. This
technique is used to measure the oscillation trajectories dr(¢) in the presence of external
force fields. The next section presents a mechanical setup that permits to perform these
measurements in a scanning probe microscopy operation mode.

1.4.3 Positioning system

A stable and well controlled nanowire positioning is crucial since the optimal measure-
ment location in the laser beam waist has a size of the order of some tens of nanometers.
Thus, the positioning of the nanowire with respect to the laser beam, and independently
with respect to the sample require nanometer resolved positioning systems.

The mechanical setup builds around the fixed microscope objective which focuses the

laser to a narrow waist in which the nanowire is piezo-positioned. However, the most
critical positioning is the relative position of nanowire and sample, also, they need to
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be moved together during the alignment of the nanowire in the laser beam, so that the
force sensing experiment is not altered. Additionally, the sample needs to be positioned
and scanned with respect to the nanowire, which requires a second, independent xyz-
positioning stage. The design of the setup is based on a large three axis piezoelectrical
positioning system (Physik Instrument 733DD) that supports the nanowire mount to-
gether with the second, smaller three axis piezoelectrical positioning system that carries
the sample holder (attocube positioning stage). The larger stage controls the position rel-
ative to the laser whereas the smaller stage can scan the sample beneath the nanowire.
When we move the sample, the static force experienced by the nanowire can vary, caus-
ing a static deformation, which is compensated by the main piezo so that the nanowire
stays at the optimal measurement position (position tracking).

In order to guarantee reproducible translations and mechanical stability over longer
measurements, thermal expansion induced by, for instance, day-night cycles needs to
be avoided. The support of the large piezo stage and all the scanning probe apparatus
is therefore temperature stabilized by four Peltier devices that support the thermalized
mounting plate of the positioning system. The Peltier devices’ cold sides are connected
to a large copper body functioning as thermal load. A PID controller acting on the tem-
perature of the positioning stage stabilizes the systems temperature and compensates
fluctuations of the room temperature by applying a controlled current on the Peltier
devices. Figure 1.28 illustrates the installation of the Peltier devices and the thermal
isolation of the scanning setup.

Stainless steel

Thermalized plate —/

Peltier devices
Thermal mass

Fig. 1.28: Photograph of the thermal control elements of the experiment. The stainless steel
suspension elements are supported by two coarse, motorized, positioning stages. The
bottom copper piece acts as thermal reservoir for the four Peltier devices that are glued
with their cold sides onto it. The thermally controlled upper copper plate is added in
the right side view photograph. This plate supports the two piezoelectrical positioning
stages for nanowire and sample so that both systems are thermally stabilized.

Even though the setup is thermally stabilized, changes in temperature, pressure or the
static force on the nanowire can lead to a displacement of the nanowire in the laser
beam, causing a change of the measurement vectors. We correct for these drift effects
by applying a feedback — computed on either amplitude or gradient of the DC signal of
the photodiode VEIBD,% - on the main piezo stage to stay at a constant relative position. As
the width of the laser waist in the range of 500 nm is much smaller than its length (<1 pm),
the readout vector along the x-axis (perpendicular to the propagation direction) is much
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steeper than along the z-axis. Hence, a small displacement in x has a larger impact on
the measured signal in the ®-channel than along the z-axis where the intensity gradients
measured on both channels are much flatter. It is therefore mostly sufficient to lock the
x position of the nanowire with a stable PID that only acts on the piezo stage along the
X-axis.

The whole mechanical setup is shown in the photographs in Figure 1.29 where 1.29a
gives an overview of the arrangement of the experimental chamber which contains the
microscopy setup and the optical setup outside the chamber. The temperature control
stage can be seen in 1.29b where it is mounted on the coarse position control stages,
carrying the scanning setup. Panels 1.29c and 1.29d present a closer view on the scanning
setup with the nanowire support in front of the microscope objective. The dome like
nanowire support permits to correct a nanowire tilt independent of the direction of a
tilt within a range of £15° by rotation of the tungsten tip around its own axis to get the
tilt angle in the direction perpendicular to the optical axis, and consequent inclination
of the nanowire support following the curvature of the ceramic nanowire mount. This
specialized mount has been added to the setup towards the end of this project so not all
measurements conducted in this work could benefit from its advantages.

1.4.4 Control Software

Nanowire force microscopy requires the synchronization of different scan and measure-
ment protocols. Since the two-dimensional nanowire force microscopy is a non-standard
scanning probe technique, it requires an adapted control software that has been designed
and realized in previous projects ([28, 44]) and still is under continuing development.

The main key-requirements for the control program that runs under the internal name
Nano-Imaging Lab (NIL) are the 3-axis scan with realtime imaging of the acquired data.
As scan control device we use a NI USB-DAQ card (connected to a Windows host sys-
tem*) with four analog outputs, three of them controlling the three axis movement, and
ten high impedance DC input channels. Furthermore, the software should integrate per
point operations, such as spectrum acquisition or response measurements using addi-
tional devices as Spectrum and Network analyzers. The low mechanical frequency of
the nanowire’s oscillations in the kHz regime and their high Q factor often require long
acquisition times so that the measurement also needs to be actively stabilized.

The modular program layout consists of three main classes of modules that are organized
into three layers: interface, script and instrument layer. For each experimental setup one
can use one or multiple instances, adapted to their tasks by activation/deactivation of
the required modules. Figure 1.30 illustrates this software layout.
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Fig. 1.29: The experiment chamber (1) on the optical table with the detection setup (3) is shown in
panel (a). At the left, the vacuum setup (turbo pump, gauges and valve) are discernible
(2). In the center of one wall of the chamber is a transparent window (4) through which
the readout and pump laser are directed onto the experiment. In the chamber one
can see the positioning setup with the mounted nanowire holder (round kiosk with the
white top), which are shown from closer distance in the photograph in (b). In front
of the window (5), one sees a part of the microscope objective holder. The coarse
positioning setup of the experiment relative to the sample (6) consists of the symmetric
arrangement of two xyz-micro-positioning stages that carry a central copper block on
which the temperature regulating Peltier devices are located (7). The fine positioning
is done with the three axes piezo stage (8) that supports the nanowire kiosk (9) and
the sample positioning system (not visible as it is in the interior of the piezo stage (8)).
The nanowire holder and samples can be electrically biased via electrical feedthroughs
to which the cables (10) are connected. Panels (c) and (d) show a closer view of the
nanowire kiosk. The nanowire is mounted at the top and held in place by a special
ceramic mount (12) which allows to change the angle of the nanowire while keeping
the nanowire centralized and isolates the nanowire mount electrically. The nanowire
position is fixed with the big screw (11) which is electrically connected to the tungsten
tip and whose potential is controlled via the coax cable that is connected to the screw.
At the very top, a piezo is mounted which can act as mechanical drive of the nanowire as
alternative to the green pump laser. Here, the nanowire supports needs to be elevated
from the kiosk by additional spacers due to a particularly long tungsten tip. The sample
holder (13) has space for two samples that can be mounted on each side. In (d) one
can see how light that is focussed by the microscope objective (14) is reflected from the
tungsten tip beneath which the two inversely mounted AFM cantilevers are visible (15).
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Fig. 1.30: Structural illustration of the three software layers in the experiment control func-
tion. The GUI layer contains user interfaces for the main scanning functionality, direct
interaction with instruments and the execution of scripts using multiple instruments.
The script layer contains scripts for single tasks or user-scripts that can comprise com-
plex measurement protocols and have access to all available instruments and inter-
faces. The instrument layer is the interface with the devices and makes their function-
alities accessible to the interfaces and scripts. The dashed box highlights the instru-
ments that can be used for live imaging during standard scans (illustrated by arrows
connecting the scan elements). The arrows from and to the user script block demon-

strate its ability to access all available interface and instrument modules.

The interface modules contain all user interfaces amongst which the position and scan
control interfaces, and the imaging interface form a basis required for all program in-
stances. Depending on the experiment type, the interface layer also contains user in-
terfaces for the used instruments such as spectrum- or network analyser and interfaces
for measurement scripts. The scripts modules form the second layer of the software
and contains measurement scripts for protocols such as different scan types (linear, 2D
maps with additional parameter scans, realtime monitoring), the determination of the
measurement vector (compare Section 1.3.1.1) or custom user scripts. The user scripts
have access to all available interfaces and instruments and can also call other scripts,
they are therefore the ideal tool to orchestrate complex measurement protocols. The
third layer contains all instrument drivers with implementation of communication and

measurement protocols adapted to each instrument and use in the experiments.

Each experiment can require a different set of equipment. For this reason the program
configuration for a specific experiment needs to be easily adjustable. A Mother program
generates configuration files that determine the available modules and their configura-

58



1.4 Experimental implementation

tion for each experiment program. The idea of this modular configuration is sketched
in Figure 1.31.
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Fig. 1.31: Illustration of the creation process of an instance of the experiment control software.
The mother program writes a config file based on the available modules in the three
pools of interface, instrument and script pools. A standardized main program then
accesses the config file and creates the experiment interface.

The typical nanowire force microscopy setup uses two positioning systems as shown in
Figure 1.22, one for the positioning of the nanowire and the sample with respect to the
readout laser, and one for the actual scan of the sample itself. Two instances of the mea-
surement program control these two positioning systems independently. Figure 1.32
shows a screenshot of the sample control interface, taken after an electrostatic force
field measurement at a given bias voltage, above a sharp conical electrode. The realtime
display of the force field characteristics such as the divergence (first plot in the screen-
shot) has been a crucial achievement of this project. The key points of its realization are
discussed in the following section.

1.4.5 Flexible resonant acquisition by integration of the HF2LI-PLL

The previous program version described up to this point was limited to the imaging of
static signals acquired with the NI USB-DAQ card, all the dynamical signal had to be
acquired with separate devices, such as network or signal analyzers. During this project
we integrated a two-channel lock-in amplifier with demodulation at up to six frequencies
(Zurich Instruments HF2-LI) into the control software, expanding largely its functional
capacities. This added a variety of new measurement possibilities such as spectrum
analysis, frequency or parameter sweeps, and frequency tracking with two independent
phase-locked loops (PLLs). The software has been modified so that live imaging is now
possible using the demodulation results as data, including arithmetical operations and
statistics on the acquired data. Together with the dual PLL, this forms the base for two-
channel lock-in measurements of the nanowire resonances and realtime imaging of the
force field structure described in Section 1.2.
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Fig. 1.32: Screenshot of the scan interface after having realized a 2D horizontal a scan of the
nanowire above a sharp electrode at a given bias voltage. Image plots show the di-
vergence and the difference of the squared eigenfrequencies of the nanowire used for
positioning in space and the determination of the eigenmode orientations.

The setup of the main instrument parameters is implemented in the instrument driver
and interface layers of the experiment program so that the typical measurements can
be quickly performed using the corresponding user interfaces and can easily be used
in user scripts. Fine tuning and access to all available instruments parameters remains
possible via the devices own web interface. Figure 1.33 shows a screenshot of the device
interface with an exemplary response measurement plus spectrum on the right hand
plot part, and the setup of the data channels that can be displayed in the imaging plots
of the main interface (1.32) on the left hand side.

The possibility of applying arbitrary mathematic operations on the demodulated sig-
nals before displaying and exploiting them allows direct imaging of the key force field
properties without a time-consuming analysis step. Compared to the previous approach
based on thermal noise analysis, the typical measurement time has thus been reduced
from the order of days to less than an hour for a regularly sized map. This is firstly
due to the faster driven measurement using dual mode tracking with two PLLs that is
at least ten times faster than the acquisition of a full spectrum around the mechanical
modes, only limited by the mechanical Q-factor and the SNR of the measurement. And
secondly, the analysis of the results does not require a complex fitting routine that needs
to be adapted for each mechanical system. Instead, the new instrument modules already
display first results during the measurement, reducing the necessary time roughly by
another factor of ten.

60



1.4 Experimental implementation

Demod 1
Heo_frequency-+42_frequency) 2-(2"mp.p) "2 A Demod 3 117
s A\ 4l Demod 5
71N Demod &

Chamel 2: fisq-f25q B N Y Y

R
s
RFFT (

Py ——— e

A /
\mn
'\ﬂp-f

100 |
Chamnel 3: f1 107
27.70 27.75 27.80 27.85 7.0 27.85 78.00 28.05

d0_frequency

Chamel 4: f2 osn | |

d2_frequency 0251 ‘ ‘ Nem A

Chamnel 51 r1_dff

Chamel 61 r2_dff

dair
log vertical [ leg herizontal
save ez | &2 Dipiay?

Read Settings from Device | Write Settings to Device.

Fig. 1.33: Screenshot of the Zurich Instruments HF2 instrument interface showing the definition of
the data channels for realtime imaging (left) and the plot interface for response sweeps
with synchronous spectrum acquisition.

1.4.6 Realtime DSP with the Red Pitaya

Digital signal processing provides a fast and flexible way to analyze electrical signals
in time and frequency domain. It is a technology that can be found in all recent spec-
trum and network analyzers as well as in arbitrary waveform generators. Most of these
devices are built upon the technology of field programmable gate arrays (FPGA), inte-
grated circuits that allow the user to reconfigure the logical operations on the hardware
level during runtime. The integration of logical gates and memory on the same chip
enable signal processing at the digital clock frequency that typically lies in the range
of hundreds of MHz. Also digital processing units do not add additional noise during
signal processing, even if the digitization of an analog signal ultimately determines the
resolution of the signal processing [102].

The availability of devices that integrate FPGA chips with the peripherical electron-
ics such as digital analog converters and amplifiers with open source code allows end-
consumers like the common experimentalist to implement digital signal processing mod-
ules on their own. One of these devices is the Red Pitaya [92] that comes equipped with
a Xilinx Zynq 7010 FPGA and two 14 bit DACs and ADCs at a clock rate of 125 MHz.
Projects like PyRPL [80] have used this platform to realize locking of opto-mechanical
systems.

The prerequisites for application in our experiments were:
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+ Integration with the existing software environment
« Components:

— 2 Input signals (high-pass filtered)

— 2 Output signals

- Demodulation at 2 frequencies (4 demodulators) in kHz regime

— best possible filtering in the Hz regime of the demodulated signal
+ Synchronization with other devices, trigger processing

As none of the available softwares for the Red Pitaya supports this modus of operation
and classic laboratory instruments that fulfil the requirements quickly exceed the budget
limits we started the development of a instrument software that suites to our needs. This
approach lets us benefit from the expertise of the local electronics department to tailor
the development and to get a high level of understanding of the measurement details,
which is crucial for correct interpretation of the results. It also permits us to integrate
the savoir faire of DSP development into our group so that future experiments that rely
on rapid digital signal treatment get accessible. One of these is the creation of artificial
synthetic force fields based on realtime feedback presented in Section 4.2.

1.4.6.1 The RedPitaya FPGA

The adapted Red Pitaya device is designed around the Xilinx Zynq 7010 system on chip
(SoC) that integrates a FPGA unit with a CPU and memory on a single chip. It is adapted
to run a Linux based host system that has access to a memory block shared with the
FPGA unit. It is via this register memory that commands and data are exchanged be-
tween host system and FPGA. The FPGA also has access to the two DACs and two ADCs
that are sampled at the clock rate of 125 MHz. Additionally to these main in/out chan-
nels there are slow analog and digital io-pins available for access from FPGA and host
system. The core of the FPGA is the digital signal processing unit (DSP) that can be
programmed at runtime via pre-compiled FPGA architectures called bitfiles. The core
DSP of the FPGA has been restructured by julien Minet at Institut Néel to be easily
programmable in the laboratory environment.

The host system is a normal Linux operating system that in the supplied version is a
Ubuntu based build. It can run any communication server to allow external access for
controlling the device such as a web server or a text based communication service via
TCP. The manufacturer supplies an open source implementation of an application pro-
gramming interface (API) [92] coupled with an open source implementation of the SCPI
communication protocol that is widespread in laboratory devices. The API and server
are written in the C programming language®, guaranteeing fast interaction between host
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system and FPGA. For the customization we kept the SCPI functionality and the overall
structure of the API but replaced all special functionalities of the API by our own.

Beside the host system that runs the SCPI server and the FPGA that contains all digital
signal processing, a client is implemented on the lab computer. The client is a simple
add-on to the existing lab software (see Section 1.4.4). Figure 1.34 gives an overview of
the design of the Red Pitaya acquisition system.

RedPitaya
Xilinx 7010
FPGA DAC
Ubuntu OS Parameters (ZX)
(16 bit) DSP

SCPI Data Server el ADC
- communication i i
- calibration Raw data signal processing (ZX)
- acquisition (14 bit)

- text based communication (SCPI)
- data/parameter transfer in text/binary
- debug/development (SSH)

Client System

Acquisition Software
(Nano-Imaging Lab)

Fig. 1.34: The system design of the Red Pitaya acquisition platform with the three main elements
client, server and DSP.

The technically most complex part is the data server that runs on the device. It handles
communication from and to the client system and from and to the FPGA and therefore
requires thorough handling of multiple communication interfaces. Since the acquired
data from the FPGA are raw binary numbers, the data server manages all necessary
calibration as well, so that the values communicated to the client correspond to physical
quantities.

The client system itself is the least complex part. It contains an implementation of the
necessary commands to control the device and to submit and accept data. Thanks to
the standard text based communication protocol, this condenses to some simple python
functions.

The technical most important unit is the DSP on the FPGA itself as here the signals are

processed in real time. The next subsection looks into the details of the DSP developed
to perform two channel lock-in measurements.

1.4.6.2 Two signals dual frequency lock-in measurements

To realize force field sensing based on driven measurement of both nanowire eigen-
modes in two dimensions, we need to perform a lock-in measurement on each signal
Vo, of the two measurement vectors for each of the two driving tones which are locked
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on the two eigenfrequencies. Similarly, the dynamic calibration of the readout vector
(Section 1.3.1.2) depends on the simultaneous lock-in measurements of both detection
channels at the two driving frequencies which move the experiment along the x and z
axis for calibration purpose.

The design for the two-signal dual-frequency lock-in comprises four independent de-
modulation stages. A schematic representation of the DSP is given in Figure 1.35. For
better illustration, the DSP block is divided into the three sections: input signal process-
ing, output signal generation and data acquisition. In the input section, two analog to
digital converters (ADC) digitize the voltage input to a 14 bits digital signal that is high-
pass filtered in order to remove any residual DC component and low frequency noise.
Each signal is then mixed with a harmonic wave at frequency o generated by one of four
available local harmonic oscillators (LO) and the quadratures [ and Q are output as real
and imaginary part of the mixed signal. For a monochromatic input signal V() at fre-
quency Q and amplitude A, Jand Qare connected to the products: V(t)-cos wt, V(t)-sin wt,
which are subsequently combined with a low-pass filter to remove the fast oscillating
component. The quadratures are then:

I =V(t)-coswt - Fp(t) (1.82)
Q=V(t)-sinwt - Fp(t), (1.83)

where Fip(t) is the temporal response of the filter whose bandwidth is the so called
demodulation bandwidth. The complex demodulated signal of a monochromatic signal
at frequency Q (any real signal can be expressed as sum of monochromatic contributions)
Vo_,(t) is thus

Vo) = I(t) — Q@t) = ?FLP(Q — w)el@l+do), (1.84)

with F;p[Q — w] being the filter transfer function of the low pass filter. Note that due
to the internal multiplication with the pure cosine and sine wave from the LOs, the Q-
quadrature has a minus sign in order to write the signal V_, () as positive exponential.
We note that this convention for the time evolution is the opposite of the one we employ
in the theoretical description of the nanowire mechanics in Section 1.1.

As illustrated in Figure 1.35, the two input channels are symmetric and the employed
demodulation frequencies are identical for both signals. The implementation of the in-
strument however allows to chose any of the two ADC signals and any of the LOs as
input for each of the four mixers. One signal could therefore also be demodulated at four
different frequencies that can be used for multifrequency response analysis. Similarly,
all filters can operate as high or low-pass filters with individually set bandwidths.

In order to be sent to the experiment control software, the demodulated signals must first

be transferred to the data server of the Red Pitaya that runs on the CPU of the device.
For communication, FPGA and CPU both share some register and memory resources.
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1.4 Experimental implementation
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Fig. 1.35: DSP layout of the two channel lock-in measurement implementation on the FPGA. The
input signal processing block outlines the processing of an analog input signal that is
converted into a digital one, then any DC offsets are removed by a digital high-pass be-
fore mixing the signal with a local oscillator (LO) wave. For two frequency lock-in mea-
surements two of the four available LOs are used (red/blue). Low pass filters remove
the sum frequency signal and narrow the demodulation bandwidth of the in phase (/)
and out of phase (Q) quadratures. The two output signals are the two generated waves
(other available signals greyed out). An amplifier with gain (p, ,) and adder adjust the

amplitude and offset of the signal on the two DACs. In the data acquisition block, two
measured values (32 bit) per time are written in the shared BRAM memory where data
is accessible to the data server.

The interface for data transfer is a 128kB BRAM memory that can receive data as a sin-
gle 32 bit chunk per clock step at maximum rate. The actual write rate depends on the
bandwidth of the filters and the desired acquisition rate, and is limited by the read speed
of the program running on the CPU that is slower than the 125MHz of the FPGA. The
32 bit signal can hold two measurement values of each 14 bit length. The remaining
4 bits represent tag-bits that mark data, for instance as trigger bits that depend on the
presence of an external DIO signal. The data server can then select which data to save
and which to discard, depending on the external trigger. Due to the 32 bit length of
the transfer signal, writing all eight quadratures to the BRAM requires four clock steps
which additionally limits the acquisition rate. With the implemented DSP architecture
and the corresponding data server, rates of about 100 kHz to 200 kHz are feasible. The
bottle neck for higher rates is the data processing on the CPU side. It is therefore likely
that an optimization of the data server program could improve this rate if required. Sim-
ilar as for the inputs of the mixers, all intermittent signals are accessible for a transfer
to the BRAM.

The last part of the DSP is the output signal generation. For the dynamic detection of the
readout vector, the position of the nanowire needs to be modulated along the two axes
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1 Fast scanning nanowire probe experiment

x and y at two different frequencies. The output signals are therefore chosen to be the
waves generated by the two LOs. Other options such as the sum of two harmonic waves
are possible as well. The two output signals can be scaled independently via the setting
of the two proportionals p; and p,. Additionally, it is possible to add a static offset to
the output signal.

The frequency for the dynamic measurement of the readout vectors is typically chosen
between 60 Hz to 100 Hz. Firstly, this is a frequency range where the piezo actuators still
respond linearly, and which fall in the DC channel bandwidth of the photodetectors.
And secondly, the created sidebands on the mechanical peak are far enough from the
mechanics so that the measurement of the nanowire resonances is not affected strongly.
As demodulation bandwidth we typically choose 30 Hz which is the lower limit at low
frequency signals before rounding issues on the FPGA distort the signal. Additional
temporal averaging ensures a bandwidth that is small enough to only measure one of
the excitation frequencies per demodulator, so that each of them provides an output
value propotional to 9, V.

1.5 Illustration of a measurement protocol

We illustrate now how to realize a complete measurement, aiming at the mapping of the
horizontal 2D force field gradients created by a nanostructured sample in an arbitrary
chosen horizontal (xz) or vertical (xy, zy, or any other vertical plane) scanning plane
above the sample surface. The electrostatic nature of the force field requires a measure-
ment of its dependence on the bias voltage V,;,; between nanowire probe and sample.
This force field nanoscopy is thus an iteration of individual force gradient measurements
on a subset of positions in the four dimensional scan space x, y, z, V;;,s. The following
paragraphs lay out the protocol followed during a measurement.

1.5.1 Preparation

The first step in the measurement preparation is the correct alignment of sample and
nanowire to each other. We want the nanowire vertically oriented above the area to
explore. A coarse alignment is done with the help of the transmitted laser light after
the nanowire, imaged on a paper screen just behind the nanowire. The analysis of the
refraction fringes on the screen allows to rapidly bring the nanowire in the centre of
the beam’s waist. The sample can be similarly positioned, using the transmitted light
for a first coarse alignment. This is efficient for tip-like samples, but not sufficient when
exploring flat samples.
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1.5 Illustration of a measurement protocol

A finer alignment is then done with the experimental image realized with a white light
source on a CCD camera. It provides enough control to adjust the sample to the nanowire
in the pm-range using piezoelectric stepper motors. Once the coarse alignment has
been performed, we can pump the vacuum chamber and turn on the temperature con-
troller. This creates some micrometer large shifts which we compensate with the piezo
stages.

We then position the nanowire at the optimal measurement position in the laser beam
using the larger experiment stage. This position provides a good spectral signal of both
eigenmodes of the nanowire. In general, we operate with an orientation of 45° between
the nanowire eigenmodes and the optical axis, so that it also ensures a good respon-
siveness to the resonant drive via the optical pressure force of the drive laser, which is
aligned along z.

A general prerequisite is a correct calibration of the detection channel as described in
Section 1.4.1.1 and Section 1.3.1. This calibration needs to be repeated every time el-
ements in the detection channel are exchanged (including optical elements rearrange-
ments, but also electronic modifications) but remains valid otherwise.

At a position with a good readout signal, with the sample still far enough away from the
nanowire (tens of pm) in order to avoid experiencing a significant external force field, we
acquire a spectrum of the cold bare eigenmodes of the nanowire. This spectrum provides
the orientation and frequencies of the undressed eigenmodes that are used as reference
in the calculation of the force field gradients. If the alignment of the eigenmodes with
respects to the optical axis is too different from the 45° configuration, we reopen the
vacuum chamber and rotate the sample support. The PLLs of the Zurich Instruments
HF2-LI are then locked to the mechanical modes as described in Section 1.1.3.1, and we
can start measuring the variations of the force field experienced by the nanowire.

The measurement software allows recording and plotting of the demodulated signals of
both photodiode channels at the two locked resonance frequencies, either in realtime or
synchronized with the scan of the output of a NI-DAQ ADC/DAC converter that con-
trols the x, y, z-piezo stage moving the sample and the V;;,, output. Additionally, we can
perform mathematical operations on the acquired signals from the demodulators be-
fore plotting them and can thus monitor for instance the sum of the squared frequencies
F& .11+ fifL2» a value that is proportional to the force field divergence V-F = MLH( g1+ 82)-

When measuring a structured surface, this quantity reflects the topologye of the sam-
ple as the largest force gradients usually appear close to edges. Therefore, imaging
f& .11+ f& 1, provides a map of the sample under investigation, and can be used as a con-
trol signal while approaching the sample to the nanowire extremity. Since the nanowire
is never aligned perfectly perpendicular to the sample, and since the electrostatic land-
scape above the samples is never completely homogeneous (see Chapter 2), this methods
is rather safe, and we can approach the sample to the nanowire extremity without touch-
ing. In practice, in this rapid readout mode, we can detect that the nanowire “feels” the
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1 Fast scanning nanowire probe experiment

force exerted by the surface at a distance ranging from 500 nm to 2 pm above the nanos-
tructures.

These orientation maps can be acquired at much higher speed than detailed force mea-
surements since the detection of frequency shifts is less affected by experimental biases
compared to the amplitude measurement that provides the mode orientation. Useful im-
ages only require a measurement time £, ~ %rz_,: where T, is the mechanical damping

of the measured mode.

The first images of the force field divergence are then used to set up the scans. An
estimation of the nanowire-sample distance can be obtained by slowly approaching the
surface and observing the spectrogram of the mechanical modes. For a flat sample, some
tens of nanometer before touching the surface, rotations of the eigenmodes, frequency
shifts and RC-induced damping effects typically become so intense that the PLL stops
tracking reliably. For vertical scans this distance imposes the lower scan limit, while for
horizontal scans, the sample is retracted about 50 nm to 150 nm and the proper operation
of the PLL is verified at some random displacements in the scan area and for various
voltages Vi, in the planned scan range.

Depending on the structure of the force field under investigation, the nanowire eigen-
modes can be subject of intense rotation, especially when approaching electrostatic tips
or holes. Those eigenmode rotations are problematic for locking the PLL, since the force
and thus the induced projected displacement directly depend on the (ef-e;)(e; - €4) prod-
uct. If one of those coeflicients changes sign, then the PLL phase setpoint will be changed
by 180°. As such, when we realize vertical maps, we try in general to operate in one of
the two planes that contain one of the eigenmode. To do so, we employ a “tilted scan”
mode which allows us to realize force field mapping in any sub plane of the xyz sample
space.

Prior to realizing a sweep of the applied bias voltage, the scan range is adjusted around
the minimum value of the force field gradient that is proportional to VZ,.. In order to
detect frequency “jumps” caused by PLL unlocking and to evaluate the hysteresis of the
measurement, we perform a bidirectional scan of the voltage range. Furthermore, the
demodulated data, which are sampled at a higher rate than the acquisition time per point,
are cumulated in each point/voltage, so that the software calculates and records the mean
value and the standard deviation. This also helps detecting pathologic measurement
points.

Lastly, we verify that the nanowire still is in a good position for the optical readout and
apply correction if needed. The position is then locked by a PID controller acting on V¢
as input and fed back on the x-axis piezo controller of the main setup stage as output as
described in Section 1.4.3. Next, the measurement can be started.
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1.5 Illustration of a measurement protocol

In order to let the system reach its steady state, we in general stay some tens to hundreds
of ms (more than the inverse mechanical damping rate) at a given position/voltage point.
As such, a detailed map made of 100x100 points, where we sample 2 x 15 voltage values,
takes about 5 hours, during which the experimental drifts are in principle well under
control. The data are saved in a hdf5 mixed binary format of an approximate size of
400 MB. In each point, we record the demodulated signals of up to six demodulators per
HF2-lock-in (the use of multiple devices is supported) that include the central frequency,
signal quadratures (I and Q) and the signal at four auxiliary inputs. Out of this data we
can reconstruct the force field properties. Additionally to the raw demodulator data, we
also save the data as presented as live images in the scan interface where the mathemat-
ical operations (for instance the calculation of the divergence from the sum of squared
frequencies) are taken into account. The recorded dataset also includes the experimental
settings as configured in the control interface or in measurement scripts.

1.5.2 Measurement script

Following on the preparation, the measurement runs automatized by the control pro-
gram (Section 1.4.4) that follows a user script in which each measurement step is de-
fined. The flow diagram in Figure 1.36 outlines a typical measurement procedure for
electrostatic force measurements on a regularly spaced grid in a sub space of the four
dimensional (x,y,z,V},) space.

Readout calibration

\

PLL Setup Tracking NW-Positioning

Start measurement

Go to next line

Scan parameter Measure Beta
adjustment
(parabola fit,...) Go to next pointin line
repeat
Automated Goto next voltage npoints
synchronized {} times
scan loop Acquisition

Read line and plot

Save data for last line

Finish measurement

Fig. 1.36: Diagram of the measurement protocol followed during an electrostatic force field mea-
surement in the (x,.,x}., Vpias) SPACE.
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1 Fast scanning nanowire probe experiment

The control script also provides the possibility of automatized adaptation of the mea-
surement parameters before each point/voltage. For example, we typically adapt the
voltage span of V},, to each point, so that the force field does not induce too large per-
turbations of the nanowire properties. To do so, we first use a second order polynomial
fit to the measured force divergence at the current position, and adjust the voltage span
employed for the next position. In doing so, we maintain the same magnitude of the
electrostatic force field gradients during the full map. Additionally, the drive strength of
the modulating force can be adjusted to guarantee an efficient but not too strong drive
of both nanowire eigenmodes independently from the nanowire’s location, with respect
to the force field, which can generate eigenmode rotations responsible for a variation
of the mechanical response to the drive tone. As another automatized parameter con-
trol, the central frequency of the PLL can be adjusted programmatically to improve its
performance as this allows to limit the available frequency range for each PLL to a few
tens of hertz around the resonance. Using larger ranges can lead to a lock on the wrong
mode if they are spectrally close to each other. Figure 1.37 shows the additional control
interface that is used to set up such advanced scans.

' TiltedMultiDimParabolas X

Script setting and

Axis Which M_step -
Axis 1 x(piezo1) v S0 %] lin v ElectrostaticaF‘:ﬂatbgaI;gtiangElzed para meter control
fixis 2 y(piez02) ~ n - Parabola fit options
Axis 3 2{piezo 3) ¥ lin v | [JFitDivergence Contrast: [] Megative Curvature
Axis Voltage 15 s Allowed ¥ range (min , max, A¥min) ID.OOD s I ID.ODD s I |0.DDO s |
Scan axes [[] Reset v each line
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MunewseeetaSCan script selection w. options
TitedvoltagePLL ~ | |other output v | [a0 ] [s0 g
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Run Scan STOP

Notes ‘

Fig. 1.37: The setup interface for a scan along four axes (spatial + voltage). The left side of the
interface serves to define the number of points and a possibly nonlinear sampling of the
range that is defined in the main interface (figure 1.32). The right side serves to select
the scan script and set options for the different parameter adjustments, parabola fit,
PLL center frequency tracking and drive amplitude adjustment.

Additionally, the intermediate processing stage in the script permits to directly calcu-
late the force field gradients if the nanowire’s mechanical parameters have been set in
the script beforehand, following the measurement principles described in section Sec-
tion 1.2.1. As such, this permits to directly image the four components of the force field
gradients on the scanning interface.
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2 Electrostatic force fields above nanostructured
surfaces

Having layed out the tools necessary to conduct nanowire based force measurements, the
present chapter covers their realizations. The focus of this chapter is on the electrostatic
forces created by the electric field above nanostructured metallic surfaces. With gradients
in the order of tens of fNnm™, the electrostatic forces are the dominant forces at nano-
and micrometric distances. As a consequence, electrostatic forces can be created and tai-
lored almost without effort, so they present an ideal test case for the nanowire microscopy
experiment, and additionally, the inevitable presence of electrostatic forces in all kind of
nanostructures requires a good knowledge of their nature, in particular in the field of nano-
/micro-electro-mechanical-systems.

We will begin with a discussion of the expected force, felt by the nanowire, based on the
Maxwell stress tensor formalism which allows obtaining a more detailed perspective on
the electrostatic forces. From the analysis of the different components in the stress tensor,
we conclude that the relevant fields which cause the force on a dielectric nanowire are the
product of the horizontal and vertical fields at its very apex. This concept is important for
the qualitative understanding of the influence of horizontal residual fields — fields that are
present due to surface imperfections and do not depend on the sample bias voltage.

After having started the experimental part of the chapter with a presentation of the used
samples, we present force divergence measurements as an efficient tool to access the surface
topology.

Subsequently, we will discuss the dependence of the electrostatic force F(V;;,,) with respect
to the applied bias voltage. This allows the separation of the quadratic part which only
depends on the topology of the sample surface, from the rest of the measured force. We then
discuss the measured quadratic electrostatic force above a selection of nanostructures with
particular focus on tip like elevations and holes in the sample surface.

The contributions to the electrostatic force that are linear in the bias voltage arise from
electric fields that do not depend on the sample bias voltage. They are subject of the fol-
lowing sections. Here, we discuss possible origins, such as trapped charges or electrostatic
surface patches. We obtain evidence for the latter from close distance force field mapping
and identify the SEM imaging of the sample as a source of additional contamination of the
sample.

71



2 Electrostatic force fields above nanostructured surfaces

At the end of the chapter we address a combined measurement of the force and force gra-
dient which is possible thanks to the fast measurement protocols introduced in the previous
chapter. The force gradients obtained from both distinct measurements present a very good
qualitative agreement, which can be regarded as a validation of the force sensing protocols
developed in this thesis.
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2.1 Electrostatic Maxwell stress tensor

2.1 Electrostatic Maxwell stress tensor

In 1873 Maxwell formulated a general integral expression to calculate the force experi-
enced by an object O enclosed by a surface S due to a surrounding electromagnetic field
E [71]:

F= <£<T> - fdS. (2.1)

This Maxwell stress integral is the surface integral of the time averaged ((...)) stress
tensor T on the closed surface S that encloses the object O as illustrated in Figure 2.1a,
where 1 is the outwards pointing normal vector of S.

This section discusses how the stress tensor provides a mean to understand the electro-
static force experienced by a particle immersed in an electrostatic field, and will serve
subsequently to analyze the contributions of residual electrical fields and of the vacuum
fluctuations of the electromagnetic (EM) field as the origin of the Casimir forces. The de-
scription of the force in terms of local fields (of controlled or uncontrolled origin) allows
a better understanding of the forces measured with the nanowire force probe.

2.1.1 Formulation

In the so-called Lorentz representation [27, 47] the individual elements of the 3 x 3
Maxwell tensor T in the cartesian representation are given by:

S

’I;] — gOEiEj + iBlBJ - %(E'OEZ + iBz) ij> (2.2)
Ho

Ho
where E; are the cartesian projections of the electric field vector and B; those of the
magnetic field. §; is the Kronecker delta function. In the static and non-magnetic case,
where neither currents nor magnetic dipoles are present, the force only depends on the
electric fields and the elements T;; become

1
’TU = EOEiEj - EEOEZCSU' (23)

Following the Maxwell stress tensor formalism, we will now discuss the different con-
tributions to the electrostatic force from each face of the nanowire surface, and subse-
quently the contributions of the different electric fields surrounding the nanowire.
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2 Electrostatic force fields above nanostructured surfaces

Fig. 2.1: (a) A test object O in an electric field experiences a force that can be computed by in-
tegrating the electromagnetic stress tensor over the surface A. (b) integration surface
on the lower end of the nanowire (blue) that is immersed in the electric field (black
lines), created between the grounded NW support and an electrode. The field gradient is
strongest close to the tip of the nanowire while the field found at larger height is nearly
homogeneous. The same geometry but in 3D is depicted in (c).

2.1.2 A qualitative approach to the sources of the electrostatic force

The integration of the Maxwell stress tensor provides the force vector that acts on the
enclosed body. For nanowire based force measurements, the horizontal force is of par-
ticular interest since it directly impacts the transverse mechanical oscillations of the
nanowire, while the vertical component of the force is hardly detected. The latter may
cause a stiffening of the nanowire, but the sensitivity to the vertical force is negligible
compared to the lateral force gradients. In order to get a better understanding of the
field’s different contributions, we can decompose the stress tensor integral into the dif-
ferent contributions from each elementary surface (compare Figure 2.1b) surrounding
the nanowire:

F:F1+F2+F3+F4

= J Th,dS + J ThydS + f ThsdS + I Th,dS. (2.4)

Sy Sz S3 Sq

Here T is the stress tensor in two dimensions evaluated at each surface and n; is the
outward pointing normal vector of each integration surface. For simplicity, we limit the
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2.1 Electrostatic Maxwell stress tensor

following discussion to the 2D xy-plane. The contributions for each boundary surface
S; to the total force F; in the xy base can then be written as

i le — Txx Txy 0 _ _ExEy
F, = (Fly) = J(Tyx T, )(_1)(15 = JEO(%(ExEx . EyEy) ds (2.5)
S1 3
1
F2 = (EO<2(EXEX EyEy))dS (26)
J E,E,
Sz
Fs = ( ExEy ds 2.7
3 —5 ) ~(=E(E, + E,E,) (2.7)
3
1
-(—E.E.+ EE
F, = (£O<2( xEx; y y))dS. 28)
J - X y
N

4

The contributions to F, — the first vectorial component — from the top and bottom (sur-
face 1 and 3) of the integration volume consist in the product of horizontal and vertical
fields, while for the left and right surfaces one calculates the difference of the horizon-
tal and vertical fields. If the nanowire is much thinner than the characteristical size of
the electric field variations, we can assume that, for a dielectric nanowire, the field on
both side surfaces is quasi identical and thus we have F, = —F,, so that they cancel
each other in Equation 2.4. Also, when the top integration surface is far enough from
the electrode, its contribution will be negligible. Hence, this very general reasoning sug-
gests that the main contribution to the horizontal force comes from the bottom surface of
the nanowire, where the electric fields are maximal when approaching nanostructured
surfaces.

The above qualitative analysis can be verified with numerical simulations, as explained
in box 2.a.
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2 Electrostatic force fields above nanostructured surfaces

Panel 2.a: The Maxwell Tensor at the Nanowire Extremity

76

The electrostatic force exerted on a nanowire, by the field produced by an elec-
trode beneath the nanowire’s free end, is purely determined by the fields around
its extremity. In order to evaluate the different contributions and to validate this
assumption, we performed an electrostatic study in COMSOL, where we placed
the nanowire above a surface which has a spherical elevation — the electrode. We
then simulate the fields around the nanowire’s extremity as we apply a voltage
(1V) on the bottom electrode and zero potential at the top surface of the simula-
tion volume. The resulting field is therefore, as in the experimental setup, oriented
along the vertical y-direction, with the exception of the regions around the dome
and the nanowire tip.

With the calculated fields, we can then evaluate the stress tensor integrals which
for the horizontal force F, are:

&
F. = J EO(ExEx — EyEy)n dS, for vertical surfaces, and

S (2.9)
1, = J &E.E,ndS, for horizontal surfaces.
S

We can then compare the force contribution by each of the lower integration sur-
faces (the horizontal field at the top boundary is negligibly small due to the ge-
ometry, so this surface can be neglected). Figure 2.2 presents the results for the
case where the nanowire is close to the dome, so that the electric field is highly
inhomogeneous, and for the case, where the nanowire is far away from the dome
but still close to the surface.

For both cases, the integrals computed along the vertical side boundaries add
up to zero (black curve), which means that the force on the nanowire is domi-
nated by the bottom surface contribution where the field product is E,E,. Fur-
thermore, this observation illustrates the fact that the electrostatic force can be
regarded as being strongly localized at the nanowire extremity. As such, its im-
pact on the different eigenmodes can be modelled as a point like volumetric force
source. In the case of a high field variability — as close to a structured surface
—, this product can vary significantly. However, for a larger nanowire-surface
distance, the field is more homogeneous, and one can approximate the force by
F, = =S & EJ(x1,y1) E,(x1, y1), where (xi, y1) is a point that marks the tip of the
nanowire, in order to estimate the order of magnitude of the expected force.
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Fig. 2.2: Simulations (COMSOL) of the electrostatic field around a dielectric SiC nanowire
(with diameter d = 160nm) positioned above a flat electrode with a spheri-
cal dome. Two situations are simulated, at small distance above the dome
(x = 250nm,y = 0nm) (a), and at larger distance (x = 1000nm,y = 50nm) (b).
The simulation geometry is sketched in the two small insets. The top row illus-
trates the electric field amplitude around the nanowire tip — the dome is visible
as white area in the bottom left corner of the left plot. The integration surfaces
for the Maxwell tensor are indicated by the coloured lines placed 15nm away
from the nanowire extremity. The bottom graphs show the result of the force in-
tegral for the horizontal force component F, = & ijnde, evaluated for different
heights h of the side integration surfaces (x-axis). The different colors (blue, or-
ange, green) correspond to each surface indicated in the top row of plots. The
black line is the sum of the force integral on left and right side which cancel each
other out, so that in the resulting force, only the contribution of the bottom part
of the nanowire plays a role. The dotted lines show the force from an evaluation
of the Maxwell tensor in a single point F, = -S €, E, (X, Y,) Ey(x1,y1), for the points

indicated by the coloured dots in the top images.

Finally, when the electric fields are quasi homogeneous over the nanowire bottom sur-
face, which is the case when the nanowire is not too close to the surface under investi-
gation, the electrostatic force can be approximated by

F, = —&SE,E,. (2.10)

In terms of magnitude, if we position the nanowire above a microsphere with a diameter
of 500 nm, the fields at the nanowire’s extremity are in the order of 1 - 10°Vm™!, for a
bias voltage of 1 V. With a nanowire diameter of 160 nm, this yields a force in the order
of few femto-newton.
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2 Electrostatic force fields above nanostructured surfaces

2.1.3 The role of geometry

We have discussed that the fields at the very end of the nanowire are the main source of
the electrostatic force. These local fields depend strongly on the geometry of the sample
electrode as illustrated by the comparison of different surface structuration in Figure 2.3.
While in the common plate-plate capacitor, we have a constant field E, = 0, E,, = V},,,/d,
the introduction of a structuration, such as a dome (2.3b) or a hole (2.3c), locally re-
shapes the field. For larger distances to the structured surface, the field perturbations
vanish and one retrieves the case of the plate-plate capacitor. At short distances, the field
strength can be approximated by the quotient of the voltage and curvature of the surface
deformation V /r,,,., which can be significantly larger than the quasi homogeneous field
found at higher altitudes, especially when approaching nanostructures.
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Fig. 2.3: Numerical simulations of the electric field (arrows) and potential found between a bi-
ased bottom surface and a grounded top electrode, for three different geometries of the
bias sample: (a) flat, or with a dome (b) and a depression (c). In the vicinity of the geo-
metric defect, the strength of the electric field does not depend anymore on the distance
to the top electrode, but only on the defect geometry. The bottom row of plots shows
the force in x-direction calculated via the approximation F, = -SeyELE, (with S the size

of the bottom surface of a nanowire with radius 80 nm), for the same three geometries
(flat d, protrusion e, depression f).

Thus, the geometric structurations of a surface shape the electric field and are therefore
encoded in the electrostatic force experienced by the nanowire. In addition, the trap-
ping or anti-trapping character of the electrostatic force field can directly be attributed
to a protrusion or to a depression in the sample potential. The measurement of the
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2.1 Electrostatic Maxwell stress tensor

electrostatic force can therefore be regarded as a microscopy tool to image the sample
topography.

2.1.4 The effect of residual parasitic electrostatic fields

In practice, the electrostatic environment is the sum of many contributions. While the
previously described effect from the electric field gradients created by geometric defor-
mations can be controlled via the applied bias voltage, other residual fields are typically
present which are independent of the bias voltage, contributing to the stress tensor in-
tegral as well. Those are caused, for instance, by the presence of domains of different
crystal orientations in the material which change the local material workfunction, or by
the presence of locally trapped charges, adsorbed molecules or surface contaminants.
Figure Figure 2.4 illustrates these different mechanisms.

GND

Contamination Patches Topology © Charges
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vegy Y
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Fig. 2.4: The figure shows an enlarged view on the sources of the electrostatic force when the
nanowire (left) is approached to a surface. From left to right these are: Trapped charges
on the nanowire. The electrostatic field gradient created by deviations from a perfectly
flat plate when a bias voltage V is applied to the sample. Surface patches (illustrated as
grain like objects at the surface, corresponding to monocrystalline grains). Contamina-
tion of the sample.

The residual fields present a different spatial profile compared to the field created by the

electrode. One can write the electric field as a superposition of both, the electrode’s field,
which linearly depends on the bias voltage V, and the residual fields: E = Ey + E,. With
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2 Electrostatic force fields above nanostructured surfaces

the approximation from (2.10) F, « E,E, for the horizontal force, we now obtain for the
force at the extremity of the nanowire:

F, o (Eyx+ Ep.)(Ev,y + By )

X EV,xEV,y + EV,yEp,x + EV,pr,y +Ep,xE

p.y >
—_—
V2 oV

(2.11)

so in total, the horizontal force takes a parabolic dependence of the applied voltage:
F.=aV:+AV+y, (2.12)

where the quadratic coefficient @ is unchanged compared to the ideal case of a perfect
sample without residual fields at its surface and only depends on the shape of the field
which is created by the electrode. The constant term y depends only on the residual field,
while the linear term A combines both effects, and shifts the parabola as illustrated in
Figure 2.5.

Linear
_ “electrostatic force (A)

Fig. 2.5: Dissection of the parabolic force (black) in dependence of the control voltage V into its
different contributions: The quadratic dipolar term (blue) contributes via the coefficient
a (here a < 0). The linear force, caused by residual fields Ep introduces the coefficient A

and the offset y, which displace the parabola along a line. This parabola shift holds for
any type of linear effect that causes voltage independent residual fields.

2.1.5 The electrostatic force parabola

The electrostatic force experienced by the nanowire during force microscopy measure-
ments originates from the electric field that permeates the dielectric. The sample topog-
raphy, the possible residual charge and electrostatic patch distributions, and the applied
test voltages affect the electric field that surrounds the nanowire, and thus the experi-
enced force. In the following, we will first be interested in imaging the surfaces by means
of the electrostatic force their topography generates. To do so, we will bias the sample
under investigation, a metallic nanostructure, and vary the bias voltage. Based on the
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2.1 Electrostatic Maxwell stress tensor

stress tensor integral, this will cause a parabolic dependence of the force on the applied
test voltage, which is described in this section, while the effects of residual electrostatic
fields will be described in the second part of the chapter.

In the simplest configuration, an electrode carrying a potential Vis positioned close to the
dielectric nanowire whose upper extremity is attached to a grounded metallic support.
This configuration is outlined in Figure 2.1b. The nanowire presents a very high aspect
ratio and thus the distance between the nanowire tip and the electrode is much smaller
than the distance between the electrode and the grounded nanowire support. Except
for region close to the support, where the mechanical mode profile presents no defor-
mation, the field profile in the upper part of the nanowire is thus quasi homogeneous,
and will not contribute to the transverse force experienced by the first eigenmodes, as
illustrated in the upper half of Figure 2.1b. This, and the fact that the mechanical motion
of the nanowire is maximal at its lower end allow choosing an integration surface that
intersects the nanowire at a certain height where the local field gradient is negligible.
This approximation would be less valid if some charges are present on the nanowire, but
we will consider in the following an electrically neutral, dielectric nanowire.

In absence of any residual electric field at any position, the electric field scales propor-
tionally with the applied voltage E = —VV, leading to a quadratic dependence of the
stress tensor, and thus of the force on the bias voltage: T;j o aV?, so that the force de-
pends quadratically on the bias voltage. One can also understand this dependency by
considering the nanowire tip as a voltage biased capacitor, with a capacitance depending
on the nanowire position. The electric energy stored in the system thus depends on the
nanowire position, which is at the origin of the electrostatic force (the gradient of the
stored energy).

With its small diameter of less than 200 nm, we can assume that the nanowire is only
polarizable along its length — the y-direction. This polarization over a large part of the
nanowire’s length (multiple micrometer) causes localized charges at the nanowire ex-
tremity.

The curvature of the force parabola solely depends on the electric field structure, which
is governed by the geometry of the sample under test and the electric permittivity e
of the nanowire. While the electrostatic force on a neutral polarizable object is purely
quadratic in the bias voltage in absence of residual electric fields, there exist different
mechanisms that modify this dependency. For example, if a charge g is present on the
nanowire, it will experience a Coulomb force gE, which depends linearly on the bias
voltage.

Another deviation arises from the difference between the workfunctions of the materials
constituting electrode and nanowire. The workfunction is the potential energy differ-
ence of an infinitely far placed test charge and the surface fermi-level of a material [59]. It
depends on the surface charge distribution in a material and is thus susceptible to crystal
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2 Electrostatic force fields above nanostructured surfaces

arrangement at the surface and the chemical surface properties [5]. Variations between
different metals are in the order of few 100 mV, while the exact value in semiconductors
depends on the doping level.

This workfunction difference means that there will remain some residual electric fields
between the two electrodes even at zero bias, meaning that the condition of zero electric
field will be met at a different bias value, V. The expression of the force can be recasted
into: F = £(V — V,)? where the quadratic coefficient f, only contains the geometrical
aspects of the field and is not modified by the presence of residual electric fields.

Finally, the above description was restricted to static electric fields. A (slowly) time
varying electric field will contribute as a parasitic term in the tensor: when multiplied
with the static terms, it will generate a time varying force, which impacts the nanowire,
but in principle not its time averaged mechanical properties, which are at the center of
the measurement protocols described above. Their quadratic contributions may on the
contrary cause a rms static force, which cannot be simply mitigated. The specific case of
the vacuum fluctuations at the origin of the Casimir forces will be discussed in the next
chapter.

2.2 Samples

This section discusses measurements of the electrostatic force field above nano-structured
metal surfaces. The structuration of a flat metal substrate is either positive, meaning that
the surface has elevated structures, or negative where the metallic surface is removed or
drilled into. Electrodes with such nano-structurations create electric field gradients that
cause an electrostatic force on the polarizable nanowire.

Samples used in this study are built based on AFM cantilevers that have the advantage
to come with a well characterized probe tip that, when mounted inversely — facing the
nanowire — represents a quasi-point like electrode. They are also not too extended along
their transverse direction (20 pm to 40 um), which prevents cutting the optical beam, and
thus they do not alter the optical readout. For a metallic surface, we either purchase
probes made for Kelvin probe force microscopy where the electrostatic force between
the AFM tip and the sample surface is measured as function of the bias voltage and
the tip itself is electrically contacted, or coat bare Si or SiN cantilevers with a metallic
layer using electron beam induced evaporation. The first tip discussed in this section is
a pointed, platinum coated tip. The second tip is a rounded tip on a silicon cantilever
with 250 nm curvature radius, coated with approximately 30 nm gold layer with a few
nanometer of chromium (Cr) as adhesion layer, using a multi angle deposition recipe
(60°: 4nm /30°: 4nm / 0°: 16nm / 30°: 4nm / 60°: 4nm ~ 32nm ) realized by Simon
Le Denmat. Figure 2.6 shows a selection of scanning electron microscopy imaged of the
two tips and the processed cantilevers.
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2.2 Samples

Fig. 2.6: Scanning electron microscope (SEM) images of the sample structures of this study. (a)
The pointed cantilever probe with a sharp tip. (b) Rounded tip with 250 nm radius. (a)
and (b) have been obtained from the manufacturer [2] . (¢) The round tip after gold de-
position and force measurements shows still a homogeneous undamaged surface. (d)
Cantilever with the pointed tip and the first edition of holes created by FIB. The large
image taken with the In-Lens detector of the SEM shows the back of the cantilever with
the conically edged holes. The lower inset taken with the secondary electron detector
shows the top surface with the visible tip at the cantilever's end. The secondary elec-
tron detector has a large collection angle for the scattered electrons at the backside of
the sample where the surrounding area of the hole shows up as white halos due to its
reduced thickness. This is also visible in the magnified view in (g). (e) shows a close up
image of one of the smaller holes with about 100 nm radius. (f) Back side of the second
edition of holes in a cantilever. A cross like hole was added as reference. This sample
has not been imaged from the front side to protect the surface from electron radiation
and contamination. (h) lllustration of the successive focussed ion beam etching steps.
On the back surface, material is removed in concentric circles with stepwise reduced
diameter until the central area is only a thin layer of Si substrate plus the underlying
metal surface. A hole with the desired diameter is then etched through this remaining
layer.

The negative structures for which metal material is removes from the surface of the
cantilever have been fabricated by the NanoFab team at Institut Néel (Jean Francois Motte
and Gwenaelle Julie) with focussed ion beam etching, allowing sharp edges as small as
20 nm. The investigated shapes in this work are round holes and trenches that penetrate
through the entire cantilever, so that the physics is dominated by the missing metal and
not by the possibly underlying semiconductor.
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2 Electrostatic force fields above nanostructured surfaces

For the final samples, the FIB etching was realized with minimal SEM imaging since
we observed that it was responsible for contamination of the samples. To do so, the
alignment of ion and electron beams is performed in a separate region on the sample, and
SEM imaging is only realized with large field of view to select the processing area before
the FIB etching sequences are initiated. Also, the holes are realized from the bottom
part of the cantilever so that collisions between scattered ions and the upper metallic
surface where the experiments will be conducted are reduced. To dig through the 2pm
silicon cantilevers, the process starts by using a large aperture and larger currents to thin
down the material, followed by a more precisely controlled step on smaller thicknesses.
For further optimization of the fabrication process, one should conduct tests in order to
minimize the re-deposition of the etched material on the cantilever. For this work, we
realized holes with diameters ranging from 100 nm to 3000 nm.

Panel 2.b: Nanowires

The nanowires referenced in the measurements throughout this thesis have all
been mounted under an optical microscope and partly characterized further us-
ing SEM imaging. As mentioned earlier, we rather refrain from using this char-
acterization before employing the nanowires as force sensors since we observed
significant surface damage and contamination caused by SEM imaging. However,
the lifetime of a nanowire as a force probe is indeed pretty long, and we can
keep them for months on average, without observing noticeable degradation, even
when touching the sample surface unintentionally. They can also be subjected to
many pressure cycles without showing appreciable modifications of their mechan-
ical properties. The following table gives an overview of the employed nanowires
in this work. Values in red are estimates where a proper characterization, for in-
stance by SEM imaging, has not been performed. Due to nanowire loss during
handling and operation, not all nanowires could be imaged subsequent to their
use as force probes.

Tab. 2.1: Main nanowires used in this work. The relatively low Q factor of NW3 compared
to the others originates from the fact that it has been employed mostly under
modest vacuum for the realization and analysis of artificial force fields (chapter
Chapter 4) while the others were used as force mapping probes.

NW1 NW1  NW2 NW3
2nd mode
f, [ Hz 12681 77460.71 18663 8275
f, | Hz 12860 7792226 26489 8341
r/ Hz 21 151 4.8 15.9
Q 6100 5100 4700 500
M / PE 4.5 0.8 75
L/pum 170 - 130 200 (130)
d/nm 200 - 100 300

84



2.3 Force field topology from force divergence

2.3 Force field topology from force divergence

In Section 1.1.2.3 we introduced the force field’s divergence as an accessible and experi-
mentally robust quantity that reflects the geometric properties of the force field and tells
about the underlying sample structure. With the scanning probe setup described in Sec-
tion 1.4, this quantity can be directly accessed via the nanowire’s resonance frequencies,
recorded and plotted in realtime with the protocols developed in this work. Figure 2.7
shows a selection of force divergence measurements, taken either for orientation and
localization purposes (large view field) or for the refined mapping of the force field’s
shape. They are taken in a rapid imaging mode, where the full maps are acquired in
approximately 1 min to 10 min. All images map the force above different holes drilled in
the cantilever surface for a constant bias voltage. While the holes appear as dark spots
in most images, there are two cases where the divergence shows ring like features with
a bright spot in the hole’s center (2.7d, 2.7g).

As the electric field gradient is strongest close to sharp edges, we expect that the force
and its divergence are also strongest in vicinity to edges. This is what we see as bright
features in 2.7b. Note that the different images are not comparable quantitatively as they
are taken above different materials using different nanowires with different vibration
frequencies and experimental settings, such as height and applied bias control voltage.
However, they represent a valuable amount of information about the sample and the
physics.

The presented maps provide an essential tool for orientation and localization of nano-
structures on the sample surface so that one can easily choose the scan area for more
detailed studies. They also give an insight in the basic phenomenology. The general
observation that holes are presented as dark spots with smaller divergence (panels 2.7b,
2.7d, 2.7f and 2.7g ) shows that they create a trapping potential for the nanowire as will
be discussed later in greater detail. Additionally, the maps contain information about
the sample itself. While the sample surface in 2.7b is homogeneous with only a single
contamination at the bottom right of the cantilever, the image 2.7a shows different large
rectangular areas that do not correspond to physical structures but rather to contami-
nation of the sample surface during the fabrication and SEM imaging process.

2.3.1 Force field at different bias potential

Figure 2.8 displays the measured force field divergence above the round metallic tip at
four different applied bias voltages. The first global observation is that the divergence
above the tip is smaller than at the edges of the scan area. This demonstrates that the

'The divergence is here uncalibrated which means that the effective mass of the nanowire’s (in the order
of picogram) is not taken into account. The presented form is the typical image one gets out of a single
horizontal scan at a fixed bias voltage.
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Fig. 2.7: Maps of the uncalibrated force field divergence'measured at a fixed values of the applied
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control voltage for orientation and localization purpose. (a) and (b) show the processed
areas of two nanostructured cantilever beams in which holes were etched by focussed
ion beam etching. Image (c) in the second row is a close up scan over a hole in the
top region of the cantilever in (a) and (d) represents a scan above one of the smaller
holes in the lower part of (a). (e) shows a row of holes on another sample and (f) and
(g) were taken on the structures shown in (b). The different control voltages and local
residual fields (as well as nanowire/sample properties) for each map cause a different
appearance of similar structures between the images (e.g. high divergence values at hole
edges in (b) vs dark circles in (e)).
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Fig. 2.8: Force divergence measured above the rounded tip at different voltages. While the
smaller divergence values (blue), measured above the tip, indicate a trapping force for
all applied voltages, the geometric shape of this force changes from a large trapping
area for higher positive voltages with a small point of a high divergence via the inverse
of this shape at -20 mV to a sharply pronounced circular region of trapping force at the
largest negative voltage. The varying shape of the divergence can be explained by force
contributions which depend on the position above the sample and that do not scale
quadratically with the applied voltage. These contributions are associated to the exis-
tence of residual electric fields.

nanowire is attracted towards the stronger electric field above the tip, which means
that the force would tend to trap the nanowire above the tip. Figure 2.9 illustrates this
reasoning of a trapping potential.

A second observation in the results in Figure 2.8 is that the strength of the trapping (the
blueness) depends on the voltage and is stronger for higher applied voltages. This effect
is associated to the quadratic dependence of the force on the applied voltage.

The probably most important third observation is that the shape of the measured di-
vergence strongly varies with voltage and even shows artefacts such as the small bright
spot that appears in the region of small divergence above the tip at high applied voltages.
These variations cannot be ascribed to the expected quadratic electrostatic force on the
polarizable nanowire but suggests that another significant force contribution is present
which scales differently with the applied voltage. In order to access the different force
components it is therefore necessary to characterize the voltage dependence of the force
field. To do so, we implemented a stable measurement procedure that samples the force
parabola at each spatial point for progressively varied bias voltages. The technique and
its results are subject of the next section.
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2 Electrostatic force fields above nanostructured surfaces

Fig. 2.9: Illustration of the trapping property of the force field above an electrostatic tip. When
approaching the nanowire, it feels an attraction towards the increasing field gradient
above the tip, thus a positive force F(x). Directly above the tip, the horizontal force
is zero but moving towards larger x, the nanowire experiences a force pulling it back
towards the tip direction with a negative F(x). Hence, the force is trapping the nanowire.
The curve of o, F depicts the measured force divergence with a local minimum above the

tip.

2.4 Measuring the electrostatic force parabola

To measure the force’s dependence on the applied voltage, we add a point wise volt-
age scan to the measurement sequence (compare Section 1.5) where the applied voltage
is swept from a lower limit to an upper limit and back. This bidirectional scan allows
excluding hysteresis effects that may arise in presence of too large force gradients for
example, and avoids abrupt jumps in the applied voltage. It is possible to perform an au-
tomated fit to the acquired divergence parabola and to redefine the voltage limits based
on this fit. This is particularly useful during scans realized when approaching the sur-
face. In general, a large voltage excursion, typically in the range of 1V, needs to be
applied in order to create a measurable force field at large distances, while a voltage in
the mV regime is sufficient at small distances to create similar force fields.

The measured divergence has the expected parabolic shape as exemplarily shown in
Figure 2.10 where the results for three locations above a pierced cantilever surface are
presented. Here, we see the three cases with positive, negative and nearly no curvature
of the parabolas. A linear shift of the parabolas is not immediately visible but one can
observe a vertical offset of the parabolas’ extrema. The curve above the hole’s center
shows a strong deviation of the parabolic shape in the regime of low voltages, which is
most likely caused by the effect of a static displacement (compare box 1.a) that becomes
significant when operating at larger fields and is characterized by a larger error of the
measured divergence due to less stable PLL operations.

Figure 2.11a shows the recorded parabolas above the round tip and Figure 2.11b the
divergence parabolas above a hole with a radius of 650 nm estimated from SEM images
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Fig. 2.10: Some of the measured parabolas at different locations above a hole in a metallic surface
(see figure 2.11b). The shaded area presents the 20 interval of the divergence obtained
from the statistical error of the PLL. The dashed lines show the fit result of the parabo-
las. In order to achieve the good quality of the presented fits, we weight the data points
by their error and exclude data from the fit where the error is too large or where the
PLL phase is far from the lock setpoint.

of the cantilever’s back. The colorscale shows the quadratic divergence coeficient that
we will further call @. Both scans have been conducted with fixed voltage range with
V € [-0.2;0.8] V for both measurement.

The curvature of the divergence parabolas above the tip in 2.11a is negative everywhere,
indicating that the electrostatic force is indeed purely trapping with its maximum di-
rectly above the tip. In this central region, we observe a small deviation from the ideal
parabolic shape at the rightmost segment of each parabola. Since the shown data is
obtained from the unprocessed resonance frequencies, acquired with the dual PLL fre-
quency tracking, we interpret this deviation as measurement artefact that appears when
the frequency lock operates at its limits, which is the case when the forces are strong
enough to displace the nanowire statically (as mentioned above) and to rotate its eigen-
modes. In practice, the rotation of the eigenmode basis is often the origin of a loss of
the PLL lock, due to the reduction of the projected driven signal on the measurement
channel. The phase error of the PLLs, as well as the amplitude of the demodulated driven
signals — which is also recorded in realtime - represents a criterion to sort out the re-
liable data points and we typically neglect points where the phase error is larger than
an equivalent frequency shift of 15Hz (around 3 to 10 times the mechanical linewidth
I') in the processing of the data. Additionally, each measurement at a given position and
voltage consists of an ensemble of successive acquisitions performed during the mea-
surement time per point that is in the range between 50 and 200 ms so that we can use
the statistical error of this ensemble as weights in the fit routine.

The force divergence above the hole in Figure 2.11b also shows the strongest effects

above the structure but instead of a trapping potential the quadratic force field above
the hole is anti-trapping. The nearly flat parabolas at points far away from the hole get
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Fig. 2.11: The force divergence parabolas measured at each spatial point above a tip electrode

a

(@) and a hole in a metal coated cantilever (b). The voltage range for the parabolas
in both cases is V € [-0.2;0.8] V. The heights of the drawn parabolas are calibrated
to the common maximal amplitude, making the comparison between points possible.
The color of the parabola indicates the local curvature a which is the term of the force
divergence scaling quadratic with the applied voltage.

clearly negative curvature when approaching the hole’s perimeter before the curvature

is inverted and reaches its maximum at the hole’s center.
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2.5 Mapping of the electrostatic force

Figure 2.12 shows the electrostatic quadratic force contribution above four different
nanostructures. The force above the tip that has been discussed above is displayed in
2.12a. Compared to the force divergence measured at different bias voltages in Figure 2.8,
the here presented o does not show any structuration other than the negative, trapping
area above the tip. The map of a circular hole in Figure 2.12b shows a different pattern
with a dominant positive « above the hole — meaning that the nanowire experiences
an anti-trapping electrostatic force field. It is surrounded by a ring of negative values
which indicates a locally trapping force field. This trapping ring is caused by the attrac-
tive electrostatic force towards the edge of the hole, where the electric field gradient is
the most intense. Seen from the center of the hole, the nanowire is therefore attracted
towards all directions since the electric field gradient increases uniformly. Thus, the
hole’s center represents an unfavourable rest position and the local force field is anti-
trapping. The stiffness of the electrostatic anti-trapping force field remains however sig-
nificantly smaller than the nanowire’s restoring force, avoiding bi-stability or so-called
lateral “jump to contact”.

Measurements above flat sample structures that do not protrude much above the surface,
such as the hole geometry, also allow exploration of the force fields originating from
the surrounding substrate itself. Here, this can be seen as small irregular patterns that
appear in the top part of the image, which are caused by a granular surface structure of
the metallic substrate. The fact that these patterns are only visible at one edge of the
image tells us that the sample or one of the translation axes is slightly tilted, so that
the nanowire is closer to the sample at the top of the map than at the bottom. In order
to see the effects from the intrinsic surface structuration, the nanowire-sample distance
typically needs to be below 50 nm to 100 nm.

Figure 2.12c shows a structure similar to the hole but in the form of a cross. Again, the
force field above the trenches which fully traverse the cantilever, is anti-trapping, which
is visible in all four arms. The situation at the cross’ center resembles that of a hole with
a 2D anti-trapping strength and a larger value of « than for the anti-trapping 1D regions
on the arms. We can also identify the attractive edges of the cross as slightly negative
regions, surrounding the trenches, that are more pronounced in the right part of the
image than on the left hand side which hints to a slight tilt of the scan. As a remark,
those measurements are realized with a cross oriented along the uncoupled eigenmode
orientations: as such, the structure of the force field along each arms is quasi uniaxial
and does not lead to appreciable eigenmode rotations in those areas, which facilitates
the measurement.

The intrinsic force map measured above a metallic surface is presented in the map 2.12e.

The map, acquired around 50 nm to 100 nm above the surface shows mostly negative o
varying on typical transverse dimensions of 100 nm showing a grainy structure. This
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Fig. 2.12: Dipolar force maps above a tip (a), a hole (b), a cross like hole (c), a flat metal coated
surface (d) and a metal coated disk (e). The disk has been measured by Hugo Weltz so
the nanowire it was measured with is not in the list in box 2.b.

geometry typically recalls the grain structure observed on evaporated metallic layers
(see SEM image 2.6e).

We will next focus on the geometrical electrostatic force divergence measured above
different holes and take a look at the theoretical expectations for this type of structure
obtained from numerical simulations.

2.6 Electrostatic force above a hole nanostructure

A geometric argument predicts that there should exist a region where a vertically po-
larized dipole is repelled by a hole drilled in a metallic plate: at infinity, the interaction
strength is zero and thus the potential energy is identical with that at the position where
it is vertically centred in the opening of the hole (here, the dipole field lines are perfectly
normal to the opened plane). At distances farther away than the opening of the hole,
the plate resembles a closed surface towards which the dipole is attracted, therefore
there must be a vertically repelling region at shorter distances [64]. As such, the dipole
will experience a vertically trapping point, at the inversion of the vertical force. As a
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2.6 Electrostatic force above a hole nanostructure

consequence of the Earnshaw ’s theorem, the force should be laterally repulsive at that
location [47, 64].

While those remarks apply for a dipole and the nanowire is not completely equivalent
to a dipole, due to its elongated geometry, it still is expected that it should experience
a similar, laterally anti-trapping force field. The above observation of an anti-trapping
force field can also be simply understood with the idea that the nanowire is attracted
towards the edges of the hole, where the electric field is maximal.

Even though the nanowire probe is not sensitive to vertical forces, a vertically repulsive
region implies a detectable non-equilibrium in 3D due to Earnshaw’s theorem [47]. The
example for a simple dipole indicates that geometrically more advanced sample struc-
tures come with more complex phenomena that can be probed with high sensitivity,
using nanowire force field microscopy.

In previous setups it has been very difficult to approach surfaces in a safe and controlled
manner but the employment of the quasi realtime force field measurement protocols
now allows performing scans close to the surface of flat structures such as holes. With
their characteristic variation from locally trapping to anti-trapping areas, they present
an interesting test case.

Figure 2.13a and Figure 2.13b display the horizontal maps (parallel to the surface) above
two holes of different sizes. Both show the same features of an anti-trapping « in the
center and a ring with a trapping negative o at the holes’ perimeter. This ring is wider for
the larger hole (2.13a) which can be also seen in the line cuts shown in panels 2.13c and
2.13d. The first map has been taken at a larger height of about 300 nm, compared to the
second map of the smaller hole, which was measured close to the surface between ap-
proximately 50 nm to 150 nm. A consequence of the larger distance is that small distinct
features smear out.
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Fig. 2.13: The electrostatic quadratic force measured above two larger holes with = 500 nm diam-

Panel 2.c: Measuring with different mode families

eter (a,c) and = 400 nm diameter (b,d) is shown as horizontal map and line cut through
the hole (bottom). The white dashed lines in the top plot row represents the orientation
of the line cuts, the shaded area covers the data points that were averaged in order to
reduce the noise in the line cut. The first map has been measured at a height around
300 nm and the second closer to the surface around 50 nm to 150 nm. In both maps the
blue colored regions represent the trapping force field around the edges of the holes
and the positive a are created by the anti-trapping field in the center of the hole.

In Section 1.1 we discussed the properties of nanowires as force sensors and saw
that the second family of eigenmodes, which has one node in its longitudinal os-
cillation pattern, can be found at about six times higher frequency than the first
eigenmode family. Since the force sensitivity scales inversely with the frequency
of the oscillator, it is beneficial to work with the first eigenmode family if the max-
imum force sensitivity is desired. Additionally, the resonant mechanical response
of the first mode is six times larger, so that the driven signal is slightly enhanced
as well.

However, there are cases that benefit from the use of the second mode since, firstly,
it is less sensitive to strong local force gradients and can thus be used to measure
at smaller height above the sample where a frequency tracking of the first mode
would already fail due to the large eigenmode rotations induced by the force field.
Secondly, the higher frequency and the generally larger linewidth of the second
mode family allows faster measurements as one can work with a larger bandwidth
of the PLL’s phase detection. Thirdly, the higher frequencies are also generally




2.6 Electrostatic force above a hole nanostructure

associated to a larger frequency splitting Q3 — Q3, reducing the eigenmodes’ rota-
tions which scale with the ratio of transverse components g;; (i # j) to the mode
splitting.

In the case of measurements on nanostructured surfaces, one can often benefit
from the higher frequencies of the second mode family due to the advantages
stated above. The reduced force sensitivity is only a minor drawback since the
force gradients measured close (< 500nm) to the sample are rather strong (in
the fNnm™' regime). Therefore, some of the presented results in this section
are realized with the first mode family and others with the second mode fam-
ily. While, conceptually, there are no differences in the mathematical description
of the dressed modes of the first or second mode family, an experimental confir-
mation can underline this point.

Figure 2.14 shows the same vertical force divergence map above a small ((280+10) nm
diameter, measured with SEM) hole, measured with the first and second mode
family. Notably, the quality of the second mode family scan is better in terms
of noisiness close to the surface, while the first mode family scan shows large
amounts of noise close to the surface in the lower area of the maps. Still, both
maps reveal the same structure of the force field divergence with similar ampli-
tudes.

First mode family Second mode family

B 500 nm
I

i

30 20 -10 0 10 20 30 30 20 -10 0 10 20 30
o [ fN/nm/V2 o [ fN/nm/V2

Fig. 2.14: Vertical force divergence map above the same hole measured with the first mode
family (12 648 Hz and 12832 Hz) (a) and the second mode family (77 460 Hz and
77922 Hz) (b). The scans were conducted separately. The mode orientations of
the eigenmodes of both families that are indicated by the two insets are roughly
identical during the measurement. The plotted a are adjusted so that the value
measured at the largest height (3.4 um, out of the shown plot limits) is zero in
both measurements.
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2 Electrostatic force fields above nanostructured surfaces

This comparison between first and second mode family shows that both can be
used to measure the force gradient and that one can adapt the used mode family to
the measured sample in order to either boost the sensitivity using the first mode
or to increase measurement speed and stability with the higher frequency second
mode family.

The vertical dependence of « measured above a hole is shown in Figure 2.15a for the
first micrometer above the surface. Those vertical maps were taken along the orienta-
tion of an uncoupled eigenmode to minimize the eigenmode rotation. The nanowire to
sample distance can be determined much easier in such vertical maps since the last few
tens of nanometers above the cantilever often carry strong lateral electrical fields that
create large force gradients in which the resonance tracking with the PLL becomes in-
stable during scanning. The bottom region in the plot shows such a region of instability,
which is not necessarily a sign of a contact between nanowire and sample, as often, the
mechanical noise spectra can still be observed in such regions. However, in the right
side of the image, the nanowire is probably in contact with the sample. Due to the un-
stable PLL lock under large eigenmode rotations and the possibility of a contact between
nanowire and sample, the scan is performed by progressively approaching the sample
in the vertical y-direction for each horizontal point. Thus each line starts at a stable
reference height far away from the surface.

We again find the characteristic transition from negative to positive values of & when
approaching the hole’s center. The negative regions over the attractive edges of the hole
vanish more rapidly with distance than the positive central region that at distances above
500 nm is the only remaining sign of the hole. The line cuts in panel 2.15c obtained at
two different heights above the surface confirm this observation.

Comparing the two negative regions in the short distance line cut, one can see that the
left hand side reaches only one third of the minimum « of the right hand side. This is an
effect that can be attributed to the 2.5° inclination of the sample. It is not visible for the
larger distance line cut.

The right hand side panels 2.15b and 2.15d show the results of a numeric finite ele-
ment simulation that we have conducted using the COMSOL Multiphysics electrostatics
module. The simulation geometry is outlined in Figure 2.16 and consists of a nanowire
domain and a model of the cantilever with a circular hole that has a conically increas-
ing diameter from top to back surface. This represents the ion beam etch profile of the
hole in the sample, when drilling the hole from the bottom side. The nanowire length
is reduced by a factor of ten in order restrict the simulation time to a feasible duration
since it scales with simulation volume. While the force calculation is not affected by this
approximation since the electric field gradients are strongest at the end of the nanowire,
the electric field intensity of the experiment cannot be reproduced exactly. However, the
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Fig. 2.15: The vertical map of the dipolar force divergence measured above a hole in a cantilever
is shown in (a) and compared to a simulation (b). The lower plots show a linecut at
the height of the dashed lines for the experimental (c) and simulated (d) results. The
linecuts for simulation also include the case of a tilted nanowire (calculated based on
the projected force simulated for the straight nanowire). While the amplitude fo the
force divergence does not match between simulation and experiment, most likely due to
the reduced length of the nanowire in the simulation, the curves show good quantitative
agreement. Particularly the simulation for the tilted nanowire reproduces the deeper
dip on the right of the central positive domain that is observed in the experiment. The
tilt in the map in (a) is probably caused by two effects, a small tilt of the nanowire with
respect to the sample and a tilt of one of the piezo scanning axes.

simulation gives a reliable indication of the shape of the force field and, in general, also
an estimation of the expected order of magnitude of the force gradients.

The results in 2.15b show the same shape as for the experimentally measured hole, again
with a positive region that extends further into the vertical direction than the two sur-
rounding negative areas. Panel 2.15d presents a horizontal line cut of the simulation
results at a distance of 150 nm. The shape of the curve is similar to the experimental re-
sults at small height. Adding a 5° clockwise tilt* to the nanowire, one obtains the dashed
curve that agrees even better with the experimental results. Caused by the setup de-
sign, it is only possible to adjust the nanowire’s angle to a small degree by mechanically
bending the supporting tungsten wire. With the recently implemented improved sample

?Here we just calculate the horizontal force gradient in the tilted nanowire’s coordinates using the sim-
ulation results of the straight nanowire, by combining the vertical and horizontal forces simulated in
the vertical geometry. Simulation with truly tilted nanowires have shown that up to an inclination of
10°, the measured force can be safely approximated by a linear combination of the force vector simu-
lated in the vertical configuration along the projection of the measured force on the tilted nanowire
axis.
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Fig. 2.16: COMSOL Simulation geometry for a 3D electrostatic study with force calculation on the

10 um long nanowire (green) above a hole in a metal coated Si substrate (brown). The
electrodes are depicted in blue. The mesh is refined at boundaries with sharp cur-
vatures and at the end of the nanowire. The right image presents an example of the
simulated electric potential and field (red arrows).

holder it is now possible to adjust the tilt angle of the nanowire so that measurements
will not be affected by this geometric imperfection.
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2.7 Electrostatic force above a metallic tip

2.7 Electrostatic force above a metallic tip

Figure 2.17a presents the quadratic coefficient of the force gradient obtained from fits
to the acquired parabolas. The panels 2.17b and 2.17c show vertical measurements con-
ducted along the black and white dotted lines. The horizontal map has been measured
about 200 nm above the tip, indicated by the respective dotted lines in the vertical maps.
The horizontal scan direction of the vertical maps follows the eigenmode orientation of
the nanowire that is the direction with the least mode rotation. Little rotation means
stable readout, orienting the scan direction along the eigenmodes therefore ensures the
best measurement conditions. While the divergence coefficient for the horizontal map
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Fig. 217: The quadratic force divergence a above a rounded metallic tip (tip curvature radius
250 nm) is measured in the horizontal plane (a) and for two vertical cuts along the eigen-
mode orientation of the nanowire (b,c) in the rotated coordinates (x’, z’).

and the yz’-scan have similar maximal intensities, the absolute divergence measured in
the yx’-scan is smaller and the map shows artefacts at small y close to the tip. These
are the effects from measurement instabilities at small sample-nanowire spacings. The
smaller amplitude is likely caused by a small offset of the scan with respect to the center
of the tip electrode.

2.7.1 Comparison with simulations of the electrostatic force

In order to have an estimate of the expected electrostatic force gradient, we perform a
finite elements simulation using the electrostatic module of the COMSOL Multiphysics
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2 Electrostatic force fields above nanostructured surfaces

simulation software. The electrostatic simulation provides access to the electric fields
at each point of the evaluation grid of the simulation and implements the integration
of the Maxwell stress tensor over domain surfaces to calculate the electrostatic force on
objects. Figure 2.18 outlines the simulation geometry. We model the nanowire with the
material properties for SiC that are provided with the software, and the electrostatic tip
with the properties of gold. However, since we apply a fixed potential to the tip’s surface,
its material properties do not affect the simulation result’. The blue shade highlights the
electrodes in the illustration with the ground electrode being the upper boundary surface
of the simulation geometry. An optional charge can be added at the place indicated by
the green marker at the end of the nanowire. The simulation space represents one half of
the full geometry due to its symmetry, in the simulation we vary the nanowire’s position
along the x and y directions.

Fig. 2.18: The meshed geometry used in the electrostatic simulation of the force on a nanowire
in the electric field created by a conical tip electrode with 250 nm curvature. The simu-
lation axes are different from the experimental axes (y and z are swapped). Simulations
are typically performed for a number of coordinated in the xz plane.

Panel 2.d: Gradient o,F, vs divergence divF

In order to reduce the time needed for simulations, we typically perform linescans
of the nanowire above the 3D simulation geometry in the vertical plane. Thus, the
measured horizontal force acts only along one axis with the perpendicular force
component being zero due to symmetry. From such a measured force F,, one can
easily deduce the force gradient 9, F, along the scan axis. However, the gradient
only compares with the force divergence divF up to a certain degree as one can see
in Figure 2.19 for the simulated force field above an electrostatic tip electrode. In
particular, one can make the false assumption that the measured force divergence
should inhibit positive regions at the sides of the tip if one only looks at the force
gradient. Also, as logical consequence of the symmetry, the maximum divergence
is about a factor of two larger than the gradient.

*Indeed, the material properties matter if one wants to calculate the field in a body. The properties for
all metallic objects (where the internal fields are zero), are therefore irrelevant.
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Fig. 2.19: The force gradient and force divergence for a nanowire of 10 pm length and
160 nm length at a distance of d = 100 nm above a round tip with 250 nm cur-
vature radius. Both curves show similar features, however, the force divergence
does not show positive values, while the gradient does. Even a qualitative com-
parison of the measured force divergence to the simulated gradient can there-
fore be misleading.

The force divergence is the most accessible and informative quantity from a force
field measurement and one typically wants to compare the experimental results
to the simulated force divergence. In order to do so, the divergence can be cal-
culated from the simulated gradient. Exploiting the circular symmetry of most of
the regarded nanostructures, one can regard F, as centric radial force F, and thus
construct a 2D map F,(x, z) from which one then infers the 2D force field

F(x,z) = F(x,z) cos(0(x,z)), F,(x,z) = E(x,z) sin(6(x, z))

with 8§ = tan ,_Zc Having calculated F, and F, one now has access to the force
gradients in 2D and to the force divergence divF = 9,F, + 9,F,.

Figure 2.20 compares the measured force divergence in the vertical maps of Figure 2.17
with simulation results. Figures 2.20a and 2.20b present linecuts at different heights
through the yz’ and yx’ vertical measurements, where x” and z” are approximately the
direction of each eigenmode®. While all curves of the yz’ map are centralized around
the same z’, the curves in the yx’ map are shifting towards the left for larger heights.
This can either be a result of a non-perpendicular constellation between nanowire and
sample, or a misaligned movement of the piezo axis. Figure 2.20d therefore shows the
simulated force divergence for an inclined nanowire above a tip. While the shift to the
left is basically not visible, the divergence at positive x” becomes slightly positive for
small distances. This is contrary to the curve in 2.13b, where the divergence on the
left side is increasing for decreasing distances. It is therefore likely that a movement of

*Performing scans along the direction of an eigenmode minimizes the mode rotation and therefore pre-
vents the case where the one of the mode is not detected by one of the measurement channels.
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2 Electrostatic force fields above nanostructured surfaces

the piezo stage in y also displaces the sample along x’. A reason for this could be the
mechanical constrains imposed by the electrical connection of the sample.

Comparing experiment with simulation, one makes the general observation that the
horizontal span does not agree. In order to match the simulation to the experimental
results, the horizontal size needs to be doubled. We do not have an explication for this
difference. One possible, but unlikely explanation is that we conducted the measurement
on the wrong electrostatic tip as we worked with two types of samples, having both, tips
with a 250 nm and 500 nm curvature radius. However, despite this disagreement in the
horizontal size, one can make some qualitative observations.
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Fig. 2.20: Linecuts through the vertical measurement above the round tip in Figure 2.17 (a,b) are
compared to the simulation of a straight wire (¢) and a 10° tilted wire (d). The horizontal
axis of the simulations is stretched by a factor of two in order to match the experimental
data, possibly due to a mistake in the measurement (a measurement on a tip with larger
tip radius). We retrieve similar shape and amplitude of the simulated data when adding
a vertical correction of 180 nm to the simulated results. The measurement in the yx’
plane is subject to a non-perfect scan aligment as one observes a shift of the data to
the left when increasing the measurement height (highlighted by the orange line).

Firstly, the experimental data is decreasing more strongly when approaching the center
from either side, than the simulated curves. This is possibly caused by the cantilever
beneath the tip which adds a background field. One would not expect such an effect
to appear along two perpendicular axes, but due to the rotation of the measurement
coordinates (x,z — x’, z’) in order to match the eigenmode orientation of the nanowire,
the force field created by the cantilever can affect both measurements. However, the
fact that the decrease towards the center is equally strong for both scans, and the fact
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2.8 Contribution from parasitic fields

that the horizontal map in Figure 2.17a does not show any asymmetry suggest that the
difference between simulation and experiment is another one.

Secondly, we point out that, in order to retrieve a similar form of the simulated shape,
we need to shift the vertical zero by 180 nm with respect to the measurement. This is
an effect of the uncertainty in the experimental vertical zero, which we can only deter-
mine as the height where the measurement fails (the PLLs loose track due to extreme
frequency shifts). However, this height can still be quite far above the surface. The cri-
teria at which the force gradient get too large fore a linear operation is given by their
value compared to the mechanical stiffness k,, = M.;4Q20f the nanowire. For the two
modes of the nanowire this amounts to 11 fN and 22 fN respectively, which is about one
order of magnitude larger than the measured force gradients. Still, the stability of the
PLL can fail before o,F, = k,,, so that we can assume that the closest curves suffer exactly
from this effect and that the real distance to the tip is about > 100 nm larger than the
estimation based on the measurement.

More generally, this effect determines a fundamental limit of nanowire force microscopy:
If the overall force field is large enough that the force gradient is comparable to the
stiffness at small NW-sample separations, it becomes difficult to impossible to resolve
smaller, fast decaying forces such as the Casimir force, or small scale local variations of
the force field for which the nanowire needs to be very close to the sample.

2.8 Contribution from parasitic fields

We have already seen above, in the stress tensor discussion, that the residual electro-
static fields, which do not depend on the bias voltage, are responsible for both, a linear
contribution in the bias voltage to the electrostatic force, and for an additional force, in-
dependent on the bias voltage. The first contribution causes measurable effects as they
shift the force parabola, so that this offers a possibility to explore them experimentally.
This section deals with possible origins of the residual electrostatic fields and of the lin-
ear force contributions. Since those residual fields cannot be compensated simply by
biasing the sample, they will have an impact in the Casimir force measurements.

Figure 2.21 picks up the force fields measured above the nanostructures presented above
in Figure 2.12 and shows the Vj, of the electrostatic force divergence. Here, one observes
a variance of up to two volts for measurements close to the sample surface. At the
regions where the quadratic contribution « transitions between negative and positive,
the V,, which is calculated as V|, = /24, becomes infinite. In Figure 2.21 they are marked
as abrupt transition from blue to red.
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Fig. 2.21: The V, measured above the nanostructures presented in Figure 2.12. At those regions
where a large positive V, changes to a large negative value, the divergence parabolas
are nearly flat (a is small). This is the case at the edges of the hole structures in (b) and
(c), as well as for the disk in (e). Above the substrate in (b) and (c), one observes the
variations of the measured V, that is caused by the surface patches.

2.8.1 Patch effects in the experiment

A first phenomenon that is responsible for force contributions scaling linearly with the
applied voltage are surface patches as introduced in Section 2.1.4. A characteristic of
surfaces, beside their topography, is their electrostatic contact potential that depends on
the crystallinity, surface ligands and impurities of the metallic coating. We call areas
that have a homogeneous electrostatic contact potential electrostatic patches. However,
on a real surface, they are of finite size, which causes spatial fluctuations in the contact
potential. Also, since the metallic support tip and the sample are not made of the same
material, even when the bias voltage is zero, there will always remain a residual electric
field. Above a perfect metallic sample, the former would be spatially homogeneous, so
in the following, we will discuss variations around this mean residual field. The method
to estimate this mean residual field will be discussed in the next chapter.

The deposition method of the metal influences both parameters, topography and contact

potential, up to a certain degree. The samples discussed in this project were partly pur-
chased already coated with a metallic layer or coated by thermal evaporation without
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2.8 Contribution from parasitic fields

special measures to minimize the surface roughness. With the deposited layer measur-
ing only about 20 nm in thickness, we expect variations of a few nanometer around the
mean thickness, based on the experience with the local evaporation setup. The spatial
extension of these irregularities on the surface is typically in the order of tens to hun-
dreds of nanometers. A better estimate of their topographic variations could be obtained
by atomic force microscope cartography of the surface which has not been done on the
samples employed in this work at the moment in order to avoid sample contamination.
Other studies, using Kelvin probe force microscopy (KPFM), have found that a correla-
tion between topography and contact potential does not necessarily exist [39], hinting
towards a contribution from contaminants.

While the quadratic electrostatic force contribution () is caused entirely by the topog-
raphy of the electric field, the linear term (f) presents a mixture of the parasitic fields E,,
and the fields created by the sample electrode E;. The most important origin of parasitic
fields are differences in the local contact potential V., on the sample (see Section 2.1.4),
unlike other experimental techniques as Kelvin probe force microscopy (KPFM) we can-
not measure this workfunction difference directly, but we can define a similar quantity.
Therefore, we rewrite the quadratic expression for the force field divergence in polyno-
mial form

divF =aV?+ AV +vy, (2.13)

as factorized expression
divF=a(V -V’ +y’. (2.14)

Here we we can define a local offset potential V|, based on the measured coefficients «
and A°.

The first two plots in Figure 2.22 show the quadratic coefficient and the offset poten-
tial for the force field’s divergence above surface areas at different altitudes. The slices
shown in 2.22a and 2.22b map an area of the platinum coated surface of one of the pur-
chased AFM cantilevers, in which the holes are drilled. Both, the quadratic coefficient
and the local offset potential show a grainy structure that smoothens with increasing
distance. A similar grain structure has been observed in AFM measurements performed
on a gold covered sample (2.22c). The offset potential in 2.22b loses its visible struc-
turation less rapidly with increasing distance than a. The size of the visible domains is
similar for « and V|, their spatial correlation is not clearly evident from the maps. We
did not perform a quantitative study to compare the spatial distributions of the different
force components due to the difficulty to acquire highly resolved large maps at small
nanowire-sample separations. Still, Figure 2.23 presents a linecut through the medium
height map, showing the quadratic, linear and static force gradient. Here, a one can see
a clear similarity between the three terms with some distinct differences, which is nor-

>This potential V, is a theoretical value which minimizes the measured 2D force divergence. It does not
have physical counterpart like the contact potential in classic KPFM which is basically the difference
of the workfunctions in the involved materials. This is due to the fact that the nanowire measures the
force perpendicular to the electric surface fields. In simulations we have seen that the V;, measured
with a metallic nanowire approaches the contact potential.
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2 Electrostatic force fields above nanostructured surfaces

mal as the linear term is also related to the voltage dependent fields which determine
the « coefficient. The constant term y, which is about twice as large in amplitude as
the other terms, shows that the large part of the measured force originates from linear
effects (geometrical, quadratic effects do not affect the constant term).
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Fig. 2.22: (a) The quadratic coefficient of the force field’s divergence above a planar metal surface
without structuration is shown at five different measurement heigths. (b) shows the
offset potential V, above the same 5 by 5um area with 51 by 51 px resolution. Both
maps show pattern with a size of a few hundreds of nanometers at small height y that
become less distinctive with larger distance. The AFM images in (c) were measured
above a similarly prepared gold surface and show a characteristic size around 100 nm
of the surface grains with a structuration in height up to 10 nm.

In Figure 2.24, the panels 2.24a and 2.24b show the same quantities for another area on
the surface. The increasing resolution from lower to upper half of the images is due to a
slight tilt of the sample. Again, the size of the features in both images is comparable and
one observes that the offset potential shows a clearer structuration in the lower half of
the image while the variations in « are less pronounced. The sort of vertical line separa-
tion, visible on the left third of the image, represents the boundary between two domains,
such as those illustrated in 2.24c. Here, we see the force divergence measured at a fixed
potential above the section of the cantilever on which holes were etched with focussed
ion beam etching. At the lower and upper regions of the map, the edges of the cantilever
are visible. The drilled holes are discernible as four holes arranged equidistantly along a
line in the lower part of the large dark square. The dark rectangular regions correspond
to the areas that have been imaged in scanning electron microscopy after the structur-
ing of the cantilever. During electron beam imaging the bombardment of electrons can
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Fig. 2.23: The linecuts through the third measurement in Figure 2.22 (z=0.8 um) show the quadratic
a, linear A and constant y force divergence, at a bias voltage of 1V.

damage the existing surface structure leading to a change of the local offset potential,
but they could also start etching the surface, which would increase rugosity.

Another probable cause of surface destructuration is electron beam induced deposition
(EBID) of carbon during the imaging. In this process, carbon from evaporated organic
molecules binds to the surface at the position of the electron beam [77]. Even in clean
environments, organic residues that are the source of the carbon, are present in the
vacuum chamber of the microscope or on sample and sample holder. The measurement
shown in panel 2.24a and 2.24b has been conducted on the transition from a clean area
that had no visible surface contamination due to electron beam imaging on the left hand
side, to a contaminated region on the right hand side. While both sides show a similar
structuration of quadratic coefficient a and V|, the contaminated region has a larger
amount of areas with positive V|, than the left hand side.

This potential difference can be caused by a modification of the work function of the
material, or by dissimilar contact potentials on neighbouring patches, which is hardly
quantifiable using the presented results from the 2D force field measurement due to the
absence of external control of those surface fields (see Section 3.5). The only tuning op-
tion is, by experimental design, the control voltage V, applied on the sample which cre-
ates a field along the vertical axis between the sample and the grounded nanowire sup-
port as illustrated in 2.24d. Horizontal fields, like those between neighbouring patches,
can therefore not be compensated directly, so that the measured V) is a result of the com-
bined linear effect from the local patch landscape. We also observed that the local offset
potential that needs to be applied to get to the parabola’s extremum, increases signifi-
cantly as we approach the surface with the nanowire, even over the values presented in
Figure 2.22 up to the order of a few volts. Due to the strong spatial variations, no stable
operation of the force measurement scanning setup is possible in this regime and we
restricted our use of detailed large area scans to larger sample-nanowire distances.
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Fig. 2.24: (a) and (b) present a and V,, above the boundary between a clean surface area (left
part of each plot) and an area that has been exposed to electron irradiation during
SEM imaging (right part of each plot) which led to a change in the measured offset po-
tential. A larger spatial overview of the effect of electron beam irradiation is shown in
panel (c) that plots the force divergence for a fixed applied voltage above the area in
which the cantilever surface has been structured. The cantilever traverses the image
from left to right with its edges visible in the top and bottom of the image. The dark
rectangular areas are correspond to regions imaged in the SEM while the yellow areas
have not been exposed to the electron beam. (d) outlines the electrostatic field above
two patches with the field created by the control voltage V, that creates a vertical com-
ponent, while the difference of the patches contact potential 6V, - 6V, creates a field
which is independent of V.

Panel 2.e: Sample degradation

Despite the nanowire force measurement being a principally non destructive mea-
surement technique since contact between sample and nanowire is avoided, other
effects can occur during measurements which can degrade the sample. Two im-
portant mechanisms are:

1. Induced deposition of particles attracted by the high intensity laser waist
2. Change of the material structure at zones of high electrostatic field

In the first effect, small particles still present in the vacuum environment can pass
the laser beam and are accelerated towards the sample where they stick to the
surface. In the SEM images in Figure 2.25 they are visible as white spots. When
imaging the full cantilever their concentration is larger at the side facing the laser
beam which confirms our interpretation of their presence.
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Fig. 2.25: A SEM image of the measured area after force measurements. The top left image
shows an overview of the structured area with small debris scattered over the
surface whose concentration is larger close to the imaged area. The right im-
ages present two different closely studied holes that show some deposition of
unclear origin at their perimeters. The cross in the bottom left image presents
similar structuration at its edges.

The second effect is more difficult to explain and a detailed investigation is re-
quired to understand it better. On the post-measurement SEM images, we ob-
serve an additional deposition at the holes that were measured with the nanowire
and see similar formations at the edges of the cross. The degradation of holes
has already been observed during force measurements but only on some, exten-
sively measured structures. This is confirmed with the SEM images. While only
superficially studies holes were not affected those where multiple detailed mea-
surements were performed are most strongly degraded. Comparing the hole sizes
pre- and post-measurement, we observe that the holes became smaller due to the

degrading effects.

The explanation of the observations remains guesswork up to this point. It is
possible that additional material deposits at the regions of strongly confined elec-
trostatic field when the nanowire scans closely above the hole edges. Another
explanation would be that a tunneling current can occur when the nanowire is
very close to the edges of the hole. Here, the electrostatic field is strong enough
to extract charge carriers from the nanowire in which free charges can be created
by the green pump laser which has an energy above the estimated bandgap of the
SiC nanowires. The resulting current can heat the metal strong enough to trans-
form the surface. A measurement that will provide additional information about
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the degradation is energy-dispersive X-ray spectroscopy providing its material
composition.

2.8.2 Simulation of an electrostatic patch

The interplay between horizontal and vertical electric fields makes it difficult to access
the structure of the electrostatic force intuitively. We therefore modelled a single elec-
trostatic patch in a COMSOL simulation to get a better understanding of the contribution
created by patch effects in a simple geometry. Figure 2.26a outlines the simulation ge-
ometry.

We found that, while stable simulations can be run reliably in 3D geometries for the
purely dipolar case where no charge or voltage offset is present, the case of a patch that
carries the additional potential offset V,, = 0.05V requires very fine meshing around
the tip of the nanowire, starting at sizes of 3 nm that rendered 3D simulation unfeasible
with respect to time and memory consumption. We therefore changed to a 2D geometry,
illustrated in panel 2.26a, where the nanowire is highlighted by a blue circumference and
the patch that lies on the bottom boundary is depicted as green line. The entire upper
boundary acts as electronic ground while the control voltage V, is applied to the lower
boundary. The potential at the patch electrode is the sum of the applied voltage and the
patch potential V, + V,,. We conduct the simulation in the vertical plane and iterate for
at least three different control voltages at each point. This allows computing the force
gradient for each value of the bias voltage, and thus computing the quadratic term and
the offset voltage in each position above the patch.

Panels 2.26b and 2.26c show the quadratic coefficient of the force divergence and the
measured offset potential, respectively. The two vertical black lines indicate the lim-
its of the simulated patch which has a length of 400 nm. The nanowire has a diameter
of 160 nm which is a realistic representation of the nanowires employed in the experi-
ments. In order to keep the runtime feasible, we restricted its length to 8 um. This has
the side effect that the quantitative comparison of simulation and measurement is less
meaningful since the experimental conditions are not mimicked adequately.

The offset potential shows rapid transition from positive to negative values when transvers-
ing from surface to patch. The magnitude, more than 25kV directly above the surface,

is much higher than any experimentally measured value, due to the quasi null value of

a which displaces the factorized V; further apart. It decays rapidly when moving away
from the surface and approaches zero for large distances, which is expected as the hori-
zontal field components are strongest directly above the surface.
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Fig. 2.26: Results of the 2D simulation of the electrostatic force on a nanowire above a patch
with the simulation geometry outlined in (a). The blue trace highlights the nanowire
domain. The green line at the bottom presents the patch modeled by a region to which
an additional voltage v, is applied. The terminal for the control voltage is the entire
bottom boundary of the simulation space while the top boundary acts as ground elec-
trode. (b) and (c) present the quadratic coefficient a and the offset potential of the of
the electrostatic force divergence. The vertical black lines indicate the border of the
patch and the horizontal grey line at y = 50 nm marks the horizontal cut for V,, (d). The
line plots in (d) compare results from simulations of a patch with 400 nm and 700 nm
radius with the patch borders indicated by the respectively colored lines.

Panel 2.26d displays a horizontal line cut through the V;, map at the height of 50 nm
indicated by the grey dashed line and compare the results of the 200 nm radius patch
with a larger one at r = 350nm. The offset potential in 2.26d is positive outside of
the patches and negative on the patch which corresponds to the opposite sign of the
additional applied potential V, = 50 mV. Another difference between the two patch sizes
is that the minimum of V|, does not fall together with the border of the big patch while it
does so for the smaller. Centrally above the patch, V,, achieves a local maximum that is
flatter above the big patch. This is due to the fact that the measured force convolutes the
size of the sample geometry with the size of the nanowire. In the case of the small patch,
both length scales are comparable so that V| varies constantly. For even larger patches
with a size of multiple nanowire diameters, the measured V) would form a plateau.

The quadratic coefficient in Figure 2.26b varies continuously over the whole simulation
area without visible features at the patch borders. The variations are of the order of
100 fN/nm/V? which is one order of magnitude larger compared to the measurements.
However, it is not intuitive that the flat surface should cause a variation in the dipolar
force and we attribute the apparition of a non-zero quadratic term to the finite simula-
tion size and the dynamically adapted meshing. In order to mitigate this effect, we also
performed simulations over slightly curved surface (r = 5.2 pm) on whose center the
patch is positioned. We now have a real quadratic contribution and we can dissect the
different contributions further. Figure 2.27 presents the coefficients of the fitted parabola
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to force and divergence. Here, we present both, the coeflicients of the polynomial form
F/divF = aV? + BV + y and the coefficients of the form F/divF = a(V — V,)? + 1.
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Fig. 2.27: Results from the electrostatic simulation of a single patch with V, = 50mV of 200 nm

diameter on a curved surface (r = 5.2 um). The plots show the different contribution to
the horizontal force and force divergence experienced by a 8 ym long and 160 nm thick
nanowire. On the left side, the contributions for the horizontal force are given. The
right side shows the different terms of the corresponding force divergence.

Comparing the amplitudes of the terms a, A and y, one notes that the strongest contribu-
tion (at 1 V) comes from the linear term, followed by the constant term, both only caused
by the presence of the patch. Indeed, one can clearly see the patch’s effect in these terms,
but the quadratic coefficient is free from it (same holds for the divergence plots). An ob-
servation that can also be made in measurements, is that the linear contribution decays
less fast with increasing distance than the other terms, a fact that is transferred to Vj,.
The larger « in this simulation compared to that on a flat substrate decreases the result-
ing V,, to maximal values around 20 V, which is close to experimentally obtained valued
for close distances. Interestingly, the V; for force and divergence are similar, which is a
consequence of the quasi-flat geometric curvature employed.

Figure 2.28 presents cuts through the above maps for the force divergence shown in
Figure 2.27 and for simulations with a smaller (d = 100 nm) and a larger (d = 700 nm)
patch, taken at a height of 75 nm. Again, we present the coefficients of both parabola
expressions. The quadratic term is identical for both expansions since it is created by the
curvature of the surface that is the same for all simulations. When looking at the other
terms, the signature of the features caused by the smaller patches are almost similar
as long as the patch dimension remains smaller than the nanowire diameter. When
simulating a larger patch, one can identify the correct characteristic size in the curves.
Due to the size of the larger patch, the linear and residual terms are small at the patch
center, causing a contribution 7, that approaches a value much smaller that at the edges
and much smaller than for smaller patches.
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Fig. 2.28: Linecuts through the simulation for three patches of different sizes on a surface with
5.2 um radius of curvature. Beside the patch size the parameters are identical to Fig-
ure 2.27. The inset in the bottom right plot illustrates the size of the nanowire (grey)
with respect to the size of the patches (colored).

The simulations, even though their quantitative value is uncertain, show that the nanowire
represents a sensitive probe, suitable to investigate the parasitic surface fields, with a
resolution largely determined by the size of the nanowire. The facts that the linear and
residual terms can be easily separated from the quadratic term and penetrate farther into
the space above the surface, while roughly keeping their horizontal extension, clears the
road to the exploration of residual surface fields.

We also note that, while the fitting procedure is more intuitive with a a(v—v,)*+y curve,
the connection to the tensor discussion introduced above are more easily done with the
aV? + AV + n representation. This can be seen in Figure 2.28: the residual contribution
presents an attractive quadratic pattern with a negative divergence, as expected for a
50 mV patch offset, while the n term presents an erroneous higher divergence above the
patch. Then, the large sample curvature makes that A and V|, present identical variations,
but this would not be the case for smaller geometric structures (V, = 1/2a).

The large effect caused by the electrostatic patch originates from the presence of hori-
zontal surface fields to which the nanowire is particularly sensitive. This was no hin-
drance in previous experiments as it has not been possible to approach surfaces close
enough [29] to be bothered by this effect. Also, the effects are less pronounced above
structures where sharp geometric features dominate over flat surface. The challenge
in performing experiments under the presence of strong patch effects is the decreased
measurement stability caused by high local force gradients that can shift the nanowire’s
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mode frequencies and rotate the eigenmode orientations. Additionally, the interpreta-
tion of the results with respect to underlying force contributions such as Casimir forces
gets more complicated if local patch effects cover them.

A measure to mitigate the contribution of strong patch-created horizontal fields can be
the employment of metallic nanowires that convey the electric ground to the extremity of
the nanowire. The applied control voltage would thus compensate the local electrostatic
field close to the nanowire tip and not only by the vertical field between sample and
nanowire support in the case of the dielectric nanowire. This has the advantage that
the force parabola is shifted less strongly by the linear patch effects. We simulated this
case and found that the offset voltage is reduced by a factor of 1000 as presented in
2.29a compared to the dielectric nanowire while both curves show the same qualitative
features.
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Fig. 2.29: Plot (a) compares the offset potential simulated 50 nm above a patch with Voaten = 005V
via the horizontal force divergence 9, F, + 9,F,, felt by a dielectric (blue) nanowire
(L =8pm, d =160nm) to that simulated for a metallic nanowire with same dimensions
(orange). Note that the V, for the dielectric nanowire is scaled by a factor of 1/1000 and
is therefore about 500 times larger than that measured with the electrostatic nanowire
due to the much more localized electric field in that case. In (b), the contact poten-
tial V_ ..« — the potential measured based on the vertical force gradient o,F, similar
to standard KPFM measurements, but here purely conceptual - is compared for both
cases. While the metallic nanowire measures the correct patch potential, the dielectric
nanowire measures a value ten times larger and the simulated shape of V__ . is dif-
ferent due to the different shape of the electric field in both cases.

The measured variations of V;, that we retrieve from the force divergence measurements
is mostly caused by lateral residual fields, which do not present the same geometry as
the bias field. In simulations, we can also access the vertical force gradient 9,F, that is
not measurable experimentally and that is dominantly — but in the case of a dielectric
nanowire not entirely — caused by vertical fields. This configuration is analog to standard
KPFM [81], where a metal coated AFM cantilever is used to measure the vertical force
minimizing potential. Figure 2.29b compares the contact potential obtained from the
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vertical force gradient for both types of nanowires. While, in the metallic case, we obtain
the correct contact potential that was applied on the patch region, the dielectric case is
still a factor of ten too large and its shape differs significantly, showing the same jump
at the patch border also observable in 2.29a. We explain this with the field changing
properties of the dielectric which is now placed between the two electrodes. Also, we
have noted in Section 2.1, that the electric fields perpendicular to the measured force
have an important contribution to it. This has a larger impact on the dielectric case
since the field penetrates the nanowire, while in the metallic case the field is confined
between the wire’s extremity and the surface.

2.8.3 Multiple patches around geometry

Another possibility to use electrostatic simulations to evaluate the effect of patches is
to take a look at the electrostatic field above a structured surface on which patches are
present. Applying the methods from Section 2.1, we then estimate the expected forces
on the nanowire. Figure 2.30 presents the simulated fields above a 2D geometry with a
centred hole in a conducting plate. The surface of the plate is structured into different
regions resembling surface patches. They are still modelled with a conductive material,
but each single one carries an additional potential V,, € [-10mV, 10 mV] in addition to
the applied bias potential V on the plate. The height of the patch grains is exaggerated
compared to the real surface structurations which we found to be in the range of 5nm
to 10 nm.

1pm
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Fig. 2.30: Simulation of the electrostatic fields above a metallic plate with a hole in the center.
The plate’s surface is structured with oval patches that each have an additional poten-
tial to the bias potential applied to the plate itself. The ground level is fixed at the top
border of the plot.

One observes that the horizontal fields E, induce a component that changes sign on
the center of the patch grains while the vertical fields change close to the boundaries
between patches. This means that the horizontal force which is a result of the prod-
uct E,E, will show domains smaller than the physical domains. This effect is visible in
Figure 2.31, where the quadratic, linear and constant terms of the horizontal force are
shown above the same structure. The quadratic term contains a significant contribution
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of the geometric structuration of the surface which is much smaller in the experimen-
tally investigated samples, still, the hole dominated the effect, in particular at distances
> 200nm. In the linear and residual forces the patches dominate the force field both
at close and at larger distance. While the linear force is a mix between the constant
residual fields and those created via the applied bias voltage, the constant term y permits
to isolate the effect of the surface patches. Here we observe that the domains with the
same sign of the force seem to happen over smaller regions than in the quadratic and
residual force terms. Looking at the geometry beneath, one can discern one region of
positive and negative sign per grain which is what we expect from the product of fields.
The constant force is also much more localized at the surface than the other terms as
here, there is no far reaching vertical field that amplifies the structuration of the force
field.
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Fig. 2.31: The electrostatic force terms (a-quadratic, A-linear, y-constant) obtained from the fields
simulated above a grainy surface with a central hole ((2.30)) show the effect granular
surface patches have on the overall shape of the force field.

2.8.4 Charges

The probably most direct explanation for a residual electric field leading to a supplemen-
tary linear electrostatic force is that the nanowire could carry an electrostatic charge.
Since SiC is a wide-bandgap material [14] and the nanowires are additionally covered by
a 2nm to 5nm oxide layer which makes charge cancellation at the surface and within
the wire inefficient, they are easily capable to trap electric charges at their surface.

The force experienced by a charge on the wire that is immersed in an electric field de-
pends on the sample geometry. It is proportional to the electric field and, for a spherical
electrode, varies with the inverse square of the distance. In order to estimate the effect
from a charge placed at the extremity of the nanowire, we conducted finite elements
simulation in Comsol Multiphysics where the electrostatic force on a nanowire is cal-
culated 100 nm above a tip electrode with an end curvature of 250 nm. The nanowire
carries a single positive electric charge in the center of its extremity. For a positive bias
voltage, it is thus expected to be repelled from the tip. Figure 2.32 shows the results for
two nanowires of 10 and 50 pm length, respectively. The shorter nanowire in the upper
panel experiences a force gradient more than ten times as high as the long nanowire due
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to the proximity of the electrodes®. While the quadratic coefficient (the dipolar force)
presents the same trapping characteristics as in absence of charges, the linear coefficient
is anti-trapping due to the positive sign of the charge. Comparing both force gradients
at a voltage of one volt, the linear contribution is about one sixth of the quadratic contri-
bution in case of the short nanowire. For the longer nanowire, the ratio is about one half
and thus about three times as large. Since this is the more realistic case, we can expect
a major linear contribution in the usual voltage range of +1V if a full charge is present.
In experiments, the linear contribution is typically at least a factor of ten smaller than
the quadratic term.
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Fig. 2.32: Finite element simulation of the quadratic a and linear A terms of force divergence as
experienced by a 160 nm thick nanowire with a single positive charge at its extremity at
a distance (d = 100 nm) above a rounded tip (r = 250 nm) electrode. Panel (a) shows the
force divergence terms for a short (L = 10 pm) wire and (b) the same simulation with a
longer (L = 50 um) wire. The nanowire length directly affects the distance between the
tip and ground electrodes and therefore changes the electric fields at a given distance
from the tip but does not affect the characteristic trapping a, seen directly above the
tip’s center with an antitrapping A for both nanowires. The antitrapping potential is
caused by the positive sign of the charge.

The consideration of a single trapped charge at the extremity of the nanowire in simu-
lation leads to force divergences that fall into the range of experimentally measured val-
ues. However, during the time our group has experience with SiC nanowires, we only
rarely observed discrete jumps during force measurements which could be attributed
to charges attaching or liberating from the nanowire. We also performed experiments
where we measured the frequency of the nanowire while sweeping the voltage applied
to a sharp electrode in the proximity of the nanowire between +10 V but did not observe
a change caused by the emission or collection of electrons. From this experience we as-
sume only little to no effect from changes of the nanowire’s charge during experiments.

®As mentioned before the length and height of the nanowire also determine the distance between elec-
trode and grounded nanowire mount. Simulations for longer nanowires therefore yield the more
realistic quantitative results. The nature of the observed effects however does not depend on the
nanowire’s length in simulation up to the limit where the field close to the ground plate is not homo-
geneous anymore (the nanowire length is in the order of its diameter).
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However, to better evaluate the effect, studies need to be conducted investigating in de-
tail the charges present on the nanowire. These would include a force measurement in
a homogeneous horizontal electric field to directly measure the linear force created by a
charge distribution in the electric field [78], as well as field emission measurements.

2.8.5 Mixed electro-optical forces

In most experiments, we use a combination of an optical driving force and an electro-
static control of the test force field, which both have static contributions. Hence, there
exists a static force that is caused by the combination of the optical electromagnetic field
gradient and the electrostatic field gradient and scales with intensity |Eqp Eelec(w,,,,)- We
typically assume that this force presents a constant offset due to the homogeneity of the
laser beam. However, if gradients of this mixed force are present they will vary linearly
with the applied bias voltage.

Panel 2.f: The effect of large oscillation amplitudes

Nonlinear effects

Nonlinear effects present a cause that perturb the harmonic oscillator approach.
The approximation of linearly varying force field gradients at the displacement ér
of the nanowire ( Equation 1.33 ) is only valid if the oscillation amplitude is much
smaller than the typical length scale Iz over which the force field varies 6r < [gg.
For large dr this approximation is not valid anymore and the higher order force
gradient terms would need to be taken into account. At the typical oscillation
amplitude of the nanowire of some tens of nanometers the observed force fields
can be linearized within good approximation. However, with strong modulation
forces, one can reach the regime of nonlinear response which can be avoided by
appropriate regulation of the power of the optical drive.

Spatial resolution

The question of the ultimate lateral spatial resolution has not really been discussed
up to now, since we have only observed rather “large” geometric defects of min-
imum transverse dimensions around 50 nm to 100 nm. For a nanowire at rest, it
depends on the reach of the force field, and how its equivalent volumetric force
spreads in the nanowire’s volume. The smallest lateral features we have observed
so far, without optimizing for maximal resolution, are around 50 nm. However,
beyond this intrinsic limitation on the transverse resolution, one needs to inves-
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tigate how the nanowire motion impacts the resolution. The nanowire’s random
thermal noise spreads over 1 nm to 10 nm depending on the nanowire employed,
but this always remains small compared to their diameters. Due to the random
character of the thermal motion, it is difficult to extract time-resolved informa-
tions, so that the main consequence will be a blurring of the force field under in-
vestigation. In the case of a force measurement realized using driven trajectories,
advanced force sensing techniques based on time-resolved measurements can be
implemented, such as measuring the driven displacement at harmonic frequencies
of the driving tone, which will allow obtaining informations on the higher order
spatial derivatives of the force, and thus a more refined lateral resolution. We have
not investigated those types of measurements, but one can estimate the impact of
the oscillation amplitude on the measurement employed in this work.

Due to the non-zero oscillation amplitude of the nanowire, the force field mea-
surement is never a singular pointwise measurement but should be though of as
a motionally averaged measurement over the oscillation area in 2D. In order to
achieve high spatial resolution in the horizontal plane, it is therefore beneficial to
choose thin nanowires with small displacement amplitudes (at close distances, the
force gradients are sufficiently strong to employ stiffer nanowires) or to thermally
cool the nanowire so that its vibrational thermal motion is reduced, which further
increases the force sensitivity [36].

For the force sensing measurement based on the driven nanowire trajectories, the
most direct parameter to tune in order to reduce the nanowire’s oscillation ampli-
tude is the strength of the driving force. At small amplitudes the response to the
drive becomes difficult to detect on top of the nanowire thermal noise, while at
larger oscillation amplitudes, the system may become non-linear and smooth out
the details of the force field. If we reduce the drive too ambitiously, we loose the
benefits of a large detection signal strength, which allows determining the oscilla-
tion phase more precisely, a prerequisite to ensure a proper operation of the PLLs.
For most of our experiments, the stable operation and a large signal are the more
valuable criteria while the spatial resolution is only of secondary importance, par-
ticularly in the case of “large” sample structures with a characteristic lengthscale
p larger than the maximum employed nanowire displacement amplitude, which
can reach around 100 nm under strong modulation. In practice, we do not over-
pass such a value, otherwise the optical readout cannot be considered as linear
anymore, and one observes some vertical foldings of the response signals.

We now evaluate the motional averaging effect caused by a large oscillation am-
plitude. We model the spatial variations of the electrostatic force gradient as the
one experienced by a polarizable particle in the field of a point charge placed at
the origin. The spatial variations of the force gradient 9, F, are illustrated in the
inset of figure 2.33. The oscillating nanowire would measure a gradient motion-
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2 Electrostatic force fields above nanostructured surfaces

ally averaged over its driven trajectory. Given an oscillation amplitude Ar we can
calculate this averaged force gradient g,, via

21
8av = L J du F.(x + Arcos(u), y) cos(u).
TAr 0

This formula converges towards g,, = 9,F, for small oscillation amplitudes, as
can be verified by realizing an expansion at first order in Ar of F, prior to realizing
the integration. Figure 2.33 compares the effect of different Ar on the measured
force divergence.
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Fig. 2.33: The 1d force gradient created by the electric field of a single charge at the origin
measured with different oscillation amplitudes Ar is shown in (a). All coordinates
are in relation to the characteristic lengthscale p of the measured gradient at
proximity to the charge. Inset (b) plots a vertical force gradient map as mea-
sured by a theoretical probe with Ar = 0. The white line at y = 2p indicates
the height at which the curves in (a) are calculated. With increasing size of the
nanowire’s oscillation amplitude, the measured shape of the gradient flattens
out, with stronger effect for the minima in the beginning, and the present fea-
tures widen. The black curves shows the theoretical gradient for Ar = 0.

A practical estimation of the effect from a larger oscillation amplitude can be done
by measuring the force above the same nanostructure with different modulation
amplitudes of the optical drive and therefore leading to different oscillation am-
plitudes. Comparing the measured divergence pattern along the same horizontal
line measured above an electrostatic tip, we observe that the averaging effect is
only present at small separations. For measurement heights typically interesting
for horizontal scans, only small effects are visible in the quadratic electrostatic
force as illustrated in Figure 2.34.
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Fig. 2.34: The oscillation amplitudes measured for a horizontal scan approximately 150 nm
above an electrostatic tip are plotted for the first mode (a) and the second mode
(b) at different modulation strengths. For each mode and modulation strength
we obtain a mean amplitude (b) with values up to 250 nm for the first mode
that is driven more efficiently. In (d) we show the measured force field diver-
gence extracted from the eigenfrequency shifts along the horizontal lines for
each modulation amplitude. The curves are barely different, which probably
shows that for the measurement height and sample, the characteristic size of
the force field variations is larger than the oscillation amplitude of the nanowire.
Measurements at closer distance show indeed an effect for larger oscillation
amplitudes. The colours in all plots relate data with the same modulation am-
plitude.

We note that the resolution with which topographic features in the force field map
can be imaged correctly depends on the size of the nanowire trajectories. If the
spatial features are smaller than the trajectories, they will appear less pronounced
in the resulting maps but still show up with slightly increased size. Features larger
than the spreading of the nanowire’s trajectories can be imaged without a loss of
resolution. This means that in practice, if one wants to measure the force above
nanostructures smaller than 200 nm, one should verify that the oscillation ampli-
tude is not blurring the measured force pattern.

2.9 Comparison of force and force gradient measurement

In the foregoing sections, most of the measurements of the force field gradients were
realized by measuring the perturbation of the mechanical properties of the nanowire
under the action of the electrostatic fields. To do so, we used a time modulated opti-
cal driving force, which was constantly driving the nanowire’s motion independently
of the measured force field. Like this, the 2D force field cannot be measured directly
but only via the reconstruction based on the spatial integration of the measured force
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2 Electrostatic force fields above nanostructured surfaces

gradients [29]. A different method that permits to measure the force field directly makes
uses of a small modulation 6V around the tunable sample voltage bias V. By doing so,
we directly modulate the electrostatic force, both its quadratic and linear contribution
in V. Reproducing such a resonant response measurements at different points above a
sample of interest, thus allows to directly image the electrostatic force vectors and rep-
resents an interesting complementary analysis of the force field gradients derived from
the perturbation of the nanowire eigenmodes. Naturally, this methods cannot be used
to obtain direct information on the residual surface forces, but permits to obtain a better
understanding of the electrostatic forces which have to be subtracted in order to observe
the Casimir forces.

By simultaneously measuring the optical and electrostatic responses at resonance one
can reconstruct both, force fields and force gradients. However, the electrostatic forces
are rapidly changing in orientation and strength above a sample surface, which causes
large mechanical perturbations and also makes it impossible to use them as a reference
force in a PLL. We will thus still rely on the optical force to maintain the driving fre-
quencies at resonance, but will alternate between optical and electrical driving tones to
preserve the resonant driving condition for both driving tones.

In order to probe the electrostatic force, the electrostatic bias voltage is modulated by a
small oscillating voltage so the total voltage that creates the electric field is V(¢) = V. +
V(). If the modulation is sufficiently small, we can linearize the quadratic electrostatic
force F,; around the applied bias voltage Vi;,, as

Fg=aV:+pV+y (2.15)
= 5Fel[Q]|Vbias = 2aVbias SV[Q] + ﬂ(SV[Q] (2'16)

Figure 2.35 illustrates the idea of this procedure.

The response of the nanowire is then directly related to the driving force via 6F = 5V§, =

x 161, where
g_‘]i = 2aVbias + ﬁ
is the local dependence of the electrostatic force on the bias voltage modulation. When
using the phase-locked frequency tracking at the eigenmode frequencies Q_,Q,, one
obtains the following equations for the signals measured along the detection vectors
Boo:
OFep-e e, ez = —iFQiérﬁi%, (2.17)

where drg_ is the complex driven displacement amplitude measured at the first reso-
nance frequency on the difference channel of the photodiode, with the other constel-
lations referring to the second eigenmode frequency and the photodiodes sum channel
respectively. The above expression permits to reconstruct the driven electrostatic force
vector in amplitude and orientation for each measurement point and each voltage bias.
Using the signal acquired on both detection channels, one obtains the direction of each
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Fig. 2.35: Principle of the direct measurement of the electrostatic force. The small modulation
6Varound an offset V. generates a time-modulated electrostatic force, which can be
directly detected by using it as a driving tone in a response measurement. Instead of
sweeping the drive frequency across the two mechanical resonances, it is possible to
only drive the nanowire at its two resonant frequencies, at the condition to ensure that
the drive frequency remains at resonance. The modulated force with amplitude 6V"—\‘;

drives the nanowire’s oscillation. It presents a linear dependency with the bias voltage,
and changes sign accross the parabola extrema.

ory7
orE

5Fx> _ r sinf, —sin 9_) Q_or_ (2.18)
OF,)  cosf_sinf, — cosf, sinf_\—cosf, cos6_ J\Q. ér ) '

In theory, we usually assume that the measured force gradient directly derives from the
local force and vice versa, that the force field can be reconstructed from the force gradi-
ents via integration. Since it is always wise to challenge one’s assumptions experimen-
tally — especially if one is convinced of them — a simultaneous measurement of force and
force gradient would be an important evidence for this basic operation principle.

mode with the definition 6, = arctan Subsequently, one can calculate the force

vector JF:

Using the modulation of the electrostatic force to measure both, force and gradients has
two disadvantages. Firstly, the electrostatic force can be perpendicular to one of the
nanowire’s modes so that the signal for this mode would be small and one would lose
the benefits of resonant detection. Secondly, a change in orientation of the electrostatic
force represents a sign change of its phase in the projective measurement, so that a

"Here, the displacement in the cartesian laboratory coordinates x, z are obtained using the reversed
projection on the measurement channels:

<6rx) B 1 ( sinf, —sin ﬁ) (5@)
dr,)  cos p_sin B, —cos B, sin f_\—cos i, cosf_ J\org )’
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2 Electrostatic force fields above nanostructured surfaces

resonance lock using the dual PLL technique would not work for most of the geometries
that we explore, which leads to rapidly varying electrostatic forces.

A first approach to circumvent these drawbacks consists in acquiring full response sweeps,
for which no PLL must be set up. With typically hundreds of frequencies and a mea-
surement time per frequency® of 300 ms such a measurement quickly takes minutes per
point, so that maps with 50 x 50 points spatial resolution and 25 different bias voltage
values would take several days to complete. In this section we present a technique that
performs the electrostatic response measurement as a complementary step to the above
described protocols and makes use of the strengths of PLL based, resonant detection
described above and flexible scripted measurements. The additional measurement of
the force leads to a measurement only about 2.5 times longer than a pure force gradient
measurement (caused by additional settling times when switching the driving force). For
smaller maps with about 900 spatial points one measurement takes about 10h to 16 h, a
duration over which the experiment can be fully stabilized without suffering too much
from spatial drifts.

2.9.1 Protocol

The combined measurement of force field and force gradient had been included in the
force field cartography routine by modifying the automated protocol discussed in Sec-
tion 1.5, so that one can easily change the measurement mode using the graphical inter-
face of our scan control program. With the PLL’s locked on the nanowire’s resonance
frequencies using the optical force as pump, we add for each spatial coordinate the fol-
lowing steps:

1. Set the first value of V;;,, and wait At; = 1/BWjpy;, until the mechanical system is
adapted to the new conditions (the mechanical damping rate is always larger than
the measurement bandwidth)

2. Measure the response to the optical force: the complex amplitudes of Jry at the 2
driving frequencies Q_, Q_, on both measurement channels &, ®

3. Fetch the measured data and calculate the sample averaged resonant frequencies

4. Disable the PLL tracking and set the mean frequencies as demodulation frequen-
cies’

5. Turn off the optical modulated force, but keep the same mean optical power in
order not to perturb the nanowire mechanical properties caused by the green laser.

8This is given by the desired resolution of the sweep which is usually smaller than the linewidth of the
resonance.

One could also just turn off the PLL and use the last locked frequency. This has the disadvantage that
the last value would be affected by any noise in the PLL detection. The averaged frequencies were
found to be the better option and the detection sequence, first readout on the optical force, then on
the electrostatic force, was thus fixed.
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2.9 Comparison of force and force gradient measurement

6. Change to the electrostatic driving force with an adapted modulation strength 6V
based on the previously measured point or initial parameters. Since the driven elec-
trostatic force varies with the sample position, one needs to adapt the electric drive
strength. We adapted the two driving amplitudes differently, since the electrostatic
force rapidly changes in space and thus in its projection on both eigenmodes.

7. Wait At, = 1/T,, for the system to respond to the new electric drives (2 driving
frequencies simultaneously) and measure the resonant driven response to the op-
tical force. In practice, we used a set of three driving tones on each mechanical
modes, at frequencies Q,, Q, + A, with A/27 = 20 Hz. This leads to a combina-
tion of 12 demodulated signals that were recorded on two different ZI-HF2 lock
ins. Such multiple measurements per peak was used to detect variations in the
mechanical quality factors (that cannot be detected using a single driving tone), as
well as errors in the resonant frequency driving conditions.

8. Switch off the electric driving forces and turn on the optical driving force

9. Wait At, = 1/T',, for the system to respond to the new drive, and enable the two
PLLs

10. Use the results to adjust the amplitude 8V of the electrostatic drive and repeat for
the remaining values of V};,,, then move to next spatial coordinate and start over

Figure 2.36 illustrates this procedure.
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Fig. 2.36: Diagramatic representation of the measurement protocol for the combined force and
force gradient measurement for a single spatial point and a single voltage. The ele-
ment colors indicate if the PLL frequency lock is activated (blue) or disactivated and
the demodulation frequencies are fixed (orange). The delay time At, is used to let the
system adapt to the new force gradient matrix created with a new V,,__ and the time At,
ensures that the measured response is that of the present driving force. The electro-
static drive amplitude is calculated based on the measurement results at the previous
position, assuming a smooth and sufficiently slow spatial variation of the force field.

The measurements were performed with a nanowire presenting a rather large frequency
splitting, which helps preventing the eigenmode basis from rotating under the action of a
too strong external optical or electrostatic force field. During the measurement, the data
is acquired in a buffered mode: by ramping up and down the bias voltage. As mentioned
earlier, we conduct a bi-directional voltage scan in order to detect possible hysteresis
effects possibly caused by a too slow PLL tracking and to ensure that no abrupt jumps
occur in the applied voltage.
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2 Electrostatic force fields above nanostructured surfaces

We will now dissect the combined force/gradient measurement at a given spatial point.
Figure 2.37 shows the data for one resonant drive acquired on a single measurement
channel (here f) for one voltage scan. The top panel 2.37a presents the measured fre-
quency of the first mode that is tracked with one PLL. The horizontal axis corresponds
to a (uncalibrated) timeline with the labels indicating the currently applied V;;,, that
increases towards the center of the plot and then decreased in the second half. The
frequency curve f; shows a parabolic dependence of V;;,, for each scan direction that
reflects the dependence of the force field gradients g;;(V},;,5) on the bias voltage. The two
wide plateaus in the frequency curve correspond to the values measured during opti-
cal and electrostatic drives that are indicated by blue and orange dots respectively. The
frequency values are identical since the mean frequency measured via the PLL lock on
the response to the optical drive is used as demodulation frequency for the electrostatic
measurement.

Similarly, the panel 2.37b displays the detected amplitude of the first mode projected on
the measurement vector fo. Each line contains the alternating response to the optical
and electrostatic force. The response to the constant optical drive is, in the presented
case, nearly constant, which indicates that at this particular measurement point no sig-
nificant rotation of the first mode occurs, as expected from the large frequency split of
the employed nanowire. Opposed to that, the response to the electrostatic force (or-
ange dots) varies strongly with the applied bias voltage, showing a linear decrease for
increasing bias voltage (and the reversed behaviour in the backward voltage scan). This
lineshape corresponds to the affine relation expected from Figure 2.9 with a slope that is
determined by the prefactor 25V projected on the eigenmode direction and along the
measurement vector orientation. The amplitude of the measured signal is directly pro-
portional to the applied force in the direction of the mode (here mode 1). The phase of
the projected displacement in 2.37c is stable for the data obtained with the optical drive
that is locked by the PLL and varying for the response to the electric signal that is more
susceptible to delays caused by electrostatic retardations and by phase inversion due to
a orientation change of the total driven force.

In addition to the demodulated signals at resonance, we also modulate at two sidebands
at +£20 Hz on each side of the resonant tones. This multi-frequency measurement permits
to measure delayed effects which could change the damping coeflicient of the nanowire.
Furthermore, an imperfect lock of the PLL can easily be corrected for based on the phase
difference between the three measurement tones around each mechanical resonance.
Since we need to demodulate 6 frequencies on 2 measurement channels, this measure-
ment requires 12 demodulators that are read out simultaneously at each measurement
step.

Analogously to the curves in Figure 2.37, the response signals of both modes on both
readout channels are acquired and tangled into two separate sets for the optical and
electrostatic drive after the measurement. Using the dataset of the electrostatic drive,
one can obtain the electrostatic force field and from the optical drive the electrostatic
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Fig. 2.37: Simultaneous measurement of electrostatic force and gradient for a single spatial point.
In (a), the measured frequency of the first mode is shown as the applied bias voltage
is swept from its minimum (-0.4 V) to its maximum value (0.3V). Here the x-axis repre-
sens a timeline where the voltage is changed periodically and a single point in voltage
corresponds to a pair of measured points (blue and orange) since the gradient and the
force measurement are performed alternately, with a change of the driving force from
optical to electric between blue and orange points (and back between orange and blue)
as presented in figure 2.36. The grey vertical line represents the change of the sweep

direction from increasing V,

(left) to decreasing (right). (b) plots the measured dis-

ias

placement amplitude of the first mode projected onto the e measurement channel, and
(c) the phase. The stable value for the phase on the optical drive proves that the PLL
lock operates consistently. During the measurement sequence, 12 similar signals were
acquired simultaneously (6 frequencies and 2 measurement channels), while the dy-
namical measurements of the measurement vectors was also activated and measured

at each line.

force field gradients. The following section presents the exemplary comparison of both
results, realized in a horizontal scan above the rounded electrostatic tip.
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2 Electrostatic force fields above nanostructured surfaces

2.9.2 Force/Gradient above an electrostatic tip

The central force field of an electrostatic tip is a good test case for the comparison of
simultaneously measured force and gradient. The results discussed in this section were
obtained from a map with 30 x 35 spatial points taken around 150 nm above a metallized
tip, using the first mode family of nanowire 2 (compare box 2.b). At each point, we
follow the procedure described above, which consists in scanning the bias voltage from
-0.25V to 0.05V in 15 steps (and back), leading to 31500 individual force and gradient
measurements, each acquiring the data of twelve lock in measurements'’.

Figure 2.38 presents the results obtained in one single position. Here, the modulated
forces F,, F, are obtained from the amplitude of the nanowire displacement, while the
divergence follows directly from its frequency shift. One can clearly identify the linear
slope of the force with F = 2ad6VV),;,, + B6V and the quadratic shape of the force diver-
gence divF = divaV? + divBV + divy. Notably, the forces do not share a common zero
crossing, nor falls the extremum of the gradient parabola together with the zero crossing
of one of the forces. This is expected behaviour as the vectorial forces depend differently
on the bias voltage and on the quadratic and linear contributions than the scalar force
divergence.
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Fig. 2.38: The measured force (a) and force divergence (b) at a single point of the 2D horizontal
map (the middle point in the gray shaded area of Figure 2.40a). The vertical lines mark
the point of zero bias voltage (solid black line), and the zero force, respectively diver-
gence extremum (colored dotted lines), which do not fall together. The data has been
cleaned by excluding points at which the PLL did not track the peaks reliably due to
a reduction in the signal strength possibly caused by an unfavorable projection of the
driving force on the eigenmodes or by a problem in the PLL setpoint.

9We use three frequencies per peak, the central frequency plus a sideband of +20 Hz in order to detect
changes in the quality factor. This makes for six lock-in measurements per measurement channel.
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From the measured driven force at each spatial point, we have a direct access to the
driven force field at each voltage. The driven force field obtained for three different bias
voltages is shown in Figure 2.39. For the smaller and larger voltages, the central nature
of the force field is evident with all flashes pointing away from (towards) the electrostatic
tip for a small (large) voltage, respectively. This again shows the linear shape of F, (V)
as in Figure 2.38, where the data for a point in the upper left quadrant (F, has a positive,
F, a negative slope) is shown.
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Fig. 2.39: Vector plot of the force field measured at three different voltages above the electro-
static tip. The force is obtained via the modulation of the electrostatic field. The col-
ored lines indicate the orientation of the nanowire eigenmodes (blue: mode 1, red:
mode 2), and their crossing the position of the electrostatic tip (minimum divergence
point). For the smallest bias voltage (a), the field’s divergence is positive (all arrows are
pointing away from the tip’s center), while at the largest voltage (c) the inverse is true.
The medium voltage (b) corresponds to minimal force, where one is not dominated by
the quadratic contribution of the electrostatic force.

In order to eliminate bad data points, we clean the acquired data with a criterion based
on the phase deviation which indicates failure of the PLL lock. This typically affects the
points measured at large bias voltages at which the strong local force becomes compara-
ble to the nanowire stiffness and causes large frequency shifts. As shown in Figure 2.38,
we then fit the driven forces at each point with a linear relation and thus extract the lin-
ear term JF, ,/8V /V and the residual term §F, ,/6V. Figure 2.40a presents both terms as
vector fields while plots of the measured driven force contributions are shown in 2.40b.
Both terms globally show the same characteristics, with the linear term being about ten
times larger at V,;,; = 1 V. In the presentation as vector fields, one can observe that the
central point of the arrow plot is slightly different (in the linear contribution it is shifted
slightly to the left). Such a difference in spatial shapes is the origin of the non standard
force images that can be obtained at a single voltage (as shown in Figure 2.8)

The combined measurement of force and force gradient permits us to validate the equiva-
lence of both measurements and presents a confirmation of the standard approach which
measures the force gradients in order to reconstruct the local force field. To compare
the divergence measurements and the force measurements, we now compute the local

129



2 Electrostatic force fields above nanostructured surfaces

8 N b} 2 2
NN NN NN DV LLL L L et 6FX/8V/V fN/V 6FZ/SV/V fN/V
SANNNNNNY Ll leeeteve
HENNNNVY LTS
AANANNNY Ve ee e 500
NN NNNNNVY Lttt yoe
EEENNNNNY L AR A st ot
U R NNNY Uh e peee
SRR ANN N Liteetceree O
SES NN A NN AP ccme = 500
PSS EE NN N WO - 4
PP prpprpi g 4 A R e
SIS ISR NN -
PSS IN AN e —— Q
SaSassasases s e e e e 0
P NI I Iy eeneeneRen e
Rttt b ub s u E s -
AAXX AR AR XA X A DG RS [=
P L L LR & WIS o
AARAANANARAR R r RARRRSS RS = 0
2A AT AR AR AR LY RARNARRR RS
AARRTTR AT I NN N N
AARRARPPRL A NRARKRRNNRSS
RARARAPRT I AMARRRRRRR R
FARAARIIS RARRRARRS D
EREREERE LN RRARRRRS -500
333555531 RRINRRRR S
3520%777 NRRARRN
27272722 MANRARR 500
527055500 REARRRR )
43454 Nl
71727113 \}‘\\\\
rrrrttrr NRARRR 1um
. H
SENANAMNNY LLL L L 6F 6\/
SASAAANNNY Lieetes fN/Vv Z/ fN/V
SSSSSSAAN ) il
AR ‘4 (ST AT %A
SSSSNNAAYN ‘4 Ltk plee
SSSSSNNNNY, ‘4 L tepioee
SSSSSSNNNN Vit eptiee <
SN tiliscesee o
SSSSSSNSNANN Ll L ebme =
SIHHIHINNNNNN M NP A LA =]
SOSSSSISSNNIA Loy 5
i~ 0 e
NSNS Lt e Qo 50 50
i~ G S e e
B e e N R ekl e ]
Sarle =
P 2pn =
a2 W E R R e s o)
- TEEY) AR AR
it ey o VAR, O 0 0
" 7 NARNRNNR N R
S AN P MMRARRRRRReS 5
DA AAA XA AT L ARRRRRRNR S
AXAAAAPP PP ] ARRRRARRARS T
AXANAAAPPP PP P ] WARNRARRRS
AXXAAZAIPR PP SANRARS 2
o r VYV VY ARRERAY ‘5 50
B LY Y ARA AN -50 E
ARDIAAAPFI LT ANARRAR D
XA APAPIPPPL T AXRAN o
PRy YV Yy ARNNAR
LS r XYY Y YYY J YRR
TP Y YNy YY) ANAER
AXANXARAPAPPAL P b ) £ =
R P R ] IRERE L RE R

Fig. 2.40: The linear and quadratic contributions obtained with a fit to each local measurement
provide the force fields shown in (a). The shaded area illustrates the point of the ex-
ample in Figure 2.41. Using the nearest neighbours to fit the local slope, one obtains
the local forces 6F, ,/6V (b).

derivative of the measured driven force fields. To do so, we take into account the nearest
surrounding points. This provides a 3 x 3 map, where at each point we determine the
linear slope 8F, ,/V};,s and the residual offset §F, , of the driven force contribution by a
linear fit. Taking the grey shaded area in Figure 2.40 as example, one obtains the local
force field shown in Figure 2.41a. We can then fit the linear and residual components at
nine points for each force direction with a plane f, , = a;x + a,z + b, where a, , are the
local gradients along x and z (see Figure 2.41b and 2.41c) of the driven force field.

Note, that due to the linearization SF = 2aéV V + B4V, the linear term that we derive
with this method is twice the quadratic force gradient obtained from the frequency based
measurement, while the residual term from the above method directly compares to the
linear force gradient from the frequency based measurement. The gradients d;F; (i,j =
x, z) obtained in Figure 2.41 are:

~146 —0.40 R
(—0.72 —1.32)“Nm M

for the quadratic contribution, so that the half divergence of the quadratic term is:
0.5(dxFx + fzFz) = —1.39 uN'm™! V2, which is in good agreement with the divergence
obtained from the parabola fit of Figure 2.38: divae = —1.32 uNm ™! V"2, The same agree-
ment is obtained on the divergence of the linear term divf(—0.34uNm~' V') at that
given position.
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Fig. 2.41: In order to calculate the local gradient of a two dimensional force map, we take the mea-
surements at the nearest neighbours into account. This gives an ensemble of 9 mea-
surements (a), for which we individually perform a line fit to obtain the linear (slope)
and residual (offset) contribution. We then plot the fitted linear (b) and residual (c)
force in 3D and fit each set of nine points with a plane f(x,z) = a,x + a,z + c. The slope
of this plane in x (a,) and z (a,) direction are the local force field gradients. The insets
in (b,c) are an image of the vector flow derived from the fits of the bare measurements
shown in (a). The central point of (a) is identical to the measurement shown in Fig-
ure 2.38.

Figure 2.42 presents the complete map of the linear and residual force gradients calcu-
lated via the driven force. In both cased 9, F, = 9,F,, which demonstrates that the mea-
sured electrostatic force field is conservative. We also observe the same central shape of
the linear and residual contributions. We note that the sign of the maps in both cases has
not necessarily to agree since the sign of the residual force depends largely on the di-
rection of the parasitic field E, which can be inversed when the workfunction difference
between nanowire and sample is different. However, in the present case, both terms
present a trapping force above the tip.

In Figure 2.43, we compare the force divergence from both measurements. The measured
a in both cases agrees in amplitude and size, with the only difference of a higher noise
floor on the amplitude based force measurement. We expect this to be the case since the
amplitude measurement is limited by the determination of the detection vector and is
thus affected much more by noise than the frequency measurement.

The linear term f of the force divergence is compared in Figure 2.44 and in plot 2.43c.
Again, both datasets match in shape and amplitudes, with noisier results from the force
measurement (2.44b).

This proof of principle measurement thus represents a method to validate the entire mea-
surement chain. For what concerns the electrostatic force measurements, it represents a
powerful tool to determine the quadratic and linear contributions of the force on the bias
voltage. The greater knowledge acquired on those contributions will, in future, help to
properly substract them to observe small residual forces such as the Casimir forces.
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2 Electrostatic force fields above nanostructured surfaces
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: The four force gradients % of the linear (left) and residual (right) driven force
components denoted by the indices x and z (e.g. xz for 9,(6F,/6V)) are shown for
the results from the direct force measurement. The linear term gives access to a (the
quadratic term from the frequency based measurement) and the residual term com-
prises the linear term of the frequency based measurement.
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The quadratic part o of the force divergence is obtained from the linearized force (with
its slope as 2a) (a) and compared to the frequency based measurement of the diver-
gence (b). In (c), line cuts through both maps are compared, showing a high degree of
agreement. The green curve shows the linear contribution to the divergence 3, as a
result from a cut through the two maps in Figure 2.44. The cross marks the orientation
of first (blue) and second (red) nanowire eigenmodes



2.9 Comparison of force and force gradient measurement
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Fig. 2.44: The linear term of the force divergence is compared for the two measurements: The
direct, amplitude based force measurement (a) and the frequency based measurement
of the divergence (b). Both measurements give a linear force gradient in the order of
400nN m™V™ at the tip’s central position.
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3 Proximity and Casimir forces

While the electrostatic forces that have been the subject of Chapter 2 are dominant for
nanowire-sample separations of hundred nanometers and more, proximity forces start to
play a role at smaller distances. The measurement of proximity forces, in particular the
Casimir force which originates from vacuum field fluctuations, is the motivation of the
present chapter, as well as the description of the experimental limitations which originate
from residual electrostatic fields. The latter should be understood and if possible compen-
sated as to operate in a true electromagnetic vacuum. The chapter starts with a brief intro-
duction to proximity forces and the Casimir force in Section 3.1.

In Section 3.2 we adapt the discussion of the Maxwell stress tensor from Section 2.1, in-
troducing the fluctuating fields as origin of the Casimir force. The static, residual electric
fields are responsible for two contributions in the force field, linear and independent on the
sample bias voltage. We introduce a method that allows for compensating, under certain
assumptions, their linear contribution so that the remaining force field can be restricted to
the Casimir force field and to the quadratic contribution of the residual electrostatic fields.
The linear contribution of the parasitic surface fields are responsible for a large scattering
in the electrostatic parabola extrema, which prevents a proper definition of the sample work
function, around which the effect of parasitic fields should be evaluated. We introduced a
statistical analysis, which allows to retrieve a mean V,, value around which the effects of the
surface patches can be developed. This method permits to suppress the linear contributions
arising from the parasitic fields, so that one can determine the residual force, which do not
depend on the bias voltage. It then contains the Casimir forces, as well as the quadratic
contributions from the parasitic fields.

In order to compare the extracted residual force to the expected Casimir force, one needs to
estimate the strength of the Casimir force using numeric simulation techniques, which have
been adapted in the frame of this work. Section 3.3 picks up the simulations performed in
order to better understand the characteristics of the Casimir force in such a non-analytical
geometry. We investigate the effects of different geometries and materials. For the geometry
of a hole in a metallic surface beneath a SiC nanowire, we obtain estimations for the Casimir
force field gradients in the range of tens of aNnm™!, which is within the detection range of
the nanowires.

In Section 3.4, we apply the developed method to extract the residual force from a measure-

ment for the geometry of two crossing trenches, which comes with a reduced dimensionality
compared to a measurement above a circular hole. While the magnitude of the thus mea-
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3 Proximity and Casimir forces

sured residual forces are in the same order as the predicted Casimir force and show similar
features, they present a different distance dependency. We trace this back to the limitations
of the method to extract the residual force, as it cannot remove terms that are quadratic in
the parasitic residual fields.

We then finish the chapter by presenting a technique based on the employment of two addi-
tional pairs of electrodes positioned in the sample plane, which would allow compensating
the parasitic fields along the three directions in space, and hence isolating the Casimir con-
tribution from the parasitic field contribution (Section 3.5). This technique will be subject
to future studies and is already tested in our group.
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3.1 Beyond electrostatics — Proximity forces

In the previous chapter, we have considered electrostatic forces between two objects —
the nanowire and a nano-structured electrode — which are at a distance of a few microm-
eters or less. At shorter lengthscale, other effects than the electrostatic force, which is
long ranging in comparison to those proximity effects, come into play. Contrary to the
electrostatic effects discussed above, those forces originate from dynamical interactions,
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3.1 Beyond electrostatics — Proximity forces

which can be understood either from a material point of view: an interaction between
fluctuating dipoles, or from a field point of view: the action of fluctuating electric fields
OE. This class of interactions can be divided into three historically grown groups, the
Van der Waals force, the Casimir-Polder force and the Casimir force.

The Van der Waals effect is a combination of the interaction between different dipole
types (permanent or induced) in matter. The combined effect of all interactions (perma-
nent with induced, permanent with permanent, ... ) is the resulting Van der Waals force.
Figure 3.1a illustrates the example between a fluctuating permanent dipole p; that in-
duces a polarization p, in a second particle which causes an interaction between both
particles.

a van der Waals (quasistatic fields) b Casimir-Polder (waves/retardation) ¢ Casimir effect (macroscopic bodies)

e IR
et X7

Fig. 3.1: Illustration of the different types of dipole fluctuation induced forces: Van der Waals
force (a), Casimir-Polder force (b) and the Casimir force (c). Taken from [98].

In 1948, Hendrik Casimir and Dirk Polder integrated a delay in this interaction, origi-
nating from the finite speed of light in the description of the Van der Waals force [15].
When solving the problem for a neutral atom in front of a flat metallic mirror, and for
two neutral atoms, they found that the delay causes the force to decay more rapidly
at large distances than the London-Van der Waals description suggested. This adds a
monotonously decreasing prefactor to the static Van der Waals force. The interaction
between atoms and neutral objects is therefore often referenced to as Casimir-Polder
force, however, the physical mechanism - the interaction between fluctuating dipoles -
is the same. Figure 3.1b schematically illustrates how delayed effects between dipoles
come into play.

In the same year, Casimir also first presented his calculation for an attractive force be-
tween two parallel, perfectly conducting plates [16]:

F = he—— (3.1)

where a is the distance between the plates. While Casimir based his calculations on the
change in zero point energy when one introduces the metallic plates in vacuum, more
general approaches [32, 66] are based on the fluctuation of the vacuum field. The Casimir
force is non-additive and one needs to take into account the combined fluctuation of the
dipoles contained in the macroscopic bodies (Figure 3.1c).
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3 Proximity and Casimir forces

In order to precisely predict the outcome of measurements of the Casimir force, more
recent works took into account the properties of the real mirrors [40, 63, 96]. These are
in particular a finite temperature and the optical properties of the metallic plates which
deviate significantly from a perfect metal descriptions at the part of the spectrum which
plays a dominant role in the calculation of the Casimir force. With deviations from the
theory for ideal mirrors due to a realistic Drude model of the materials, Lambrecht and
Reynaud achieved to reduce the deviation between theoretic prediction and experimen-
tal results to about 10% [63]. The correct modelling of the material parameters is thus a
critical and complex problem in the calculation of Casimir forces, and a correct theoret-
ical model requires experimental data to be tested against, which, however, is rare and
difficult to be obtained.

Due to the intrinsic complexity of the calculation of the Casimir force, the original ge-
ometry of Casimir, and a few — highly symmetric - other geometries, still represent the
standard configurations of Casimir experiments. Already a few years after its prediction,
the Casimir force has been detected and other experiments followed up to the current
date [26]. However, the increasing calculation efficiency of modern computers and new
theoretical approaches [94, 95], allow to take a look at problems without analytic solu-
tions. In particular, vertically repulsive Casimir forces were predicted to be experienced
by a finite needle, positioned above a circular hole drilled in a metallic plane. The magni-
tude of the predicted effect is significantly smaller than the forces measured in traditional
experiments, and has not been detected for the moment. The geometrical analogy with
our experiment lead us to investigate the possibility to detect Casimir forces above a

hole.

3.1.1 Measurements of Casimir forces on the microscale

The traditional Casimir pressure between two parallel plates at a distance of 1 um is of
1.3nNmm™2, a force well detectable with modern force measurement techniques. Due
to the easier alignment, measurements often use a spherical surface with large radius
compared to the object separation, that in theory can be approximated by a superposi-
tion of flat rings with successively increasing diameter — the so called proximity force
approximation (PFA) [10] —, as illustrated in Figure 3.2a from reference [50].

For these measurements, a spherical, micrometer sized particle which is attached to a
vibrating force probe such as an AFM cantilever [50, 79] or a torsion pendulum [54], is
approached to a surface and the Casimir force gradient along the oscillator trajectory is
measured up to a few percent accuracy via the change of the probe’s frequency. These
measurements of the gradients of the uniform uniaxial Casimir force permitted exploring
the effect of surface patches [38, 39, 58], surface structuration [54] (see example in Fig-
ure 3.2b), or the influence of the dielectric surrounding of the bodies [55, 79, 106], which
allows repulsive Casimir interactions. However, the requirement of a perfect alignment
and the small force per surface area has made it difficult to investigate Casimir forces on
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3.1 Beyond electrostatics — Proximity forces

a smaller scale. With the growing field of micro- and nano-electro-mechanical systems
(MEMS / NEMS), the Casimir force will become important when systems miniaturize [98]
as the Casimir force is one origin of irreversible adhesion. First experiments [110, 119]
already realized on-chip Casimir experiments that exploit the high accuracy of modern
nanofabrication (Figure 3.2c). This technique has the advantage that one can measure a
large ensemble of the same repeating nanostructures at the same time, thus dealing with
higher absolute forces.

cantilever

Fig. 3.2: The Casimir force between a plate and a sphere can be traced back to the force between
two parallel plates via the proximity force approximation (PFA), and measured via a vi-
brating cantilever whose position is read optically (a) (from Harris et al. [50]). Similar
experiments with structured surfaces have been conducted by Intravaia et al., using a
more microscopic approach (b) (from [54]). Recently, nanomechanical on-chip experi-
ments have been realized to measure non-monotonic Casimir forces (c) (from Tang et
al. [110]). Here, the repetition of identical nanostructures that cause a certain Casimir
interaction allows to enhance the total measured force.

In this chapter, we will discuss how two-dimensional nanowire force field nanoscopy
can be used to explore proximity effects above nanostructured surfaces. Dissimilar to
the measurements mentioned above, the horizontal force field sensing techniques, devel-
opped with the nanowire, allows to measure the lateral Casimir force on a small body,
something that has only been done for large, structured parallel plates [19, 34] or for
larger cantilevers at separations where the PFA is still valid (the separation is small com-
pared to the radius of the sphere), in order to investigate the effect of non-contact friction
in AFM [20, 109]. Additionally, the employment of small probes, such as the nanowire,
permits to investigate novel forms of the Casimir effect like a repulsive Casimir force [64,
65, 76, 112], that has been modelled to be in the order of several aN for systems of com-
parable size to our nanowire (see below). The high sensitivity of the nanowire makes
it an ideal candidate for first measurements of Casimir forces on the nanoscale. Also,
the quantitative evaluation of the Casimir forces requires to properly take into account
the physics of the electrostatic patches. This measurement is however rarely done with
the same probe as for the one employed for the Casimir measurements (in particular be-
cause one wants to access patch sizes far smaller than the sphere radius). Interestingly,
the nanowire can in principle also serve to explore the structuration of the electrostatic
patches, as illustrated in the above chapter.
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3 Proximity and Casimir forces

3.2 Detecting the Casimir force with a nanowire

The measurement of Casimir forces requires a sensitive force detection whose principles
we layed out in the previous sections. Furthermore, the small magnitude of the Casimir
force compared to the electrostatic force requires a good knowledge of the involved
materials. We have already mentioned the presence of electrostatic patches in the last
chapter, which makes that the nanowire is always surrounded by a residual electric field
so that the measurement conditions deviate from the vacuum field required to measure
only the Casimir forces. Here, we will first present a basic interpretation of the contribu-
tions of fluctuating fields to the electrostatic Maxwell Tensor introduced in Section 2.1,
which permits to formalize the nanowire based Casimir measurement. Then, we will
discuss an analysis technique accounting for the linear contribution arising from the
surface patches. We also briefly discuss the numerical recipes used for simulation of the
Casimir force above nanostructures.

3.2.1 The effect of fluctuating field in the Maxwell formalism

In Section 2.1, we have introduced the Maxwell stress tensor to calculate the electrostatic
force acting on a nanowire above a structured surface. For the purely electrostatic case,
the field around the nanowire’s extremity is a sum of the field E, which is controlled by
the electrode, and parasitic residual fields E,,, caused by effects like electrostatic patches
or charges, which do not depend on the bias voltage. In order to take the fluctuating
fields that cause the proximity interaction into account, we add a fluctuating field JE,
which has a zero time-averaged value, but a non-zero rms value and is the origin of the
Casimir force:

E =Ey+E, + JE. (3.2)

The investigation of the fields close to the nanowire’s tip in box 2.a has shown that the
force on a thin nanowire is solely caused by the fields at the bottom integration surface.
There, the stress tensor component that gives the force in the horizontal direction is
given by T, = —&E,E, which, similar to (2.11), yields:

T,

y = —&o(By  + E, .+ SE,) (EV,y +Ey,+ 5Ey) (3.3)

Since the force is the integral of the time averaged stress tensor, the first order contri-
butions in §E vanish and only the second order fluctuating term §E, §E, remains, so we
obtain for the force:

F, o Ey By ,+Ey E, ,+ Ey \E, . +E, .E, ,+ (6E,0E,). (3.4)
—— \ J
O(Vbzias Vhias
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3.2 Detecting the Casimir force with a nanowire

The quadratic electrostatic term remains again unchanged, as well as the linear term,
but the fluctuating forces add a new contribution 7 to the offset force:

Fo=aVi  + Wiias + vy +1. (3.5)

We retrieve the same parabolic form for the electrostatic force as before, but now with
an offset caused by the linear contribution from the parasitic residual fields plus the
quadratic contribution from the fluctuating fields. Figure 3.3 illustrates this shift and the
corresponding terms at play.

, ’ Linear
electrostatic force (A)

%
%
e
@
o
-
S
S
%

Fig. 3.3: A force measurement at a fixed position in an ideal environment without stray fields
would give a force parabola F(V) that is only determined by the quadratic electrostatic
coefficient a (blue), whereas parasitic residual fields cause a linear contribution (orange),
which creates a shift of the parabola extrema, as well as a modification of the force
extremum force. Field fluctuations cause a constant, voltage independent, offset n so
that the measured parabola (black) is further displaced vertically. The grey parabola
does only show the quadratic and linear contributions. It has the same apex position
V, as the black curve since the background force does not add a horizontal shift of the
parabola.

3.2.2 Extraction of the Casimir contribution

In order to measure the Casimir force, one would ideally measure the voltage depen-
dent quadratic and linear electrostatic forces to try to isolate the voltage independent
Casimir effect. From a voltage varying measurement one can infer the terms o and A
without ambiguity, but it is not possible to compensate for the quadratic contribution
from the parasitic residual fields, since the products of the fields Ey /. E, ,/x and E, ,E, ,,
have a different spatial dependence. To suppress the residual electrostatic fields, we will
propose, at the end of this chapter, a method based on the use of external electrodes
to compensate the residual horizontal electric field contributions. We believe that, with

such a method we could reach a better estimation of the Casimir forces. In the following,
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3 Proximity and Casimir forces

we will present a method to partially compensate for the linear voltage contribution in
the force, caused by the parasitic fields.

With force gradients expected at the level of a few tens of aNnm™ (see below), the
Casimir force is much smaller than the contribution of the electrostatic fields fN nm™!,
which are maximal when the nanowire is positioned close to the surface. Above an
unstructured, flat area, surface patches present the main source of force field variability
above the surface, leading to spatially dependent terms A(r) and y(r). In presence of a
Casimir term 1 whose transverse spatial variations are supposed to be small compared
to that of the linear terms, which are caused by statistically distributed variations of
the surface fields, the parabolas will, on average over the area, have a common crossing
point. If the statistic is sufficient, such an averaging process should in principle lead us to
an estimate of the average workfunction difference between the two materials. From this
point we can infer a statistical value for V|, which can be used in the subsequent analysis
to suppress the linear contributions of the surface terms for the rest of the map. It is
important to note that this V, does not represent the workfunction difference as one would
measure in KPFM, due to the intrinsic difference to the horizontal force measurement.

AF

Vo Vv

»
y

Fig. 3.4: The measured force parabolas on a flat surface, or at sufficient distance from the surface
show little to no variations in the quadratic term a and without the presence of residual
constant electrostatic fields one would measure the blue parabola whose vertical offset
is only due to the Casimir force. The voltage independent residual fields E, cause a

linear contribution due to the product of the fields EE, and a constant term E; that

adds an additional offset to the Casimir contribution n. When the local workfunction on
the surface fluctuates around a mean value, the measured parabolas (grey, orange) all
cross at a common, mean V,,.

The above principle is based on the fact that for a given ¢, variations of the parasitic fields
will lead to a displaced parabola, but the force at the offset potential V), will remain un-
changed (see Figure 3.4). Even if the presence of the quadratic parasitic terms (Epes yEyes y)
may falsify this assertion, they contribute generally only weakly, and finding the “sta-
ble” point in the force divergence measurements thus represents a reasonable method
to estimate V;,. At this potential, the variations of the force divergence can be supposed

to be caused only by the terms E, ¢ (Eyes ), + <5Ex5Ey>. The principle of the estimation of
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3.2 Detecting the Casimir force with a nanowire

V,, and of the linear contribution due to surface fields is illustrated in Figure 3.5, using
experimental data.

To obtain the common crossing from the measurements, we fit all the curves divF(V;,,)
acquired at varying positions, and create a 2D histogram of all fitted parabolas measured
on a reference area (i.e. far away from the surface structuration), such as shown as Fig-
ure 3.5. We then determine the point where most parabolas overlap by fitting a Gaussian
distribution for each line Py(divF) at each voltage V;. The common crossing is found at
the voltage V};,s = Vi, where the spreading of the fitted Gaussian is the smallest.
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Fig. 3.5: In order to find the common crossing of the force divergence parabolas in the voltage
plane, we create a histogram based on the fitted parabolas (a,b). In (a), we take only
neutral points, which means points where the nanowire is far from the test structure (as
indicated by the red shaded area in the inset), into account. In (b), the area close to
the cross is investigated. In the 2D maps, presented in (e,f) the quadratic term a (e) is
relatively constant in the neutral region but the parabolas are shifted by a varying linear
term B (f). The common crossing is then determined by fitting a Gaussian distribution to
each vertical line of the histogram (the orange line marks the center of the distribution,
the dotted lines show the standard deviation o which is also shown in the plots (c,d))
and determining the point where this distribution has the smallest width (orange cross),
which gives the point of common crossing.
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3 Proximity and Casimir forces

We have found that, for all measurements of better quality (long averaging times, small
error in the frequency estimations, ...), the parabolas tend indeed to have a common
crossing point, and the assumption of statistically distributed variations of the linear
term is therefore plausible. Also, after subtraction of the linear contribution of the para-
sitic fields, the remaining Casimir contribution 7 is in the order of magnitude we would
expect for the geometries we work with. In the following section we discuss numeric
tools used to estimate the Casimir force we can expect and will then present some of the
maps of the residual force measured above nanostructures.

3.3 Simulating the Casimir force

3.3.1 Methodology

Since the analytic calculation of the Casimir force is only possible in highly symmetric
geometries with nearly ideal material properties, we can not rely on analytic methods
to estimate the Casimir force experienced by a nanowire above a structured sample.
However, with the increase of nanofabrication craftmanship in the last decades, the de-
mand for numeric methods to calculate the Casimir force increased as well. Due to the
similarity between fluctuation induced effects and classical electromagnetic (EM) prob-
lems, it has been possible to adapt standard computation methods for EM to calculate
the Casimir force for more complex geometries and materials (see Dalvit et al. [26, Chapter
6]). All methods have in common, that one needs to integrate the Maxwell stress ten-
sor on a surface surrounding the nanowire, as introduced above, but by integrating the
contribution of all frequencies w, corresponding to a sum of the vacuum energy for all
possible modes. We remember that the Stress tensor (in Minkowski representation) is
defined as [26, 27]:

(10, = o) (BB, ~32 3807
k

T u(r, w>[<m<r)Hj(r>>w —5,/2 Z<Hk<r>2>]
k

The field correlations are given by the Green’s function € (r,1’, ») that comprises material
and geometric properties [26, 67]:

<Ei(r)Ej(r)>w = h—f%?ﬁ(a); r,r’) coth(%), (3.7)

for T > 0, and similar for the magnetic field with the corresponding magnetic Green’s
function. Here, the fluctuation-dissipation theorem relates fields to vacuum fluctuations.
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3.3 Simulating the Casimir force

The Green’s function represents the electrical response to a localized current source, and
thus relates the electric fields to harmonically oscillating source currents J(r, ).

Due to material and geometric resonances, the field shows a very complicated, oscillating
behaviour for real valued frequencies with most frequency contributions cancelling each
other out in the Casimir integral, and only a small resulting value that finally gives the
Casimir force. One can, however, rotate the integral to the positive imaginary axis where
the integrand is usually well-behaved. This is possible since, after Cauchy’s integral
theorem, the integral along a closed path in the complex plane always values zero if
it does not contain poles of the integrand. Since the poles of the Green’s functions
are only in the negative imaginary plane, the path integral between two points in the
positive plane is identical. Instead of integrating over the real w-axis (the orange curve
in Figure 3.6), one is free to chose a path along the imaginary &-axis that rejoins the real
axis at @ > 0 (blue curve). Since & decays exponentially with w + i& the integral in
this region is zero and one obtains the equality between a path integral along the real
and imaginary axis. Such a rotation from real to imaginary frequencies with v = i£is
called Wick rotation [26], and the stress tensor integral over the closed surface Sbecomes
[99]:

[o¢]

F=9 J i dgﬂgﬁ ;@j(r; £)) dn,. (3.8)

0

=0forw+i§>0

No poles in closed path
= closed integral =0

X X X X Polesonlyat§ <0

Fig. 3.6: Illustration of the Wick rotation that follows from Cauchy’s integral theorem. The integral
along the closed curve illustrated by the blue and orange line equals zero as all poles
are located at the negative imaginary half space. Since the integrand is zero at large
w +i§ the integral along the real w and imaginary § axes are equivalent.

At finite temperature, the integral in (3.8) becomes a sum over the so called Matsubara
frequencies [26, 32, 67]:

_ 2nmkgT

n o (3.9)
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3 Proximity and Casimir forces

which are a consequence of the poles of the Bose-Einstein occupation factor coth(hw/2kgT)
in the fluctuation-dissipation theorem in Equation 3.7, and of the application of the
residue theorem to the integral.

In this work we have used two calculation methods for the Casimir force. The first
one makes use of the scattered field in the time domain [72, 99], so that finite-difference
time-domain (FDTD) simulation methods can be used to solve the stress tensor integral
numerically. A free FDTD simulation software developed by some of the authors of
the methods, coming with means to calculate Casimir forces, is MEEP [83]. Due to the
complexity of the computation, this approach is effectively limited to simulations of the
Casimir force in 2D. After having reproduced some of the predictions for systems similar
to our nanowire [65], we switched to a more versatile technique that describes the elec-
tromagnetic field in terms of fluctuating surface currents [94, 95]. In this approach, the
integral over the Maxwell tensor reduces to a sum over the discretized interaction of sur-
face currents at each imaginary frequency & on the test object, which can be solved with
less numerical effort (see reference [95] for a detailed theoretic derivation). In contrast to
the FDTD approach, this method does not rely on a meshing of the entire geometry, but
only of the object surfaces, which reduces the number of calculation steps. Additionally,
the force contribution is increasingly small for large &, so that one only needs to cal-
culate for the first few tens of values of n. We use an implementation of the boundary
element method developed for Casimir simulations called SCUFF-EM [93].

3.3.2 Implementation

The geometry we are interested in, is in particular that of the nanowire above a hole in a
metallic plate since a repulsive force has been predicted for the case of a vertical dipole
above a hole [33, 65, 112], as illustrated in Figure 3.7a.

The experimental geometry is different from the ideal proposed cases, in the aspect
that we do not have an infinitely thin metallic plate, but a metal layer on a dielectric
substrate. Additionally, the nanowire is not an ideal uni-directional dipole as it has a
non-zero polarizability in the horizontal plane. We therefore picked up the calculation
approach using SCUFF-EM and designed a geometry that reproduces the experimental
case. Figure 3.7b illustrates a typical simulation geometry. Similarly to the electrostatic
simulation we reduce the nanowire’s length in order to save computation time, however,
we now do not suffer from accuracy losses since the top part of the nanowire does not
add much to the scattering properties of the field confined between the objects. This as-
sumption is confirmed by a comparative study with different nanowire lengths, shown
in Figure 3.8. The variations in the Casimir force do not seem to be linked systematically
to the nanowire lengths, so that they most likely emerge from small differences in the
simulation geometries (the meshing). It is hence important to assure a fine meshing at
the opposing faces of the objects with a good resolution at curved regions and edges.
The objects and meshes are scripted and then created with the free software GMSH [41].
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Fig. 3.7: (a) An elliptical, vertically polarizable particle is erxpected to be vertically repelled close
to a hole drilled in a metallic plate (a-a) from [65]. This follows from the argument that,
when the particle is positioned centrally in the hole (a-b), its field lines are perpendicular
to the plate, so that no interaction is present between the dipole and the rest of the
plane, since the latter cannot be polarized by the perpendicular field due to symmetry.
At infinite distance, the particle also experience a vanishing force, however it must be
attracted by its image dipole for z = W, so one obtains a typical potential interaction
energy as shown in (a-c), which is repulsive at small z. (b) Sketch of the simulation
geometry for the nanowire-hole geometry. The sample represents a conical hole in a
silicon cantilever (blue), that is covered by a metallic plate (orange). All surfaces and
interfaces between materials need to be meshed for the surface current method. We
chose a particular fine mesh on the opposing faces of nanowire and sample (close to
the hole), as these faces are the main determinants of the scattering properties.

The above simulations also allows to give an estimate for the Casimir force properties:
its magnitude is around some tens of aN, varying on a transverse dimension of hun-
dreds of nm, so that the horizontal force field gradients can be expected at the level of
d.F, ~ 0.3aN nm™!. This magnitude is rather weak but other geometries studied below
will predict force gradients well within the force sensing capacities of the nanowire.

Since the Casimir force strongly depends on the optical properties of the materials, we
model all domains with experimental data from optical measurements [84], which is eval-
uated at imaginary frequencies using the Kramers-Kronig relation following the princi-
ples layed out by Reynaud et al. [26, 63]:

we” (w)

et (3.10)

8(i§)=1+gJ,da)
/
0
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Fig. 3.8: Comparison of the Casimir force between a sharp metallic tip with a curvature radius
of 30 nm and a nanowire with diameter d = 200 nm for different nanowire lengths at a
height of y = 70nm. (a) presents the horizontal force (parallel to x) and (b) the vertical
force (in y direction), for a horizontal scan of the nanowire tip with the tip apex located at
x = 0. The Casimir force is found to be attractive vertically and horizontally, towards the
tip extremity. The nanowire length does not have a systematic effect on the calculated
force, and the present differences are likely to originate from different meshing (each
nanowire is meshed seperately). The variations can therefore provide an error estimate
for the conducted simulations.

3.3.3 The nanowire-hole geometry

We will now discuss the simulated results for the realistic nanowire-hole geometry.
While the predictions of a vertically repulsive Casimir force have been obtained for a
comparably small object [64, 65], there are no detailed studies of what happens if the
particle above the hole is a relatively large object such as our nanowire with a diameter
in the order of 1/2 of the hole size. Also, it has been unclear which effect the presence of
a dielectric substrate would have on the Casimir force, and what one could expect from
a quasi infinite object in contrast to the finite particles employed.

Indeed, in the conducted simulations, we do not find a vertically repulsive force, most
likely due to the non-uniaxial polarizability of the realistic nanowire. Figure 3.9a shows
the vertical force F, which is strongly attractive above the surface and goes towards zero
in the center of the hole. As the distance between nanowire and sample increases, the
force rapidly decreases. Figure 3.9b shows the simulated lateral (parallel to the surface)
Casimir force F, and panel 3.9c the force gradient 9, F, above a 370 nm large hole, experi-
enced by a 4 um long and 160 nm thick nanowire scanned at an altitude of 200 nm above
the hole. In plot 3.9d, the force field divergence d,F, + 9,F, is presented as calculated
from the simulated forces. It resembles the gradient, due to the symmetry of 9,F,. The
lateral force shows a clear antitrapping profile, corresponding to a pronounced attrac-
tion towards the perimeter of the hole, notably, with a the force extrema slightly shifted
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3.3 Simulating the Casimir force

to the inner side of the hole. This observation is similar to the findings in reference [73],
where the vertical, repulsive Casimir force on a cylinder with a diameter much smaller
than the hole’s is maximal close to the hole’s edge. This case is similar to the geome-
try of a polarizable particle and a single wedge (the hole’s border in this case), which is
discussed in reference [75]. In a certain way - if the nanowire is small with respect to
the hole - one can describe the hole’s perimeter as single wedge, assuming the nanowire
is blind to the effect of the opposite boundary. The corresponding gradient o,.F, shows
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Fig. 3.9: The simulated vertical force F,ona SiC nanowire with diameter d = 160 nm and length

[ = 4pm above a hole in a gold coated Si cantilever with diameter W = 370 nm is shown
in (a). The other panels show the lateral Casimir force (b) and force gradient o, F,(c),
as well as the 2D divergence divF in the horizontal plane (d). The latter is calculated
by assuming a radial symmetry for the Casimir force field. While for the nanowire-hole
geometry we do not obtain a vertically repulsive force above the hole, the nanowire
experiences an anti-trapping Casimir potential which is strongest close to the edges.
The simulation results (points) are connected by a spline for visual guidance.

five local extrema in the horizontal cut for large holes: two are found above the metal
surface just before the hole, and two inside. Between the two central maxima, the curve
has a dip which is present when the nanowire is close to the surface (blue curve), but
disappears for larger distances (y > 100 nm) where it forms a flat region.
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3 Proximity and Casimir forces

From these results, we can note three important observations. Firstly, there is the ab-
sence of a vertical repulsive force while an antitrapping horizontal force is present. Since
we were not able to find a repulsive force with other realistic nanowire-hole geometries,
a more thorough study would be needed, which should investigate the limit between the
ideal case of a finite metallic plate with a hole and a very thin uniaxially polarizable nee-
dle and our realistic case. However, the lateral antitrapping is a particular case lacking
experimental investigation.

Secondly, the expected gradient has a highly structured shape, with trapping extrema
outside the hole and two antitrapping regions within the hole, which can merge when
the nanowire is retracted towards larger distance, or when the hole diameter shrinks.
And thirdly, the Casimir force decays quickly in the vertical direction, and compared
to close distances, disappears for distances larger than 150 nm, however, with gradients
of tens of aNnm~! and more at distances shorter than 150 nm, they fall well within the
sensitivity range of the experiment.

Next, we take a look at the influence of different hole sizes and the role of the underlying
substrate. In Figure 3.10a, we compare the force gradient above a hole that is etched
cylindrically through the cantilever with one of a conical shape. The force gradient for
both cases is nearly identical, with slightly smaller extrema for the straight, cylindrical
hole. Thus, the theoretical contribution of the substrate to the Casimir force is rather
small. Still, experimentally we may benefit from the conical hole shape, as the dielectric
substrate is prone to contaminations and surface effects that can be amplified by the
etching process. These parasitic effects could cover the Casimir force, so keeping them
away by removing more of the substrate close to the hole is one way to mitigate them.
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Fig. 3.10: The comparison between a straight, cylindrical hole and a conical one (anglex24°) in
the sample substrate (a) shows that the hole shape only plays a minor role for the
Casimir force. The objects have the same extents as in 3.9, with [ = 4 um, D = 160 nm, W =
370 nm and a vertical nanowire-hole distance y = 200 nm. Plot (b) compares the gradient
measured above three differently sized conical holes at y = 200 nm.
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Panel 3.10b gives a comparison between different hole sizes. The smallest size corre-
sponds to the hole in the previous plots. For increasing hole diameter, one observes that
the central peak quickly becomes the double peak that we have already observed for
close distances in 3.9. The maximum value of the force divergence in the antitrapping
region decreases (the maxima decline) with larger hole size. A change in hole size does
not affect the spatial extent of the individual features above the hole edges, which ap-
pear to only depend on the nanowire diameter and the scanning altitude. However in
the central area, the maximum antitrapping strength saturates for small holes.

Influence of a tilt

In Section 2.6 we have already discussed that a nanowire tilt changes the force field
experienced by the nanowire. It is rather natural to try to predict the influence of such a
tilt on the force field experienced by the nanowire, by applying a rotation matrix to the
horizontal and vertical forces experienced by a vertically positioned nanowire. However,
this approach may fail in a Casimir simulation, so we wanted to verify if and up to which
tilt angle such an approximation remains valid. We first describe the projection of the
force field calculated in the x, y coordinates onto the coordinates of the rotated nanowire
x’,y’. Such a counter-clockwise rotation, by an angle @ with respect to the x axis is
expressed by:

(x,) _ ( cosa  sin a) (x) and (x) _ (cgs a —sin a) (xl>‘ (3.11)
y —sina cosa/\y y sina cosa J\y
The projected force F,,, which is perpendicular to the nanowire, would be given by:

Fy = Fccosa + Fysina, (3.12)

and we obtain the projected force gradient in the tilted nanowire base by:

oF., OF oF, oF. oF
L = ZXcosla+ —Zsin‘a+ (—x + —Z) cosasina (3.13)
ox’ ox 0z 0z ox

At small separations, where the vertical force gradient 9d,F, is large, this effect plays
an important role. Beyond such a simple evaluation, the tilted nanowire changes the
Green’s functions and can therefore alter the Casimir force field. In order to estimate
the effect of the tilt, we performed simulations in the same geometry as in Figure 3.9,
but with a nanowire rotated by « around its extremity, keeping the same scan coordi-
nates.

Figure 3.11a presents the result for a rotation around the z axis — the nanowire is tilted
in the scan plane. In order to discriminate between the effect of the projection and the
different Casimir force on a tilted nanowire, we plot the approximated force gradient
obtained with Equation 3.13, using the force values simulated for a perfectly perpendic-
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3 Proximity and Casimir forces

ular nanowire. The agreement between approximated tilt and real tilt shows the validity
of the approximation. The rotation of the nanowire’s eigenmode axis in the x, y plane
is the crucial factor. For the previous simulations, it has been enough to simulate the
space from the holes center towards positive x (due to symmetry), the case of the tilted
nanowire requires a simulation of the negative and positive x. With the observation that
the projection is the main contributor, we can stick to the faster simulation of a straight
nanowire on half the scan range and still obtain meaningful results for a tilted nanowire
up to a tilt angle around 20°. At this value, we observed stronger deviations between the
approximation and real tilted estimations, which start to be visible as a small offset to
the left of the extrema for the real tilt in Figure 3.11a.
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Fig. 3.11: Simulation of the Casimir force for a 10° tilted nanowire above a hole ([ = 4um,
D = 160nm, W = 370 nm) at different nanowire-hole separations y = 80 nm, 100 nm and
150 nm. In (@), the nanowire is tilted within the scan plane which leads to a asymmetric
force divergence, and one observes a slight shift of the x-position of the extrema in
the direction of the tilt. The solid lines present the simulation of the tilted nanowire,
while the dotted lines show an approximation of the tilt by a projection of the simulated
force on a straight nanowire along a tilted measurement direction. In (b), the nanowire
is tilted perpendicular to the scan direction (to the paper-plane), which does not sig-
nificantly change the force gradient measured along x in comparison to the straight
nanowire (dotted lines).

The 10° tilt alters the shape of the force divergence significantly. It adds a constant
positive force divergence above the surface, which originates from the fact, that the ver-
tical force F, is attracting the nanowire - it is negative with a negativity that increases
when approaching the surface. When the nanowire displacement dx” is positive — the
nanowire moves further away from the surface -, F, has gained in total value, still re-
maining negative. The gradient z—ff is hence positive above the surface. It is also the
contribution of this gradient that causes the asymmetry of the gradient at opposing hole
borders. Here, it is the displacement in x which significantly increases the negative
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3.3 Simulating the Casimir force

force F, when changing from substrate to hole, while on the opposite side, F, rapidly
decreases.

The second tilt configuration is the nanowire tilted out of the scan plane. In that sit-
uation, the tilt effect is not impacting the force field measured in the scan plane: the
symmetry of the untilted case is preserved as can be seen in the results in 3.11b. Thus,
the force gradient experienced by the tilted nanowire is only slightly different from the
straight nanowire.

Since the tilt effect is dominated by the projection of the vertical force on the perpendic-
ular direction of the tilted nanowire, we can use the results from the simulation with the
straight nanowire to calculate 2D divergence maps for the horizontal plane. Figure 3.12a
shows the map for the tilted nanowire, a cut through the center of the hole along the x
direction corresponds to the cuts in 3.11a (not that the 2D map shows the divergence,
the line cuts the gradient), one along the z direction to those in 3.11b. With respect to 2D

divF / fN/nm

tilted NW straight NW

Fig. 3.12: Simulated horizontal divergence from the simulation of the Casimir force for the straight
nanowire 80 nm above an underetched hole. In (a), a 10° tilt of the nanowire towards
the -x direction is presented, (b) shows the divergence of the untilted nanowire. The
dashed circle marks the edge of the hole and the white circles in the top right corner
illustrate the size of the nanowire in the simulation.

measurements of small, rotational symmetric structures, the effect of a tilt can introduce
large disturbances in the measured force field, due to the symmetry breaking effect. A
2D map of the force divergence — this also holds for electrostatic forces, as the projec-
tion of the force (3.13) is independent from its source — can therefore look very different
if the nanowire is tilted and does not necessary reflect the geometry of the horizontal
force field. Experimentally, we have introduced the possibility to fine tune the nanowire
tilt, by using a home made gimbal nanowire mount, which allows to manually ensure
its verticality within a few degrees (see Section 1.4.3).
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3 Proximity and Casimir forces

3.4 Measured residual force on crossing trenches

We will now discuss the results of the analysis described above on the example of the
cross like hole. From the determination of the common crossing point we estimate V;, =
—0.12V. This permits to identify the voltage value which compensates for the work
function difference from the two electrodes. In a sense, this voltage allows to compensate
the average vertical parasitic field (which itself does not depend of the bias voltage).
V, then represents the value around which one should investigate the impact of the
variability observed in the parasitic electric fields.

The parabolas, which were initially fitted with the expression
aVi+ vV +y(=a(V-V)?+y’),
can now be expressed as:
divF = a(V — V)* + 2(V; = Vo)(V — V) + A(V; — V) +1, (3.14)

with V|, obtained via the technique presented in Section 3.2.2. This expression allows
to make connections with the expression arising from the tensor analysis given above,
divF = a(V — Vy)? + B(V — V) + n. The two first terms now represent the quadratic
and linear contributions, while the sum of the last two terms now contains the quadratic
parasitic and the Casimir contributions. As stated above, in the present stage, in the
measurements we cannot fully discriminate Casimir from quadratic parasitic contribu-
tions, but we will describe in greater details the spatial properties of the total residual
contributions (7).

Figure 3.13 presents the coefficients of the offset corrected force parabola on a horizontal
xz-map. Here, a remains unchanged, but we obtain new linear and constant terms S, n.
We first note that the quadratic and linear terms are of opposite signs with a comparable
amplitude (at V;;,, = 1V) but have a different spatial dependence, as can be seen in
the central area where « has its maximum, and f is close to zero. Also, the linear force
divergence coefficient has a larger spatial extension than the quadratic part. The residual
force divergence n has an even larger extension with overall negative values around the
cross, and thinner positive regions directly above the trenches of the cross.

We also note that the background of the residual term shows a clear slope from the left to
right side. This is likely due to the tilt of the sample surface with respect to the sample
stage’s xyz-piezo motional axes, which causes the surface to be further away on the
left side than on the right side of the plots. As shown in Figure 3.11, an angle between
the nanowire and the sample causes a positive, anti-trapping residual force above the
surface. This positive offset is comprised in the residual force reference 5, which is here
37aNnm ' and has been substracted from the plotted 7. It is given by the mean value
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Fig. 3.13: Different components of the electrostatic force divergence above the cross structure
assuming a mean V, = -120 mV from the common crossing analysis. The horizontal map
has been acquired at a height around 200 nm above the surface. The quadratic term (a)
does not depend on the choice of V,. The linear term (b) shows a trapping force field
in the center of the trenches. The residual force divergence (c) shows the characteristic
transition from trapping at the trench edges to anti-trapping in the center ofthe hole.
The gradient in the background on the surface indicates either a tilt of the sample, or a
slight tilt of the horizontal scan axes. The line in (a) indicates the location of the vertical
measurement in figure 3.15.

apart from the cross at the top and bottom of the scan area. This value agrees with the
residual force divergence at the common crossing of the parabolas.

Figure 3.14 compares the residual force for the obtained V;, of —0.12'V and a variation of
0.04V in each direction. This 40 mV value represents the width of the minimum found
in the offset voltage analysis discussed above. While for higher V; (3.14c), the positive
areas nearly disappear, and both, negative and positive areas, are more pronounced for
the smaller V. These differences demonstrate the importance of a good estimation of
the V,, and represent the limits of the method. Especially, the choice of V, impacts the
residual force divergence measured at higher altitudes, where we assume that it vanishes.
This analysis thus requires a complete vertical measurement. However, we can still state
that, despite the difficulty to fix a V}, in a horizontal map, we observe an anti-trapping
region above the trenches for realistic values of V. Furthermore, the magnitude of the
measured forces is in good agreement with the simulated values for a nanowire at about
100 nm to 150 nm distance’ (compare Figure 3.11).

A better estimate for V|, can be given in the case of a vertical map, since at larger dis-
tances, the surface forces become negligible which allows calibrating the reference value
of the unperturbed Q2+ Q2. There, the Casimir forces are negligible, so that the parabola
shift is purely determined by the parasitic fields. Due to the large distance, they show

!Note that the simulations have been done for the circular holes, the force divergence is therefore ex-
pected to be larger above the hole (as d,F, and J,F, contribute) than that above the cross. For the
Casimir force divergence above a trench one can take divF = 0,F, from the hole simulation (with
e, perpendicular to the trench), which has the same amplitude at 100 nm to 150 nm distance as the
measured force
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Fig. 3.14: Comparison of the residual forces for different V. The central panel (b) corresponds
to the results in 3.13b. The variation of +40mV is larger than the uncertainty of the
common crossing technique, however, this technique is only an approximation. In all
three cases we observe regions with the expected shape of the residual (Casimir) force
divergence.

smooth variations with the sample position. Figure 3.15 presents the results obtained for
a vertical cut above one of the cross’ trenches, which is indicated as blue line in panel
3.13a. Due to the different scan orientation and a delay of a one and a half months be-
tween the measurements, the determined V,, can not necessarily be compared to each
other?. The vertical map of the quadratic force divergence in 3.15a shows the same fea-
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Fig. 3.15: A vertical map, perpendicular to one of the cross’ branches is shown for V, = -0.39V.
The line in Figure 3.13a indicates the location of the vertical map. The common crossing
analysis is performed using the data at large distance from the surface. The asymmetric
dependence on the distance (regions with larger values seem to move to the left as one
looks at larger distances) can be explained by a deviation from the perpendicular align-
ment between nanowire and sample. Here, a nanowire tilt towards the right explains
the observed shift.

tures as the horizontal map, but with more details in the regions close to the surface
thanks to the more stable vertical approach of the nanowire. The scans are performed
from the top to the bottom, so that the most critical moments (PLL unlocking, touching
the surface...) occur at the end of the measurement sequence, such that stable operation

*We already observed changes of the surface properties over longer times, especially if several air evac-
uation cycles of the vacuum chamber were performed in the meanwhile.
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is guaranteed for as many vertical points as possible. The trapping force component
at the edges of the hole is clearly visible in the vertical maps, while it is only slightly
pronounced in the horizontal ones, due to its faster decay compared to the anti-trapping
force divergence at the trenches center and due to the finer spatial resolution of the map.
We also note, that the quadratic divergence is constant above the flat surface on the side
of the trench. At these areas, the linear term shows a clear spatial structuration, caused
by the horizontal forces due to surface patches. The residual force component for the
best fitting V, crossing value (-0.39 mV) shows the expected transition from trapping to
anti-trapping divergence when going from the surface towards the trench center.

Regarding the spatial dependence, one has the impression that the residual term decays
more slowly with distance than the linear term and the quadratic term, which decays
fastest. This can be explained by the parasitic fields E, which extent farther from the
sample than the field Ey(V;;,,) created by the electrode. Since the parasitic fields do not
contribute to the quadratic term, but to the linear term by a product with Ey, and to the
residual term as squared expression, their large extension with height would be reflected
most in the residual force field divergence.

In all plots, we observe a tilt towards the left of the vertical evolution of the different
terms caused by a physical tilt of the nanowire with respect to the sample. As discussed
above, the tilt causes a positive residual force divergence above the surface which means
that the nanowire is tilted towards the left’.

Again, we take a look at the effect of different voltages V|, on the residual force diver-
gence. Figure 3.16 presents the evolution of  as we vary V|, by steps of 50 mV. In all cases
1 keeps its negativity around the edges of the hole whereas smaller values of V; cause
the positive, anti-trapping region at the trench center to decrease until its barely distin-
guishable from the background fluctuations. However, these values are largely outside
the possible area for a common parabola crossing.

In Figure 3.17, we show cuts at different heights above the sample* for the residual term
1 (3.17a) and the quadratic term « (3.17b). As one can expect, the spatial structuration
above the surface averages out at larger distances. The quadratic term in 3.17b is decay-
ing more rapidly with the negative regions disappearing faster than the positive. This
can be explained by the same effect as the flattening of the residual divergence above the
surface, since the fields at larger distance are an evolution of those present at the surface.
A measurement at a larger height thus detects the combined positive and negative areas
which sum up to an effective positive divergence at larger distances.

3The variations of 9,F, in the untilted laboratory coordinates are small compared to 9,F, > 0, so that
with a left tilted nanowire, the gradient 9, F, is positive.

“The zero height is estimated from the height where the PLL lost the lock. The real position of the sample
surface is probably 50 nm to 100 nm beneath this level.
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3 Proximity and Casimir forces
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Fig. 3.16: Comparison of the residual force for variations around the V, = -0.39V from figure
3.15. For variations of up to +100mV the trapping (negative) force divergence at the
trench’s edges remains visible, but the anti-trapping (positive) area at the centre nearly

disappears. For smaller V,,

anti-trapping and trapping regions are more pronounces.

For all voltages one retrieves a positive residual divergence above the substrate which
is caused by a small tilt of the nanowire towards the left side.

Comparing the size of the central feature of the residual and quadratic force divergence
in Figure 3.17a and Figure 3.17b, one can observe that the horizontal size of the residual
force divergence is slightly larger than the quadratic term. This difference also appears
when regarding simulations of residual (Figure 3.9d) and quadratic (Figure 2.15d) force
divergence where the residual is zero at the hole boundary whereas the quadratic term
has the zero crossing inside the hole.
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Fig. 3.17: Cuts through the vertical map of Figure 315 at different heights for V, = -0.39V. (a)
presents the residual force divergence and (b) the quadratic term of the electrostatic
force divergence.
nanowire distance to the sample. The shaded area illustrates the approximate width
of the trench.
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3.5 Outlook: 2D force field compensation

Assuming that the surface around the cross is perfectly flat, one has no reason to expect a
variation of the residual force at those regions, opposed to the residual terms presented in
Figure 3.17a. We interpret the presence of these variations as artefacts from the imperfect
compensation of the horizontal fields by the common crossing technique. Since we are
only trying to compensate the statistical mean shift of the force parabolas in order to
extract the residual force component, the method ceases to correctly account for the
local variations close to the surface. In order to take these variations into account, one
would need to compensate the local horizontal fields at each point, the only remaining
residual force contribution would then come from the Casimir effect.

In this section we presented a method to estimate the residual force — the force that
remains after elimination of the known quadratic and linear electrostatic contributions
— from the voltage dependent force field image, by using an average estimate of the
offset potential, that allows to estimate and compensate for the work function difference
(in other terms, the vertical parasitic residual field). The inferred residual force field,
measured on the crossing trenches has a similar shape and magnitude as the Casimir
force simulated above a hole of similar dimensions. However, the dependence of the
residual force on the vertical distance and the presence of residual variations above a flat
surface (as indicated by the homogeneous value of alpha measured on the sides of the
trench) show the limits of the mean compensation method. This is expected, since one
cannot compensate the effect of a 3D parasitic field with a single electrode. In the next
section we will discuss a more advanced measurement, based on the direct compensation
of the horizontal fields with additional electrodes, which we plan to conduct in future
studies in order to better isolate the horizontal Casimir force field.

3.5 Outlook: 2D force field compensation

As explained above, the existence of parasitic electric fields makes us loose a lot in terms
of quantitativeness (uncertain dependence of the residual fields on the distance, varia-
tions of the residual force depending on the chosen Vj,...) of the measurement. In prin-
ciple, they can be compensated using a homogeneous external electric field, which does
not create a force directly but serves to partially compensate for the local parasitic field
experienced by the nanowire. In a sense, if one wants to measure 2D force fields, it is
necessary to control the field in all directions. To do so, we will simply add a set of
electrodes at “large” distance from the sample, typically tens of microns, as shown in
Figure 3.18. Even with the idea being simple, its interpretation in term of force measure-
ments is not so direct, and is described here.
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3 Proximity and Casimir forces

Fig. 3.18: Schematic illustration of the sample design with control electrodes that can create an
arbitray, homogeneous field in the horizontal plane. The sample beneath the nanowire
is etches into a central electrode that can be used to create a vertical field, analogue
to the samples presented in this thesis. The whole structure is positioned on the edge
of a Si substrate in oder to avoid a blocking of the readout laser by the sample.

We recall the expression for the horizontal force dependence on the fields at the bottom
of the nanowire:

Fx & ExEy = (EV,x + Eres,x) (EV,y + Eres,y)

= EV,xEV,y + EV,xEres,y + EV,yEres,x +Eres,xEres,y (3~15)
\ J \ J
(XVbZias Vhias

where the parasitic fields E,.; cause a shift of the parabola. While it is possible to de-
termine the linear component with measurements of the force’s dependence on Ey, one
can not directly infer the last term which is independent of the applied voltage. An ap-
proach to mitigate this problem is to introduce an additional control field E., in the x
direction, that is adjusted such that the force is optimized and the parasitic field E,
can be compensated:

€s, X

Fx & (EV,x + Eres,x + Ec,x) (EV,y + Eres,y)

(3.16)
= EV,xEV,y + EV,x(Eres,y + Ec,y) + EV,y(Eres,x + Ec,x) + (Eres,x + Ec,x)(Er

es,y + Ec,y)-

The resulting force, as well as the force divergence, is still quadratic in Ey < V;;, but the
position of its extremum is now controlled by the additional field E.. When E, is var-
ied, one measures the displaced parabolas divF(V;;,) as presented in Figure 3.19a. The
extrema of the parabolas form another parabola (the points in 3.19a) with its extrema
localized at the common crossing of the individual parabolas. Without surprise, this
phenomenology is exactly the one expected from a parasitic electric field contribution,
similar to that produced by the control electrode. When one has to account for and com-
pensate for the three orientations of the parasitic field, the single axis analysis exposed
just above is slightly modified: now, one has to find the extremum in a three dimensional
space (E,, E.,, E ;). In that situation, the location of compensation will always corre-
spond to a saddle point or to the maximum of an hyperboloid (depending on the signs of
the voltage dependent terms EVW). The force divergence expected in the case where one
only needs to compensate for the horizontal parasitic fields with two lateral electrodes
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3.5 Outlook: 2D force field compensation

(E . E.,) is illustrated in Figure 3.19b. Here, the point indicating the best compensation
situation is the saddle point. There, the parasitic fields would be compensated best, and
one would measure the Casimir force divergence.

a divF

divFop

N

divE Casimir

Fig. 3.19: The homogeneous field of an additional control electrode Ecx is shifting the measured
parabolas divF(V,,,.) (a). The extrema of each parabola again follow a parabolic curve
at whose extremum one finds the Casimir force. Figure (b) plots the extrema of each
parabola for two independent control fields E_,, E_,. Depending on the direction of the
fields (thus its sign), the curve either is a hyperboloid (as shown) or a paraboloid. Thus
the point where divFOpt = divF is the saddle point, or extrema respectively, here

indicated by the grey dot.

casimir

While the measurement and analysis protocol presented in this work try to find a mean
compensation of the parasitic fields, the control fields should permit to compensate the
parasitic field in three dimensions (a symmetric bias voltage applied on all control elec-
trodes can be used to generate a vertical control field). Therefore, in a 2D experimental
geometry, one needs to apply two homogeneous, linear independent fields, created for
instance by two pairs of electrodes with individually controllable bias voltages such as
presented in Figure 3.18. Here, the electrodes are designed to be large enough and re-
mote enough, so that the field created around the nanowire tip and the sample area is
uniform. By sweeping the horizontal fields E_ ,, E., and the bias voltage (thus the verti-
cal field E_,), one can acquire the hyperbolic surface of Figure 3.19b and thus infer the
isolated Casimir component of the force field. For a perfect patch compensation, one
would need to produce a control field presenting the exact same spatial profile as the
field at the nanowire extremity which has to be compensated. This is beyond experi-
mental capacities, so that the above described compensation method will only suppress
mean field contributions.

We are currently performing the first investigations with samples of this geometry as
part of the PhD project of Hugo Weltz. Besides the compensation of the horizontal forces
in order to get better results for the horizontal Casimir force on the nanowire, the exper-
iments also help to investigate the forces on the nanowire under the presence of strong,
homogeneous fields which show non-trivial behaviour due to the modified electronic
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3 Proximity and Casimir forces

properties of the nanowire. Additionally, the dual electrode pair configuration permits
to apply an arbitrary directional force, that with some adjustments can be used as source
for a complete 2D force feedback®, similar to that realized in Chapter 4.

3In order to apply a feedback using the electrostatic quadratic force, the applied fields should be inhomo-
geneous, so that the field gradient creates a force on the nanowire. This is not the case in the center
of the field correction electrodes.
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4 Creating artificial 2D force fields using realtime
active feedback

Up to now, the nanowire was used to investigate external force fields through the modifica-
tion they induce on its mechanical properties. However this extreme sensitivity can create
some practical problems if the force fields under investigation are too large, since they may
lead to a rotation of the nanowire eigenmodes with respect to the test force or to the mea-
surements vectors, so that the PLL gets out of lock. It could thus be desirable to have an
artificial force field at hand that could help compensating the external force fields, so that
the nanowire properties remain unchanged. This idea would be similar to a mechanical bal-
ance — which compensates the unknown mass by a known one so that the balance remains
at its rest position — at the force field gradient level in our case. To do so, we have developed
a method, which allows us to produce artificial force fields, using a realtime feedback in
2D. It is based on the instrumental developments realized on the FPGA card exposed above.
By combining the realtime signals from the two measurements channels, it is possible to
reconstruct the motion projected along an artificial readout direction, and to generate an
artificial force proportional to these voltage fluctuations by feeding them back onto the bias
voltage of an electrostatic tip positioned in the proximity of the nanowire extremity. The
position of the tip defines the direction along which the artificial force is exerted.

In this chapter, we describe those artificial force fields, the developments realized to ensure
their proper implementation and finally their impact on the nanowire movement. We will
first discuss the case of uniaxial artificial force fields, where the measurement and feedback
force orientations are aligned, and then the transverse case, where the feedback force vector
is set perpendicular to the measurement direction. We will also investigate the delayed
artificial force fields, where the force is now proportional to the nanowire’s velocity projected
along one orientation, which is derived from the position fluctuations.

Those artificial force fields also allow generating force fields presenting a pure shear char-
acter, for instance with 8F, o« Jr,, which fall in the class of non-reciprocal (or rotational)
force fields. We will show that those synthetic non-reciprocal force fields allow the compres-
sion of the nanowire thermal noise in the position and real spaces, and are also responsible
for the apparition of a circulation in the noise trajectories. Then, the transverse delayed
force fields are shown to bring the nanowire in a non-trivial situation, where the nanowire
eigenvectors can become imaginary, traducing a circularly polarized eigenmode. Those ar-
tificial force fields thus present an important simulation interest, which will be exposed in
the chapter.
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4 Creating artificial 2D force fields using realtime active feedback
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4.1 Principle of linear feedback in a two dimensional system

When a single actuation channel is employed, the vectorial feedback force can only be
aligned in one direction, with an amplitude that depends on the oscillator position in
2D. In order to mimick any force field in 2D, one should necessarily use 2 actuation
channels, with 2 non-parallel feedback force orientations. In the present work we limit
ourselves to a single channel feedback force, but the extension to a second orientation
is, in principle, straightforward. The four electrode design introduced at the end of the

previous chapter could indeed be used for that purpose.
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4.1 Principle of linear feedback in a two dimensional system

A single directional feedback makes use of an external force acting along e, with a tun-
able magnitude that depends on the nanowire position in 2D. It can be formally written
as:

OF (1) = —Megs fO1(D)) - e, (4.1)

Here, fis a scalar function, with the dimension of an acceleration depending on the
nanowire position in realtime. It governs the amplitude of the feedback force that, in the
most general case, is a function of the two dimensional resonator position. The angle
¢ defines the angle of the applied force relative to the direction of the first mechanical
mode e;.

In the case of linear feedback, the function f{dr(t)) is a linear function of the displace-
ments Jr, measured along the direction of measurement e,. Again y denotes the angle
between readout vector and the first mechanical mode. The convention for the naming
of the different components is illustrated in Figure 4.1a.

We can write ffor an instantaneous linear feedback as

&) = gp 6r, (@) (4.2)

or expressed in Fourier space
AQ] = g b [2], (4.3)

where g is the feedback gain proportionality factor with the units Hz* that is controlled
by the experimenter.

One can also make use of a feedback force depending on the velocity (6v, = &7,) of the
nanowire — we then speak of a delayed feedback. It can similarly be written in the linear
case f(t) = hdv, so that, since i = —iQ dr, we can express the feedback force processed
in the Fourier domain as:

Such a delayed feedback represents a situation that enables cold damping or heating
of the resonator, as often employed in optomechanics, but with the novelty that the
force does not necessarily take an uniaxial form. Accounting for the general case of a
mixed feedback, p = g, +iQhg, can be regarded as a complex gain factor!. Rewriting
Equation 4.1 for such a linear feedback yields:

5Ffb = Meff peq,ey '51‘, (45)

f

'We presume that instantaneous and delayed force make use of the same measurement vector and act in
the same direction. This is a limiting assumption since instantaneous and delayed force are generally
caused by different physical effects that do not necessarily act in the same direction, for instance
photon backscattering and local thermal heating in the case of an optical force. The realized feedback
is of artificial nature where the experimenter can add an arbitrary delay to the instantaneous force, so
that the simplified model of a single complex feedback is valid.
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4 Creating artificial 2D force fields using realtime active feedback

where f is the feedback coupling matrix, expressed as a tensorial form comprising the
measurement and actuation vectors. In the basis of eigenmodes e;, the readout and
force vectors are

_ [cos¢ _ .
e, = (sin q)) and e, = (cos p, sin p). (4.6)

And we can define the feedback’s coupling matrix f:

B _ [cosgcosp cosgsinp
f=pege, = p(sin(pcos y singsin ,u) (47)
_ P(cos(p+p)+cos(p—p) sin(p+ p) — sin(p — p) )

=5 (sin(qo + p) +sin(p — pp)  —cos(e + p) + cos(p — 1) (4.8)

The elements of this feedback matrix have the same unit of Hz as p and the g;; force field
gradient terms in Section 1.1.2 and we can interpret them similarly. The diagonal terms
represent an independent feedback on the individual modes resulting in a shift of fre-
quencies or a change in individual damping rates whereas the off-diagonal terms cause a
cross-coupling between both modes generating a rotation of eigenvectors or a damping
matrix that is not aligned with the eigenmodes. Note that with a single feedback force,
leading to three tunable parameters p, ¢ and g, it is not possible to generate any arbitrary
coupling matrix (as mentioned earlier, one would need two actuation channels).

From Equation 4.8 we can define two special cases, namely the uniaxial case where ¢ =
and the transverse case with |p — y| = /2, which we now describe in greater details..

4.1.1 Uniaxial feedback

In the case of uniaxial feedback where ¢ = u(or ¢ = —p since one can invert the feedback
coefficient without loss of generality), the coupling matrix f simplifies and we can write
the force as

5F = _Meff£ (

1+cos2¢  sin2¢ )
2

sin2¢ 1—cos2¢ (4.9)

A uniaxial feedback where the force vector and the readout vector are identical thus
always has a symmetric coupling matrix with equal off-diagonal terms and can only
cause a rotation of the modes as a block in the case of an instantaneous feedback. For the
special case where the feedback vectors e, e, are aligned with one of the eigenmodes,
the off diagonal terms vanish and no cross coupling nor rotation appears. Assuming
alignment of the readout vector with the first eigenmode (¢ = 0), the coupling matrix
simplifies further:

1 0
OF = _Meff p(o O) (410)
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4.1 Principle of linear feedback in a two dimensional system

Compared to the g;; force field gradient matrix in Section 1.1.2 an uniaxial aligned feed-
2 _

back represents a single g;; term that shifts the frequency of the first mode as Q] =

Q% — g11.

The local force field generated by such a feedback is divergent along one axis as illus-
trated by sub-figure Figure 4.1b.

b uniaxial aligned transverse aligned

Fig. 4.: (a) Illustration of the conventions used to name vectors and angles. (b) Plot of the two
dimensional local force field for the uniaxial aligned and the transverse aligned case.

4.1.2 Transverse feedback

For transverse feedback defined by a difference of 90° between the readout and force
vector, the coupling matrix f simplifies as well, and for p — ¢ = 7/2 the force writes

B P cos(z + 2<p) sin(f + 2<p) +1
oF = MeffZ (sin(g er Z(p) -1 - cés(g + 2(p) )5r (411)

3 p( —sin(2p)  cos(2¢) + 1>5r

B MeffE cos(2p) —1  sin(2¢) (4.12)

The second equation shows that the off-diagonal elements can not be equal for any
choice of ¢. We also note that with a single feedback force it is not possible to generate
a purely rotational force (g;, = —gy;), because it would require two actuation channels.
The feedback induced coupling between the two modes is therefore non-reciprocal (V x
F/Mg = g51 — g12 # 0) in the case of transverse feedback. In the aligned case, where the
readout is oriented along one mode, while the feedback force acts parallel to the other
mode, the expression simplifies to

OF = Meff p(g (1)>§I' (413)

Here, we assume a force acting along the first mode ¢ = 0 and a readout in the direction
of the second mode p = 7/2.
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4 Creating artificial 2D force fields using realtime active feedback

A transverse aligned feedback represents a pure shear force causing a rotation of one
mode while leaving the second mode unaffected. Figure 4.1b illustrates the local force
field generated by the transverse aligned feedback.

From (4.14) above, we can obtain an estimate for the necessary gain that needs to be
applied for a mode rotation of A6,
821 821

cos(AG,) = =~ , 4.14
(A8) Q- 2Q,AQ (414

where, in the second approximation, Q,, denotes the mean mechanical frequency and
AQ the mode splitting.

4.1.3 Delayed feedback force

In the above discussed uniaxial and transverse feedbacks, we assumed an instantaneous
feedback which only depends on the position dr of the nanowire. It is also possible to
apply a feedback that depends on the nanowire’s velocity dt, computing the derivative
of the position signal prior to feeding it back onto the actuation force. We will come
back later on its implementation in the experiment.

The complete equation of motion that takes into account the retarded forces acting as
viscous damping is then

5i(f) = — - 61(t) — T - 5t()) + h - #(5) + g - Sr(6) + Ml

eff

SF,(8), (4.15)

where Q2T are the restoring force and (isotrop) damping matrices of the unperturbed
nanowire and g, h are the instantaneous and delayed feedback matrices:

Q% 0 r 0 hy h
2 _ [*41 _ _ (811 821 _ (11 N2y
Q= ( 0 Q%)’ r= (0 F)’ g= <g12 gzz) and h = <h12 hzz)' (4.16)

The g;; in the above equation can be regarded analogously to the force field gradients in
the other experimental chapters of this thesis. Their intrinsic difference is that here we
speak of artificial force gradients created by an active feedback. The force field gradients
native to the nanowire’s environment can still be preset as well. Both contributions add
up linearly, so g;; can be regarded as the sum of feedback created artificial force gradient
and physical force gradient at any point, in order to account for the effects of an external

background field that is independent of the applied feedback.
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4.1 Principle of linear feedback in a two dimensional system

The Fourier transform of (4.15) gives the equation of motion in the frequency domain:

1

—Q%.61[Q] = —(.(22 — g) -Oor[Q] —i(I' — h)Qdr + 7 OF,;,[Q] (4.17)
eff
1 [(Q2— gy — Q2 —i(T — hy)Q go1 — iQh )‘1
srfa] = (=1 11 . 11 21 121 .SF
< orlQ] Meff< 812 — iQhy, Q% — 82— QF - i(T — hyp)Q th
(4.18)
= Xfb OFu,

2

Combining the undressed eigenfrequencies with the diagonal feedback terms Q7 , =

Qf 5 — g11.99, the susceptibility matrix is then

1 (QF— Q% —i(T + hy)Q — g1 +1hyQ )
= ) . 4.19
Asb det XJZbl ( —81z +1h,Q QF = —i(T + hy)Q (419)
with
M} det xﬁ} =(Q% = Q% —i(T; + hyQ)(Q) — Q@ —i(Ty + hyy)Q) (4.20)
— (812 — ih12Q)(g21 — ihy1 Q)
=Y_[Q]Y,[Q], (4.21)

where we have introduced the complex admittances Y, [Q], whose expression are

_ Q§+Q%_f11_fzz _
2

Y.[Q]

. 1
Q% —iQr + E\/(Q% — Q% — foo + f11)? +4f1afon

using f = g —iQh.

4.1.4 Dressed eigenmodes for a single linear feedback

With the general form for f in Equation 4.8 we can write xy, in the eigenmode basis e, ,
as

1
Xl =55 X 10l

Q3 — Q? —iTQ + psingsin y —pcos@sin
—psingcos p Q2 — Q% —iTQ + pcosgcos 1)’

(4.22)

with

det y'[Q] =(Qf — Q* —iTQ + pcospcos )
(Q% — Q2 —iT'Q + psin@sin y)— (4.23)

p? cos @sin ¢ cos psin p.
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4 Creating artificial 2D force fields using realtime active feedback

Using the following analogy to the g;; matrix from Section 1.1.2

11 = —pCosgcos i 21 = —pcos@sin p

. . (4.24)
g12 ~ —psingcos y 822 — —psingsin p

we can use Equation 1.40 to obtain the dressed eigenfrequencies of the nanowire with
active feedback:

QF + Q% + pcos((pfb — 1)
- (4.25)
+ %\/(Q% —Qf — pcos(p + ,u))z + p? sin 2¢sin 2.

2
+

And similar to (1.42) the dressed eigenvectors are

e = 1 ( AQA )
\/ psin?gcos? p+ (AQ?)” —psmecosp
and (4.26)
= 1 pcos@sin
o AQ? :

\/p cos? psin® 1 + (AQi)z

Here, we introduced for visual simplicity the quantity

AQ? = %(Q% — Q% — pcos(p + p)+
(4.27)

\/(Q§ — Q% — pcos(p + ,u))z + p?sin 2¢sin 2/1).

4.1.5 The projected thermal noise spectrum

Following the proceeding described in Section 1.1.2.4, we can calculate the projected
thermal noise spectrum for an arbitrary linear feedback. Equation 1.65 becomes the
more general expression

cos’ ,U(|X11|2 + |)(12|2>
. 2 2
+sin’ (| xeal” + Lxal”) (4.28)
+2 cos p sin p(R(x11x21) + ROizx22))

SFth

S5 [Q] = —2—
g et y~1|°

Where the asterisk is the complex conjugate and R is the real part of a complex quan-
tity.
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4.1 Principle of linear feedback in a two dimensional system

4.1.6 The parasitic role of the measurement noise

The experimental realization is never an ideal replica of the theory, here, the readout
channels add additional noise §p2%¢ to the measured displacement noise 8rg g of the
nanowire. This parasitic noise is then injected into the feedback loop and causes an
excess of force noise. This section gives a more detailed description of the feedback

process, taking these additional noise into account.

Writing the measured positional estimator as dp and the real position of the nanowire
as Or, the measured signal along the detection vectors eg, e is:

noise

Opsg =0r-eg +96
Pe © Pe. (4.29)
Opg = OT - eq + Spg™c.
As before, those projective measurements are used for the signal reconstruction in the
x,z coordinates, so we reconstruct the noise contaminated trajectories (§p,, dp,) from

the projected signals:

Spy\ _ 1 sinfg, —sinfg\ (dpe (4.30)
8p,)  sin(g — O)\—cosly  cosby Opg) :
The projected trajectory along a measurement vector g with the angle y to the x-axis is
then given by
8p, = cos pdp, +sinpdp,, (4.31)

and we can separate the projected real displacement ér, from the projected noise & proise

as
8p,, = Or, + cos 1 pROise + sin pi §ppoise. (4.32)

5pﬁoise

Inserting the expressions for §p, , from (4.30), we obtain §p}°® in terms of the measure-

(]
ment noise 5pg g as

noise 1 : noise : noise
5p, ¢ = m(sm(@@ — WSpg™* + sin(p — 65)S pgy ) (4.33)

The uniaxial active feedback applies an artificial force that is thus proportional to the

projected actual displacement 6r, and the projected noise:
SFip[Q] = Megi pry (67, [Q] + 5, )eq, (4.34)
so that the equation describing the dressed nanowire trajectory becomes:

6r[Q] = x[Q] - (6Fy + Mp,dp;™“eg), (4.35)
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4 Creating artificial 2D force fields using realtime active feedback

where the dressed susceptibility matrix x[Q] in the e, basis is defined as in Equa-
tion 4.22. From this equation, we see that the measurement noise acts as an artificial
noise source, oriented along the feedback force direction. When we now measure the
nanowire trajectory along another measurement vector f, we get:

5ps = g 01 + S (4.36)
= eg- x[Q] - 6Fy, + xprlQMegspp, 5P + Sp3, (4.37)

where yzr = ez x - ep. The last two terms in (4.37) contain only readout noise for
the two involved detection vectors. The first term is enhanced by the mechanical sus-
ceptibility, while the second one represents the readout noise along the measurement
direction (which is generally spectrally flat). Both noise terms are linear combinations
of the readout noises (§p2%°). Since all noise sources in this equations (Langevin and
readout noises on each measurement channel) are uncorrelated, they will add up inco-
herently in the noise spectra. We can write 5p2°ise (the last two terms) in terms of the

noises seen on each readout channel:

noise ;((Sm(@@ — )+ xprl Q) Megs pr, sin(0g — 1)) 58"

o) = . . noise |- (4.38
P sin(6g — 05) +(sin(f — 05) + xprl QAMese pr, sin(u — 05))5 i ) (438)

The measured noise spectrum is then

. . 2
1 |Sll’1(9® — ﬁ) + XﬁF[Q]Meffpfb Sll’l(@e — ,U)‘ S§ngise
S5pﬂ = S5r/; + >

sin®(0g — 05) +|sin(ﬁ —0g) + XﬁF[Q]Meffpfb sin(y — 6)

2
Sapgoise
(4.39)
which can be simplified if the readout vectors are perpendicular (g = 05 + 7/2):

2
Ssps = Sory + |cos(B — 0) + xprl QI Mes pri, cos(t — Og)| S ppoie

N ) (4.40)
+ ‘sin(ﬂ —0g) + xprlQMegsp'” sin(u — 99)’ S phise.

As a first criterion for a proper measurement of the mechanical displacement noise, we
require a good signal noise to background noise (SNB) ratio Sory > S5 phoise for the fre-
quency range of interest. The main noise contribution then comes from the mechanically
enhanced noise and we obtain as a second criterion:

pfszgff|XﬁF|ZS5pg?€1§e << S(Srﬁ (441)

Ss
- PP < QAr2—2 (4.42)

noise

Sp3e

where we evaluated the susceptibility close to the mechanical resonance. We note that
the noise level at frequencies far from resonance remains almost constant.
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4.2 Implementation of a tunable linear 2D force feedback

One objective of the active feedback is to compensate the mode rotations of the nanowire
using the transversal configuration. If we want to compensate a rotation of 7/4, we need
to apply a feedback gain of pp, > Q,,AQ,, with the mode splitting AQ,,. This imposes a
minimum SNB of:

Ser, AQ?
. > = (4.43)
sz T

Thus, for an eigenmode splitting of 100 Hz with 10 Hz mechanical linewidth, the required
SNB is 20 dB while for a high Q nanowire with 1 Hz linewidth, it is 40 dB. The higher
required SNB originates from the fact that the mechanical response increases when I
decreases, but the mode rotation is not affected. Since in practice, the SNB scales with
Q, this should not be a too critical criterion, but it sets an upper bound for the gain of
the feedback architecture. We note that we have assumed that the driving force does not
add any additional noise, but it could be treated using the same formalism.

4.2 Implementation of a tunable linear 2D force feedback

In order to realize a linear force feedback scheme in two dimensions as described in
the previous section, two criteria must be fulfilled. Firstly, the position Jr, needs to
be measured and fed back in realtime, meaning with a computation time significantly
faster than the evolution of the oscillator position. This requires a signal processing
protocol that converts the projected signals along the two readout directions (compare
Section 1.3 ) into a feedback measurement signal, proportional to the motion projected
along an artificial direction vector e - Secondly, the direction of the feedback force must
be tunable in order to adapt ¢ while the feedback force should be efficient enough so that
the feedback mechanism can act sufficiently on the nanowire dynamics. This tunability
criterion makes it difficult to use the optical force which drives the nanowire in order
to lock the PLL on the mechanical response, since the direction of this force cannot be
sufficiently tuned due to the static optical montage. Instead, by using one of the metal-
coated AFM tips used for force measurements, we have a movable point source of an
electrostatic force with good controllability in term of orientation as the nanowire is
attracted by the tip, and an extremely efficient actuation: a biased tip located at 100 nm
generates a typical force of 100 {N for Vi;,, = 1V, a value that largely overwhelms all
other forces at play in the nanowire dynamics.

4.2.1 Linear electrostatic force

A single electrode creates a central attractive force field in absence of parasitic electro-
static field. By positioning it correctly with respect to the nanowire extremity, the direc-
tion of the force can be finely tuned. Since the electrostatic force on a polarizable object
is quadratic in voltage, we can get a working point where §F(5V) is linear if we add a
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4 Creating artificial 2D force fields using realtime active feedback

static bias voltage and the feedback voltage fluctuations. A metal coated AFM cantilever
electrode has already been investigated in the previously conducted force measurements,
we naturally chose such a tunable force for our feedback purpose.

4.2.1.1 Linearity

We recall that the electrostatic force exerted on a dielectric nanowire generated by an
electrode follows
F (V) = a(V = V,)’ep, (4.44)

where e is oriented towards the electrostatic tip and «a, V|, are the position dependent
quadratic force coefficient and offset potential. We here neglect any contribution of a
constant background force that does not contribute to the feedback. In the experiment
we will apply a voltage fluctuation §V to modulate the force added to a static bias poten-
tial V;, then the electrostatic force can be expanded as

Fel(Vl + 6V) = a(V1 - Vo)z + 20{(V1 - V0)5V + 20(5V2. (4.45)

The first static contribution can displace the nanowire rest position and is responsible
for a dressing of the nanowire’s mechanical properties. When the bias voltage is large
enough, the nanowire eigenmodes will naturally get aligned with the electrostatic tip
direction.

Equation 4.45 tells that the linear term dominates the voltage fluctuations if |[V; — Vp| >
|6V| and we can hence approach a linear regime by operating at a working point V;
far enough from V;,. Experimentally, too large V; will create static force field gradients
that are too extreme for the nanowire to remain in the linear regime: if it moves away
from its rest position, the actuation force will not remain identical. This practically
imposes an upper limit for |[V; — V| of about 1V, a value which depends as well on the
distance between the nanowire and the electrode. This distance is chosen not to small to
accomplish that the nanowire evolves in a spatially homogeneous actuation force (the
nanowire thermal noise trajectories typically spread over 1 nm to 10 nm). With typical
amplitudes of §V ranging from a few mV to tens of mV, sufficient to produce fluctuating
electrostatic forces which significantly dominate the nanowire dynamics, we verified
that the force modulation remains linear with 6V by realizing response measurements
without detecting any deviation from the linear response regime.

4.2.1.2 Feedback force orientation

The electrostatic force created by a biased tip is radially symmetric. It thus suffices to
know the direction of the eigenmodes and to position the tip accordingly in order to
have the force direction acting in a well determined direction ¢. In practice the direction
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4.2 Implementation of a tunable linear 2D force feedback

of the eigenmodes can be obtained either from a fit of the acquired spectra along two
measurement directions or by measuring Jr, in a radar like measurement for multiple
angles f1.

In order to determine the correct position of the electrode, one needs to take into ac-
count that the obligation to work around an offset V; adds a static force field with non-
negligible gradients. This central force induces a rotation of the eigenmodes as a block
due to the conservative nature of the electrostatic force (Section 1.1.2.3), up to the limit
that the lower frequency eigenmode will align towards the electrostatic tip. This obser-
vation is an advantage since it allows the electrostatic force to be directly aligned with
the dressed lower eigenmode (e_ — e,).

We could therefore use a high V] to create a bias force field that aligns the first fundamen-
tal eigenmode basis with the force field. Due to the mentioned experimental difficulties
at large offset potentials, where one loses the spatial homogeneity of the feedback force.
We adopted a compromise where the electrostatic tip is already oriented in direction of
the undressed low frequency mode and the static electrostatic force field improves the
force alignment.

Another effect that influences the choice of the force angle ¢ is the tilt of the nanowire
with respect to the cantilever/tip which breaks the isotropic symmetry of the force and
the force gradients, the latter being responsible for eigenmode rotations. For a straight
nanowire, the only parameter that determines which eigenmode is affected by the ap-
plied force is the relative alignment between the nanowire and the electrode. For a
nanowire tilted along the x-axis for example, the electrostatic force will not be sym-
metric when moving the electrode around the nanowire, and will present a force field
pattern with a large bias of the vector flow along the x coordinate. The force gradients
can also be biased along that orientation. In such a situation, it is important to position
the tip in the x direction (along the tilt direction), and to use a bias voltage strong enough
in order to align the eigenmodes along the x axis.

4.2.2 Feedback architecture on an arbitrary measurement direction

With the first prerequisite for a two dimensional linear feedback being fulfilled by the
use of a mobile single electrode, one still needs to modulate the feedback voltage signal
proportionally to the projected displacement amplitude ér, measured along e,. Since
the latter does not necessarily coincides with one of the two initial measurement vec-
tors (eg ), this requires a realtime projection of the measured signal Jr that first must
be reconstructed from the measured signals 6V g on the two linearly independent mea-
surement vectors fg g.

In order to achieve a realtime signal processing condition while keeping a high degree
of flexibility we use the customized Red Pitaya FPGA device that was introduced in Sec-
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tion 1.4.6 to create the feedback signal. To do so, the functionalities of DSP and data
server have been adapted as will be discussed in the remainder of this section.

4.2.2.1 Realtime digital signal processing

The feedback FPGA unit needs to be able to rebuild the signal ér from the measured
signals along two measurement vectors that are not necessarily perpendicular, nor of
equal sensitivity, and project this signal onto the chosen measurement vector e,. The
device should therefore be fed with the three parameters f, fg and p which are the two
readout vectors and the projection angle as inputs.

Breaking down the conversion from measured signals Vg g to projected displacement
amplitude dr,, we first start with the signals projected on the two readout channels
e,®

or,
57’9’69 = eﬁe,e (5}”2). (446)

Since both measurement channels have an individual sensitivity, the measured voltages
at the detector are

Voo = |Poslfree- (4.47)

To obtain the projected displacements from the measured signal we can therefore just
divide by the lenghts of the measurement vectors:

or, . 5Ve/\ﬁe|
(o) = () @9

For the reconstruction of ér,, = (8r,,dr,)! from (61, 6r5)" we use the transformation
from Equation 1.3.1. The product e, - 5t then yields the projected signal ér, that is pro-
portional to the displacement ér of the nanowire in direction of e,. We can combine
these steps into one equation:

(cos psin By — sin prcos fg sin j1cos fig — cos psin fg )
or, = s Te
|Bo| det B |Be| det B (4.49)
= p16rs + Py0rg
where
det B = cos fBg sin fg — cos fBg sin fg, (4.50)

and where we have also introduced the scaling factor s that ensures that the digital
multiplications on the FPGA use large numbers (without digital saturation) in order to
make use of the highest digital resolution we can achieve. This will also scale up the
output signal in amplitude that can be subsequently attenuated electronically without
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4.2 Implementation of a tunable linear 2D force feedback

loss of resolution. The two coefficients p; and p, do not depend on the measured signal
and result only from the input parameters f5, B and p. They do not require realtime
arithmetics and are therefore calculated on the data server of the FPGA device before
being used in the realtime process. As a last operation, the gain of the feedback loop is
adjusted by a multiplication with a tunable factor p that can be positive or negative.

Figure 4.2 outlines the DSP configuration of the FPGA. Before any of the above arith-
metics is performed, the input signals are filtered by two consecutive first order filters
(low and high pass). In combination, they allow to restrict the signal to a frequency
range around the mechanical resonances. In practice, the filters also serve the purpose
of phase adjustment of the feedback signal. This is necessary because the electrical am-

P4 SvBerB@
F1, F1, \l\
Al Al
ADC 1 ~ P FF gain
from PD o ~
channel HF P, _|_ Au1 ’\i\ Asp DAC1
F2, F2, | Feedback Output
ADC 2 % A2, % A2,
from PD % Y
channel HF ~
P4
. A DAC 2
B (D™
\l\ Monitor Output

Fig. 4.2: Internal signal processing circuit of the Red Pitaya feedback module. The input signals
from the photodiode’s channels are filtered by two first order filters Fi1’2 that can operate
as high or low pass filter. A multiplication of the filtered input signals A1, A2, with the
proportionals p,, p,, p,, p, creats a readout singal A“12 for arbitrary readout angles. The

proportionals are calculated based on the photodidde channels’ readout vectors B,

and a digital scaling factor s. The calculation is performed at runtime in the C controlling
module that runs on the operating system of the device. Each block represents a module
in the FPGA. A variable gain on the feedback output DAC1 allows to programatically
change the feedback strength.

plification and filtering steps of the recorded signal realized by the photodiode amplifier
add a significant artificial delay to the signal due to the frequency splitting between the
DC and HF outputs. It is necessary to compensate this artificial delay in order to create a
truly instantaneous feedback signal. In the first versions of the DSP architecture, we did
not implement a dedicated delay block and therefore use the digital filters to adjust the
phase of the output signal, while relying on external electronic filters for data cleaning.
Figure 4.3 shows the amplitude and phase response of a theoretical first order low-pass
filter. The phase transition from 0 to —x/2 allows to correct a phase delay on the input
signal by choosing a cut-off frequency w, such that the filter has the proper phase delay
at the frequency of the mechanical resonances. These are in general very close to each
other so that the residual slope does not play a significant role. The downside of this

177



4 Creating artificial 2D force fields using realtime active feedback

method is that the signal is necessarily attenuated which comes with a loss of digital
resolution that can neither be compensated by subsequent amplification nor the signal
can be amplified before, given that the signal already fluctuates on the entire sampling
range. In order to correct a phase of opposite sign, this delay module can be configured
as a high-pass filter that produces a phase change of opposite sign. Instead of utiliz-
ing the module to correct a previously existing dephasing, we can also apply it in order
to create a retarded signal required for the creation of delayed feedback introduced in
Section 4.1.3.
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Fig. 4.3: Amplitude and phase for a low-pass filter of first order with a cut-off frequency w..

After both filters, the input signal (Alpp, A2pp in 4.2) is split and the signal projection
of Equation 4.49 is performed on two separate channels with the coefficients p;, on
one and p; , on the other channel. The first output serves as the feedback channel, and
is subsequently amplified by a controllable gain factor while the second output serves
as a monitor channel to realize vibration signal analysis in any desired orientation. It
measures the signal at an arbitrary angle p, that is different from the projection angle of
the feedback channel with y; = p. Those numerical channels, are then converted into
analog voltages on a £1 V range with 14 bit resolution at a sampling rate of 125 MHz.

The FPGA module is the core element of the experimental setup that combines feedback
creation with different measurement protocols. Therefore, all parameters employed in
the feedback architecture can be modified via the server installed on the RedPitaya (com-
pare Section 1.4.6.1), for example when realizing radar like measurements via the mon-
itoring channel, the measurement angle can be adjusted and rotated step by step using
automated protocols.

While the presented architecture only supports linear feedback operations it is easily

feasible to extent the range of arithmetics in order to create nearly arbitrary non-linear
force fields in 2D (where the force can become any function of the oscillator position),
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being only limited by the computation capacities of the FPGA. The presented linear
teedbacks create oscillator responses that represent interesting applications and that can
be modelled using the standard linear descriptions of our nanowire system. It is therefore
an ideal test case.

4.2.2.2 Experimental implementation

The experimental setup that implements the two dimensional linear feedback measure-
ments resembles the force measurement experiment with the addition of the feedback
architecture and of the corresponding analysis tools. The setup’s main components are
schematically laid out in Figure 4.4. The optical and scanning probe setup are similar to
the ones described above. We employ a nanowire of dimensions 300 nm by 200 pm, oscil-
lating around 8277 Hz and 8337 Hz, with quality factors up to 8000 in vacuum, oriented
along a direction §; = —20°. The effective mass is measured at the level of 7-107"° kg.
The quality factor of the nanowire can be lowered by increasing the air pressure, as we
will do in some of the following experiments.

On the signal processing side, the raw signal from the split-photodiode is sent to the HF2
two channel lock-in amplifier that records data such as the nanowire’s Brownian trajec-
tories and the position noise spectra on both measurement channels. It is also used to
lock the dual PLL on the mechanical resonances that are always present in the raw mea-
surement signals Vg g, but not necessarily in the radar signal V, when the measurement
orientation becomes perpendicular to one of the eigenmode. Additionally, the instru-
ment can perform response sweeps using the same drive channel as the feedback signal,
measuring amplitude and phase responses of the nanowire, that allow to determine the
electrostatic force vector as described above, and to precisely align it with one of the
eigenmodes orientations as used later in Section 4.2.3.

On the feedback generating part, the raw signal is band-pass filtered between 0.3 kHz to
100 kHz by a second order filter and amplified by a factor of 200 using two SRS SR560
low-noise preamplifiers. The amplification ensures that the signal is large enough to fill
the whole span of the two analog to digital converters on the Red Pitaya (+1 V). Monitor-
ing the amplified signals on an oscilloscope prevents saturation of the inputs. A Zurich
Instruments MF single channel lock-in amplifier reads the signal on the monitor output
(DAC, in Figure 4.2) of the feedback FPGA, the radar output, that permits to measure the
nanowire trajectory projected along any orientation. Sweeping the projection angle p,
on this monitor channel, we can thus realize radar like measurements, acquiring either a
full spectrum at each p, or using a resonant measurement by adjusting the demodulation
frequencies of the MF device to the frequencies of the eigenmodes (or any other), which
can be determined by the 2 PLLs of the HF2 while driving the nanowire with either op-
tical or piezoelectric actuation. The measurement at an arbitrary angle also allows to
monitor the effect of the feedback force along a given direction.
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Fig. 4.4: Experimental configuration scheme for artificial force feedback generation. On the right
signal processing side, the reflection signals on the e, ®-channels of the split photodiode
are realtime processed by the RedPitaya Feedback/Radar module. Analog band-pass
filters and amplifiers on the photodiode signals ensure that the whole dynamic range
(+1V) of the RedPitaya’'s ADCs is used. The two output signals produced by the FPGA
correspond to two independent readout directions ey, and e, where the feedback sig-

nal has a tunable proportional gain. Raw signal and radar signal are monitored on the
HF2 and MF2 instruments, respectively. The feedback signal 6V;, is filtered to remove
low or high frequency noises and optionally amplified before being added to the offset
potential V ;. The left part of the figure outlines the generation of an electrostatic force
in direction e proportional to the nanowire’s position fluctuations measured along e,

The vectors e, , denote the direction of the mechanical eigenmodes in absence of feed-

back. The greén laser (not shown) or a piezo stack can be used to drive the nanowire to
independently probe its mechanical susceptibility dressed by the 2D feedback loop.

The feedback signal passes a combined electronic filter/amplification device that has
been manufactured in house by Kevin Chighine and Daniel Lepoittevin at Institut Néel.
Here, a band-pass filter at 1kHz to 300 kHz removes a possible AC offset and high fre-
quency noise that may have been added by the RedPitaya’s electronics. The amplifier
can be used in the case where the force modulation achieved with the +1V output span
of the Red Pitaya does not create a sufficient mechanical drive. An active homemade
adder adds up the feedback signal to the output signal of the HF2 lock-in and to an ad-
justable voltage offset that displaces the working point in the force parabola as described
in Section 4.2.1. The offset can be used as a sort of amplifier, while its value with respect
to V;, determines the sign of the feedback force.

The electrode’s tip that generates the electrostatic field and thus the driving force field is
freely positionable in the horizontal x, z plane and along the vertical yaxis. It is depicted
by the yellow cone in the sketch of the experimental configuration in the upper part of
Figure 4.4. The cut in the x, z plane highlighted by the circle illustrates the arrangement
of the electrode and the nanowire, here presented as black dot in the centre. The di-
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rection of the unperturbed nanowire’s eigenmodes are shown as blue and red arrows.
The force vector follows a straight line between electrode and nanowire, following the
direction of the electric field. The projected signal onto the measurement vectors eg g
is detected at the two photodiode channels @, ©. The two readout vectors e fb» €y COT-
respond to the two output channels of the FPGA module and can be freely rotated in a
radar like way. The illustrated configuration corresponds to a nearly ideal arrangement
for the generation of a pure shearing force that is topic of Section 4.3.3.

4.2.3 Force alignment

The orientation of the cold nanowire eigenmodes does not affect the generation of the
feedback force field that only depends on the measurement and the force vectors’ geo-
metrical arrangements. However, the equations simplify and the interpretation of the
results becomes easier if the feedback force is aligned to a mechanical mode. In partic-
ular, this configuration is necessary if one wants to generate a pure shear force field in
the uncoupled eigenmode basis. Aligning the first mechanical mode with the feedback
vector mitigates also the induced mode rotation due to a static external field mentioned
in Section 4.2.2.2.

The first step of the measurement preparation is the precise determination of the un-
dressed eigenmode orientations. Even if thermal noise measurements always allow
determining such an orientation, they are less precise in practice than methods based
on the use of external forces. One possibility is to perform a force field gradient mea-
surement above a sharp electrode by monitoring the frequency shifts of the two eigen-
modes. As described in the section on electrostatic force fields, the electrode’s central
force field affects the frequencies of both modes differently depending of the postition of
the nanowire. When the nanowire is positioned along a straight line from the tip, in the
direction of an eigenmode, only the frequency of this mode will shift while the second
mode remains stable. This creates a characteristic pattern in the plot of f; , that can be
used to determine the uncoupled mode orientations.

Another technique to define the mode orientations is the radar measurement realized
using the second output of the feedback FPGA module. It can be employed to analyse
either the resonant response of the nanowire, or its thermal noise. In the resonant case,
we measure the mechanical response ér, of a nanowire along the vector e,, whereas in
the noise based case, we acquire a spectrum Sor, for multiple angles of measurements.
The two PLLs of the HF2 locked on the nanowire’s response to the piezoelectric drive
(compare Figure 4.4) ensure that the modulation follows the nanowire resonances. Since
the lock signal is independent from the detection vector €, we do not risk to loose the
PLL’s lock when detecting at a direction where the projected displacement for a mode
r,(€; ) is zero. The MF lock-in amplifier performs the demodulation readout of the pro-
jected signal, with its demodulation frequencies synchronized to the ones determined by
the PLLs of the HF2 device (via the auxiliary inputs and outputs). Due to the large sig-
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nal intensities, a full radar measurement as shown in Figure 4.5, made of 180 angles,
only takes about ten to twenty seconds. The main requirement here is to let the mea-
surement proceed for a duration larger than a few inverse filter bandwidths of the final
demodulator, all the other time scales in the signal processing chain being faster than
that.

For the noise based measurement, the active drive used to frequency lock the PLLs is
deactivated and the MF lock-in amplifier operates as spectrum analyzer, registering a
spectrum for each projection angle p. This technique is slower than the resonant mea-
surement but does not require an active drive and additionally provides a better overview
of the full mechanical mode spectrum.

Realtime amplitude radar
log(Vsn)/V

90°

— First mode
— Second mode

270°

Fig. 4.5: Amplitude radar measurement 6ru[01] of the two mechanical modes obtained by scan-

ning the projection angle y. Two PLLs lock the driven tone at resonance using a piezo-
electricactuation on the raw signals V, _ of the photodiode. The amplitudes are acquired

at modulation frequencies on the rotating signal v, on the second output of the Red-

Pitaya feedback module, they are shown in volts, integrated over the filter resolution
badwidth (in log scale)..

Compared to the method based on a test force map, the radar measurements have the
advantage that the raw mode orientation can be determined without suffering from the
effects from interaction with the electrodes and can hence be realized at any offset volt-
age. The effect of the latter on the mode orientations at a given electrode position can
thus be finely evaluated. Both techniques together are important to ensure good force-
mode alignment for the feedback measurements.

Once the orientation of the modes is known, the electrode is positioned in the direction of
the first eigenmode. To ensure that the electrostatic force only drives a single eigenmode,
we measure the electrostatic force response to determine the force’s magnitude and its
orientation. To do so, the Hf2 lock-in modulates the electric bias voltage around the
chosen static offset and detects the mechanical response of the nanowire. Ideally, when
perfectly aligned, the response curve would only show a mechanical response from the
first mechanical mode. The upper plots in Figure 4.7 present the response curves for

182



4.2 Implementation of a tunable linear 2D force feedback

350 A

300 4

N
a
o

N
o
S

g
Intensity / log(V?)

Measurement angle / °

N
o
S]

50 1

8250 8300 8350 8400
f/Hz

270°

Fig. 4.6: Spectro-angular tomography S;, [Q] obtained by recording noise spectra while sweep-
u

ing the measurement angle p on of the RedPitaya feedback module (a,c). The data is
acquired using the second output of the FPGA module, for which the calibration factor
from volt to meter has not been determined as the final measurements will be conducted
using the known output from the photodiodes. The top polar plot (b) shows the angular
dependency of the two resonance amplitudes Sérp[()t] obtained by sampling the noise

value along the line cuts indicated by the dashed lines in the left graph. The bottom 2D
polar plot (c) reproduces the measurement of panel (a) in a spectro-angular represen-
tation, which permits to visualise the orientation and frequency of the two modes. The
radial axis corresponds to the frequencies plotted in the left image. Both 2D plots share
the same colorscale.

an aligned configuration (left) and a slightly off positioned electrode (right). In the non-
ideal plot, the second resonance clearly shows a response to the electrostatic drive which
is not the case for the aligned configuration. The typical distances between the nanowire
and the electrode are in the order of micrometers. Such a large distance is chosen so that
the local electrostatic force field gradients remain small (= 1-10"® Nm™! V%) compared
to the artificial force field gradients (= 1-10"* Nm™' V~?) generated by the position de-
pendent feedback. In a such a position, the artificial force field gradient can be modulated
efficiently with small modulation voltages in the range of a few millivolts (modulation
efficiency around 1-107*Nm™ V1),

If the electrostatic force is not well aligned with the eigenmode direction or if the cold
eigenmodes are not perpendicular (due to a light induced warping of the basis), both
mechanical resonances will appear in the response measurement. To further investigate
the effect of a small misalignment we use the fact that if the feedback force is sufficiently
homogeneous and is well aligned with one mode, it cannot perturb the seconde mode.
To verify that this is the case, we performed a sweep of the feedback readout angle e,
from 0° to 360° with the feedback gain constantly activated, and acquire a spectrum along
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Fig. 4.7: Measurements realized to adjust and verify the force alignment with the first mechanical
mode. The top row shows the response of the nanowire to a modulation of the electro-
static bias voltage, with well aligned (left) and slightly misaligned electrical force. The
misaligned case shows a response of the second mode in addition to the stronger re-
sponse of the first mode. The bottom plot row displays noise spectra SérB[Q], measured

at an angle B = 50°, with the active feedback loop turned on (instantaneous feedback)
working at a constant gain value, acuired for different feeback measurement angles (eu).

In the misaligned case, the frequency of the second resonance is also affected by the
feedback, showing that the feedback force is not properly aligned with the first eigen-
mode. On the contrary, in the well aligned situation, the feedback force cannot act on
the second mode (if e.-e, = 0 and if the electrostatic force field is homogeneous, then
g,, = 0 and g,,=0), neither by rotating its orientation nor shifting its frequency.

a given direction for each feedback readout angle. The resulting spectra are shown in
the lower plot row of Figure 4.7. When perfectly aligned (left plots), as expected, only
the first peak is affected by the feedback, with a maximum frequency deviation observed
when the measurement angle is parallel to the first mode, while the second is stable. In
the misaligned case, both peaks change their frequencies (and their amplitude as well,
traducing a rotation induced by the artificial force field).

The detection angle sweep also allows to investigate if the force is instantaneous or
delayed. In the case of a delayed force contribution, feedback gains of different sign (i.e.
two angles separated by 180°) will cause a damping for negative force g o« —iér, and
an antidamping for g o idr,, which can lead to a dynamical instability if it is strong
enough to compensate the intrinsic damping of the nanowire. If the overall delay is
not properly tuned to zero, then the force will not be perfectly instantaneous and then
the peaks’ amplitudes and linewidths would not be symmetric for positive and negative

gains (i.e. for opposite feedback measurement vector orientations). If it is the case, the
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4.2 Implementation of a tunable linear 2D force feedback

bandwidth of the FPGA filters which control the overall delays in the loop needs to be
adjusted as described above.

4.2.4 Trajectory acquisition

The trajectories were initially recorded using a fast sampling, multichannel acquisition
card (GagePro), saving the direct outputs of the HF channels of the photodiode. How-
ever this method produced a large amount of data, since it was necessary to sufficiently
sample the mean oscillation period while simultaneously acquiring many mechanical
decoherence times to record a sufficient amount of thermal noise realizations. We then
turned to a demodulation technique which allows to only sample the slow variations
of the oscillations envelopes. To do so, we record the quadrature signals (X and Y) on
both measurement channels ©,® named Xg g and Yg g measured with respect to the
same internal clock. The sampling times ¢, are also recorded. The data is converted from
voltage quadratures (6V(¢)) to projected position quadratures of (57(t)) via

Xor = Xe,V/HFDCe/‘ﬂe|
Yo, = Ye,V/HFDCe/me‘
Xa, = Xoy/HFDCg/|Bs|
Yo, = Yo v/HFDCq/ |ﬁe>

where we make use of the measurement slopes (f;) and of the dynamics vs static con-
version factors associated to the photo-amplifier (HFDG,).

(4.51)

b

4.2.4.1 Plain Trajectory

The recorded trajectory is recorded in terms of quadratures of the demodulated input
signal V;* From the two quadratures calibrated to units of meters, the measured absolute
displacement is obtained with

8rg = V2(cos(tw) X, — sin(tw,)Ye,)

4.52
57'@ = \/E(COS(tswr)XEB,r - Sin(ts(/)r)Y@’r) ( )

where the multiplication with 2 transforms the root-mean-square (RMS) value that is
saved to the ZI device to an amplitude. We note that this definition of the quadratures is

For a monochromatic test signal V, = V,cos(w,) that is multiplied with the reference signal V, =
J® exp(—iw,t) the quadratures are

X = Yo cos((ws — w)t), Y = % sin((w, — w)t).

2
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4 Creating artificial 2D force fields using realtime active feedback

associated to a time evolution of e™¥, which is the opposite convention of the formulas

employed before, but they follow the measuring device conventions.

The velocity can similarly be expressed as:

Svg = V2. £~ sin(tw) Xe, — cos(twp)Ye,)

4.53
5\)@ = \/Ef;(— sin(tsco,)X@,r - COS(tsCOr)Y@)r) ( )

where f, is the reference frequency in hertz. And the conversion to the lab coordinates
is done by

sin fg —sin fig
ory =96 +4
" detp T detp
— cos fg cos fig (4.54)

or, = drg——— det f + Org detﬁ’With

det = cos fg sin fg — cos fg sin fo,

where the measurement angles f; are defined with respect to the x-axis. For the velocity,
a set of similar relations is used.

Figure 4.8 shows the recorded trajectory along the x and z directions during a short
fraction of the total acquisition time. The magnified section to the left shows the thermal
noise of the nanowire oscillating around its mean eigenfrequency around 8340 Hz. On
larger timescales, one can see a beating pattern at the frequency difference of the two
eigenmodes around 60 Hz, as well as the mechanical coherence time of the nanowire
(15 Hz here), reflected by the slowly evolving envelope of the thermal motion.
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Fig. 4.8: A subset of the recorded nanowire trajectory in the laboratory xz coordinates. On
short timescales (left) one observes an oscillation at the eigenmode frequency, on
longer timescales this oscillation is modulated by the frequency difference between
both nanowire eigenmodes which leads to a beating patter, while the nanowire coher-
ence time appears as a longer amplitude modulation.

186



4.2 Implementation of a tunable linear 2D force feedback

We will use analyses of the recorded trajectory in time and Fourier space. The de-
tails of the conversion from time sampled data to a frequency spectrum is given in Ap-
pendix B.

4.2.4.2 Spectrally filtered trajectory

The selected demodulator bandwidth is quite large (hundreds to thousands of hertz)
and the trajectory therefore contains a large amount of readout noise, which is larger
on the @-channel compared to the © one due to common noise rejection. As a visible
consequence, for small SNR, this can lead to an asymmetric shape of the displacement
histograms in the 2D space. Since the motion signal is mainly encoded at the mechanical
resonance, it is possible to spectrally filter the data in Fourier space, in order to remove
the out of resonance readout noise, and to thus obtain 2D histograms in better agreement
with the theoretical description. We note that this filtering does not suppress the readout
contribution “below” the mechanical peaks.

We perform a discrete Fourier transform (DFT) on the demodulated complex data. Since,
after filtering, we also apply the inverse DFT:

N-1

1 ik
or, = = ) Ore“"n, 4.55
W= 2 O (4:55)

we do not need to take sample spacing into account. This holds because both transfor-
mations are the mutual inverse to each other.

The filtering itself is achieved by setting all dr; = 0 outside of rectangular window that
is defined by frequency f, — Af/2 < fi. < f.+ Af/2 with f, as central frequency that is
chosen to be the mean frequency of the mechanical modes at zero feedback, and A f the
width of the spectral filter.

From the back transformed data we obtain the trajectory in realtime by multiplication
with the cosine and sine of fy.moqts @s in Equation 4.52 in Appendix B.

4.2.4.3 Spectrum analysis

In order to fit the spectrum we first identify the resonance peaks on the spectra read
out along the x and z axes, using a peak search algorithm. The angular tomography of
the resonance noise power Sgrg[Q, | follows a squared cosine law with the measurement
angle . We use the recorded and calculated complex displacement spectra dr, [Q] to

calculate the noise power spectrum |5r/;[Q]|2 for f varying from 0 to 27. Selecting the
data points lying close to the identified peaks and calculating the mean as a smoothed
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4 Creating artificial 2D force fields using realtime active feedback

value for the resonance height, we obtain the amplitude tomography and the mode ori-
entations 0, , by fitting a squared cosine function:

A(ﬁ) = AO(COS(ﬁ - 91,2))2 + Abackground- (4-56)

Knowing the mode orientations, we calculate the amplitude spectra

o, [P

57'112 -

- (4.57)

and fit a single lorentzian to each resonance, using the frequency from peak detection
as first guess for Q,; , and the peak heights as guess for a, ,:

2 12 2
al,zrl,ZQI,Z

ApL[Q] = (4.58)
(Q2, — Q)" +T2,02
Since for a normal lorentzian oscillator we have
2F1,2kBTM_f%
Ssr,, [ - (4.59)

(QF, - 02) 412,00

the fit thus provides the preliminary guess for the damping coefficients I'; , and the ef-
fective mass Mg that can be calculated

2ksT

—_— (4.60)
a%,z Q%,2r1,2

eff =

Also, the lorentzian fit provides a better determination of the resonance frequencies.
Once the above steps are performed, we in general have a good starting point to realize
a final fit using the complete fitting function in Equation 4.28.

4.3 Measurements

We now turn to the experimental analysis of the impact of artificial force fields on the
nanowire dynamics. We operate using a single feedback force actuator, exerted in a
direction ey, in the particular case where it is aligned with one of the nanowire eigen-
mode (in our case ep = e_). This choice permits to simplify the theoretical analysis since
the artificial force gradient matrix presents the natural symmetries of the nanowire’s
restoring force matrix. Having set the tip position, ensuring that the electrical force is
aligned with the first mechanical mode, we now start the measurements by adjusting
the detection angle u of the feedback.
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4.3 Measurements

This section presents two cases, the uniaxial feedback case with detection and force vec-
tors oriented along the same axis, and the transverse feedback case with a detection angle
perpendicular to the feedback force orientation. The uniaxial feedback configuration is
expected to create a conservative force field with a nonzero force gradient only in the gy,
component of the gradient matrix when the uniaxial feedback configuration is aligned
with mode 1. The transverse feedback configuration presents a feedback force oriented
along the first mode, proportional to the displacement measured along the second. This
corresponds to a pure shearing force field where only g,; # 0.

The calibration of the detection angle which is used for the feedback signal requires a
good optical readout and a precisely determined readout vector for the feedback. The
effects of readout noise associated to the probe laser should be negligible compared to
motional signals so that we work with increased injection laser power of around 200 pW
for which the SNR reaches at least 15 dBm on each measurement channel. This lower
SNR is also due to the fact that, compared to force field microscopy experiments, we
increased the pressure of the vacuum chamber to decrease the eigenmodes’ mechanical
quality factors and reduce their coherence times. This largely reduces the time needed
to acquire a certain number of independent oscillation cycles of the nanowire’s thermal
noise. Another advantage is that a smaller quality factor pushes the dynamical instability
thresholds towards a larger force gradients of artificial or physical origin. In particular
this concerns topological instabilities as investigated in [44, p. 119][43] that occur when
the force field has a nonzero rotational, which is the case when the measurement, eigen-
modes and force vectors are not properly aligned. Lowering the Q factor also increases
the power needed to generate a self oscillation of the nanowire, in presence of an anti-
damping caused by delayed force fields gradients (similar to anti-damping). We now
summarize the different results obtained in the different canonical cases.

We first investigated the uniaxial feedback mechanism where the feedback measure-
ment and force vectors are aligned with the first mechanical mode. In this situation,
when the feedback force is instantaneous, the artificial force field causes a shift of the
resonance frequency of the first mode, and the artificial force gradient matrix only has a
g11 component. Its effect is therefore easily observable on a spectrum analyser, allowing
a good test system for an artificial linear feedback. Then we will investigate the case of
a delayed uniaxial feedback, which allows control of the damping rates of the nanowire
eigenmodes.

The second type of feedback discussed in this work is the transverse feedback case de-
scribed in Section 4.1.2. It is a more involved test case as the off diagonal component
go1 of the susceptibility matrix couples both mechanical modes. It can therefore not be
realized in one dimensional systems, and represents a key ingredient of active feedback
techniques in 2D. In the last two parts of this section we will explore both, the instanta-
neous and the delayed configurations of the transverse feedback.
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4 Creating artificial 2D force fields using realtime active feedback

4.3.1 Instantaneous uniaxial feedback - adjusting the nanowire’s asymmetry

With the force direction aligned with the first mechanical mode, the feedback’s detection
angle y is chosen to have the same orientation as the exerted force. The radar measure-
ments (Figure 4.5) provide a good orientation analysis to find the best angular settings.
Additionally, we use the second output of the FPGA module as a monitor signal with
the same detection angle as the one employed for the feedback. By setting the detection
angle such that only the first mode’s peak appears in the signals frequency spectrum
we thus ensure the correct alignment, presuming that the modes are perpendicular at
the beginning of the measurement. Perpendicular eigenmodes imply that no rotational
background force should be present. This excludes unwanted parasitic effect caused by
the constant electrostatic field offset, which produces a residual force field of conserva-
tive nature. However, the optical field of the readout laser has regions with a non-zero
rotational [43], whose effects can be reduced by choosing a readout position on the op-
tical axis where the Poynting vector of the electromagnetic field is homogeneous and
parallel to the optical axis.

Starting at zero feedback gain we record the demodulated signal of the two raw mea-
surement channels ©,® at a frequency of w; = 8300Hz during a measurement time
of one minute using the HF2 and its Python API The sampling rate of the acquisition
is 57.6 kHz and the demodulators fourth order low-pass filter is set to a bandwidth of
500 Hz, sufficient to capture both transverse modes (initial splitting around 70 Hz).

As explained above, we reconstruct the nanowire trajectories in realtime from the recorded
quadratures measured on both measurement channels. Additionally, we compute the
noise spectrum of the projected spectrum of the nanowire displacement. After the ac-
quisition, the gain is increased stepwise and the measurement is repeated. The measure-
ments are automatized by a collection of Python scripts that control the FPGA module
and manage the acquisition. Having finished the measurements for positive gains, we
invert the sign of the feedback proportional and perform the measurements for nega-
tive gains. Splitting the measurement in two parts has two advantages. Firstly, a re-
peated measurement of the zero feedback setting permits to identify drift effects and
other changes that could appear during the scan of positive gains. Secondly, it is possible
that instabilities occur at large positive or negative gains, and it is thus more comfortable
to progressively increase the gain strength starting from zero for both directions.

The left subplot 4.9a shows the spectrum measured at an angle of 20° for the combined
negative and positive feedback gains. As expected from theory, since we produce a
uniaxial force field gradient (a pure gy;), the first mode is shifting in frequency while the
second mode remains unaffected by the artificial force field. We observe that positive
gains generate a negative frequency shift for mode one Q”f =08 — g1 (% = Q8 — g1y)
corresponding to positive g;;. For negative feedback proportionals, the first resonance
frequency approaches the second until it comes to a crossing before the former low-

frequency mode becomes the high-frequency mode at sufficient feedback strength.
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Fig. 4.9: Implementation of the instantaneous uniaxial feedback. Panel (a) shows the measured
spectrum for the different applied gains at a readout angle of 20° for which both modes
are visible. Bare mode orientations are -20° 70° respectively. The mode resonances are
visible as dark lines (high amplitude) and a mode crossing can be observed around a
gain of p = -0.3. The coloured lines depict the four cases of no gain (green), high posi-
tive gain (orange), high negative gain (purple) and frequency crossing (red). The subplots
shown at the right rowwise present for each case: Spectro-angular tomography 55’5[01
(b), resonant angular tomography SérB[Qi] allowing to determine the mode orientation
(c) and spectra measured along the mode direction S,r, [Q] (d). The spectro-angular to-
mography draws the spectra measured along 180 readout angles y sampled between 0
and 2 on a polar axes whose radial axis takes the frequency values around the mechan-
ical resonances and the orthoradial axis takes the angular values of the measurement
vector. The four plots in (b) share the same scales and their colorscale is identical to
panel (a). The polar representation of the modes’ amplitudes in (c), with redish colour
representing the first and blueish color the second mode, reveals their orientations e ..
The mode orientations marked as lightly couloured bars at the plot’s perimeter only vary
slightly from the orientation of the bare eigenmodes e, , indicated by heavily coloured

marks, especially when the modes remain sufficiently split in frequency. The spectra in
(d) thus show a smoothed linecut along the directions e_, through the spectro-angular

tomography. From top to bottom one observes the transit of the first mode’s resonance
across the higher frequency mode while keeping the same amplitude.

The four coloured lines mark four gain values of special interest, high positive gain
(p = 0.19), zero gain (p = 0), the frequency crossing (p = —0.3) and a high negative
gain (p = —0.39). Here, we show exemplary the analysis that is done for each gain
value at each of these four particular gains. The first column of plots 4.9b connects
the mode’s frequency crossing with their spatial orientation. The polar density plots
of Figure 4.9b present the spectra measured for readout angles y between 0 and 27 on
a polar axis with frequencies on the radial axis and readout angle on the orthoradial
axis. This spectro-angular tomography permits to observe the mode’s behaviour in fre-
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quency and orientation at the same time. The following column 4.9c presents a polar
plot of the noise spectral densities at each resonance, presenting the expected squared
cosine dependence of the measurement angles. These two representations demonstrate
that the mode orientation remains stable, while the eigenfrequency is shifted, except for
the crossing situation where the two modes become indistinguishable, which biases the
angular analysis. The next column 4.9d presents the spectra measured along the two
eigenmode orientations for each gain. The fact that only one peak appears in each spec-
trum, again shows that the modes remain nearly perpendicular for the different feedback
gains employed.

Using the full equation of the theoretical noise spectrum in presence of a force field
(1.65), we fit the acquired data and thus obtain the properties of each mode as well as the
equivalent force gradient matrix created by the feedback. The plot 4.10a in Figure 4.10
presents the mode frequencies of the dressed modes f_ and f,, showing a shift of the
first mode, linear with the artificial feedback strength, and a mode crossing at a gain of
approximately pg, = —0.3. The plot also demonstrates that the second mode’s frequency
f. is unaffected by the feedback.

Figure 4.10b reports the relative variations of the mode orientations Af_ , with respect
to the undressed orientations. The plot confirms the observed trend that both modes re-
main stable in their orientation for varying proportional gain until the frequency cross-
ing. There, the determination of the mode orientations is difficult because the signals are
not discriminant on that parameter, even with a full model fit. Furthermore, the deter-
mination of the eigenvectors has a larger error as when the frequencies are wide apart.
Still, the first eigenmode appears to slightly change its orientation when approaching
the crossing which can be attributed to a non-perfect alignment of the detection angle
that causes a non-zero g,;. In particular, these transverse components of the force fields
that are responsible for the eigenmode rotations have an impact on the eigenvectors
that scales with the ratio g, /(Q3 — Q%). It is hence clear that any residual transverse
component will have a larger impact when the partially dressed eigenmodes are quasi
frequency-degenerated (the denominator approaches zero).

The fit also allows deduction of the local force field gradients g;; created by the feedback
mechanism shown in panel 4.10c. In agreement with the theoretical model, only the
component g;; shows a systematic dependence on the feedback gain. Again, the more
difficult fit of the data around the crossing causes larger uncertainties in this region.
However, except for the gain p = —0.3 corresponding to the exact mode crossing, the
force field gradients correspond to a uniaxial linear feedback which acts on the first
mechanical mode.

From the fitted force field gradients shown in Figure 4.9, we can now reconstruct the
local map of the force field variations, evaluated over the size of the nanowire’s Brownian
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Fig. 4.10: Results of the fit of the dressed 2D oscillator model to the acquired trajectories for
each feedback gain. Panel (a) shows the resonance frequencies of the two modes -
and + with the mode crossing clearly visible at p;, = -0.3. The relative mode rotations
A6_, are drawn in (b). Panel (d) displays the force field gradients responsible for the
observed frequency shifts and mode rotations with all term except g,, centered around
zero.

motion®. It corresponds to the vector field g - dr. Figure 4.11 shows the local force field
mapped over the recorded trajectory for each of the cuts in Figure 4.9. The colorscale
represents the actual force acting on the nanowire at each position while the arrows
indicate the direction of the local force field gradient.
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Fig. 4.11: Local force field for the four cuts from figure 4.9. The plots show the whole trajectory
acquired for one minute, the 20 region of the Gaussian distributed position is about
half the size of the shown trajectory.

As a conclusion, a purely instantaneous feedback, aligned with one eigenmode permits
to adjust the nanowire frequency splitting and in particular to cancel it entirely. This
can be of importance when the exploration of weak shear force fields or when a purely
two dimensional central force field is desired.

*We recall here that all the above measurements are done while analysing the thermal noise of the
nanowire.
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4.3.2 Delayed uniaxial feedback - cold damping

Delayed uniaxial feedback makes use of a force 6F = Mg hxe, which introduces an ad-
ditional damping —h in the direction of interest. If the latter is aligned with one eigen-
mode, than its effective damping becomes I' = I, — h. One speaks of cold damping as
the damping can be enhanced without adding additional fluctuations, so that the effec-
tive temperature of the oscillator can be reduced artificially. Such a delayed feedback
has been proposed in 1998 [70] as a technique to reduce the mechanical noise of cav-
ity mirrors in ultrasensitive experiments such as the gravitational wave detectors LIGO
and VIRGO. Afterwards multiple groups realized the concept on macroscopic [24, 88,
108] and microscopic [4] cavity mirrors, cantilevers [90], and trapped levitating particles
[111]. A very recent, conceptual similar experiment [11] realizes cold damping of SiN
membranes using electrostatic feedback in 1d. In this section we will discuss the real-
ization of a cold damping feedback on a single mode of the nanowire, using the same
experimental configuration as in the uniaxial and aligned architecture covered by the
previous section.

As an introductory remark, we note that the artificial damping matrix created by the de-
layed feedback creates a non-isotropic damping. If the eigenmodes also get coupled by
the artificial feedback, then they will partly rotate and find a non homogeneous damp-
ing along their oscillation trajectory. This situation of non homogeneous damping has
been studied in our group before [105], in the case of a graphen membrane deposited
on a vibrating SiN support. We observed that the normal mode expansion is not valid
anymore, the Lorentzian shapes can become asymmetric, however the fluctuation dis-
sipation relation was preserved. Here, we first restrict ourselves to the simple situation
where only one mode is affected by the cold damping mechanism, and will later study
the case of a pure traverse delayed feedback.

After having adjusted the nanowire position and the readout vector as described above,
the realization of an uniaxial delayed feedback on the first mechanical mode requires
to add a phase delay of 7/2 to the signal employed in the direct feedback case since
x[Q] = —iQx[Q]. Such a phase is adjusted via the digital filters at the inputs of the
Red Pitaya (see Section 4.2.2.1 ). In the previous Section 4.3.1, we have compensated
the phase added by the photodiode’s high-pass filters via the cut-off frequency of the
digital low-pass filters in the FPGA. We now adapt this cut-off frequency accordingly
to create the desired phase delay in the signal. We note that these delays are defined
with respect to the mechanical oscillation period and thus remain small compared to the
inverse mechanical damping I';! of the oscillator. Monitoring the frequency spectrum
during the phase adjustment steps helps to find the correct filter settings: If, under active
feedback, the first mode’s frequency does not deviate from its value at zero feedback,
we do not apply an instantaneous feedback anymore, and have reached the 7/2 delay
configuration. In presence of a correctly delayed feedback force, one should observe a
change in the peak’s amplitude but not in frequency.
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Once the phase is adjusted properly, we acquire the demodulated quadratures of the lock-
ins on the two detection channels as it was done for the instantaneous feedback case.
The recording time for each measurement point is 30 s at a sampling rate of 57.6 kHz and
a demodulation frequency of 8320 Hz. The fourth order demodulation low-pass filter has
a bandwidth of 500 Hz. Again, the sign of the overall feedback gain splits the measure-
ment into two parts where the gain is increased stepwise and a trajectory is recorded
for each gain before we switch the proportional’s sign and repeat the measurement in
the opposite direction. Due to the fact that one direction of the feedback is increasing
the effective noise temperature while anti-damping the mechanical dynamics [24], we
restrict the number of points in this direction that corresponds to a negative gain in the
experimental setup.

We realize the Fourier analysis of the temporal trajectories as described in Section 4.2.4.3
and fit the noise spectra with the full model of the noise spectrum (4.28). By doing
so, we can determine the properties of the mechanical modes, which are displayed in
Figure 4.12a. They don’t show large deviations for the applied feedback gains. Only
the frequency of the first mode is shifting over = 10 Hz due to a remaining nonzero
instantaneous feedback contribution, while the mode alignment is stable and only suffers
from the measurement uncertainty of about +5° to £10°.

For a moderate feedback gain, we obtain a noise reduction of the first mode larger than
20 dB in peak height. With increasing gain, the damping coefficient I'; linearly grows
while the effective mode temperature, calculated from the area of the Lorentzian fit to
the first mode, is decreasing from 300 K to below 50 K. The noise spectra restricted to
mode 1 are adjusted with I'y, = Ty — hy; [24]:

1 2l kpTiy
Megr (Q% — Q)2 + QXTy — hyy)?

S5r1 [Q] = (461)

This corresponds to the mechanical noise spectrum of an oscillator at thermal equilib-
rium at the effective temperature Tp,:

T

Ty = Toy=——,
Ty —hy

(4.62)
which can be enhanced or decreased, depending on the sign of the delayed feedback
strength h;;. Figure 4.12b plots the damping coefficient and the effective temperature
as function of the feedback gain for both mechanical modes. While the damping co-
efficient and temperature for the second mode (blue) only show statistical fluctuations
around a constant mean value, the increasing feedback proportional enhances the damp-
ing roughly linearly and decreases the effective temperature inverse proportionally.

The inconsistency at p'® = 0.16 where the frequency suddenly jumps up 10 Hz and the

damping coefficient I' jumps from 70 Hz to less than 10 Hz is a fit artefact that origi-
nates from asymmetric noise squashing where the feedback is not only acting on the
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Fig. 4.12: Results for cold damping by a delayed uniaxial electrostatic force field on the nanowire.
(a) Dependence of the eigenfrequencies (dots) and the deviation from the cold mode
orientations on the feedback gain for both mechanical modes. (b) The damping coeffi-
cient I for the first mode increases nearly linearly while the effective mode temperature
decreases. The mechanical noise of the second mode is not affected. The grey shaded
area in (a,b) marks points where noise squashing has been observed. In (c), the effective
mode temperature is drawn as function of the damping coefficient. The experimental
values follow the 1/T dependency 4.62 drawn as black line. Inset (d) shows the spectra
measured along the eigenmode direction (red: first, blue: second mode) for deactivated
feedback (light lines), and a proportional of 0.08 (saturated lines). The grey line shows
the asymmetric noise squashing at a gain of 0.15.

Brownian noise of the nanowire but searches as well to compensate the detection noise
[90]. While in the perfectly aligned case noise squashing appears after the mechanical
noise has been fully damped, a non-perfectly adjusted phase delay can cause a slightly
asymmetric damping and background squashing. This is visible in inset 4.12d where
the spectra measured in direction of the two eigenmodes are compared for no feedback
(lightly colored lines), active cold damping (colored dots) and the noise squashing (grey
line). The simple fit model of two Lorentzians which is employed to retrieve frequencies
and mechanical linewidths does not account for this effect, but by using the previously
applied model that contains the complex force gradients (4.28) it is possible to account for
the underlying causes. We restrain from showing the detailed fit results at this point in
order to keep the comparability of the data with common representation of cold damping
in literature. Also, the affected data only presents a small subset of the results and does
not change the validity of the experimental principle, but it highlights the importance
to correctly align and adjust the feedback architecture in the case of a quasi frequency
degenerated resonator.
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4.3 Measurements

The good agreement of the above relation between the effective temperature and the
mechanical linewidth in Equation 4.62 in Figure 4.12c with the experimental data con-
firms that the experiments operates in the regime of cold damping. With this simple
realtime feedback mechanism, we decreased the mode temperature by a factor of six
from 300K to less than 40 K. Improving the retardation and alignment of the feedback
signal, while increasing the SNB by increasing the readout power, it should be possible
to avoid the asymmetric noise squashing and thus to achieve larger cooling factors at
higher gains.

Figure 4.13 illustrates the two dimensional Brownian trajectory of the nanowire in the
real space measured for different feedback gains. We note that the initial trajectory is
not perfectly circular due to the force field background created by optical forces from the
readout laser, whose power was intentionally increased to obtain a sufficient signal to
background ratio. The arrows illustrating the strength of the additional damping vector
field show the increasing viscous feedback with increasing proportional that decreases
the spatial extension of the Brownian motion in the direction of the feedback while its
extension in the direction of the second mode remains constant.

p=-0.01 p =-0.00 p=0.03 p=0.10 p=0.15
T, = 396.67K T, = 238.64K T, = 84.72K T, =38.08K T, = 24.35K
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Fig. 413: The speed distribution of the Brownian trajectory recorded for five different feedback
gains p is shown in the velocity space (v,,v,). The transparency of the distribution
encodes the probability density for each plot so that the displayed size represents the
actual distribution size (not showing the extreme trajectories with largest velocities).
The nanowire’s movement at zero feedback gain is slightly dressed by the optical force
of the probe laser and the noise distribution is therefore not perfectly circularly shaped.
The arrows indicate the damping force caused by a nonzero h,,. With increasing gain
the extension of the distribution spreading is reduced in the direction of the first mode
(the axis of the arrows) while remaining constant in the perpendicular direction. The
distribution for the negative gaine (left) increased in size, caused by a heating of the
nanowire.

Up to now, we have used the artificial feedback architecture in its simplest uniaxial form,
and we have shown that it can be used to control and adjust some of the nanowire prop-
erties (frequencies, damping rates, effective temperatures) without altering the eigen-
vectors. The uniaxial mode was used in an aligned configuration, where the feedback
force was aligned with one eigenmode for simplicity. The situation would be different
if the feedback force was not aligned with the eigenmode basis: in the case of an in-
stantaneous uniaxial feedback, the artificial force field could also generate a rotation of
the eigenmode basis, if placed at 45° of the mode for example, but it will always behave
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4 Creating artificial 2D force fields using realtime active feedback

as a conservative force field (g;, = g;). We will now turn to the more exotic situa-
tion, where the artificial force field generates a non-reciprocal interaction between the
eigenmodes.

4.3.3 An instantaneous pure shearing force field

The force orientation is aligned with the slow mechanical mode, in a similar manner
as in the above described parallel feedback case, but now the measurement vector em-
ployed for the feedback is turned by +90° by the FPGA card, so that it is aligned with
the orientation of the second mode in absence of an external force field. Like before, the
measurement direction is optimized by monitoring the spectrum measured along this
direction via the second output of the FPGA module. To verify that the measurement
vector is properly oriented, it is also possible to vary it while applying a weak feed-
back, similar to Figure 4.7c. When one generates a pure shear force field (g;, = 0), that
means the measurement vector is well aligned with the second mode, then the nanowire
frequencies are not modified compared to the situation in absence of feedback.

4.3.3.1 Realization and measurement

For the following measurements, we also wanted to record the nanowire trajectories in
realtime, in order to subsequently analyse them in real space (discussed later). To do
so, we progressively increase the feedback’s gain starting at zero and record one minute
of the nanowires trajectory at each gain value. The acquisition is then repeated for
gain values of opposite signs. We choose the maximum gain such that the nanowire’s
movement does not become instable, which can arise when the feedback architecture is
not perfectly aligned, or when there exists a residual delay in the force application.

From the fit of the noise tomography with Equation 4.28, we deduce the resonance fre-
quencies and the mode orientations in 4.14a as well as the feedback created force gra-
dients g;;, drawn in subfigure 4.14b. The constant value around zero for all components
other than g, and the linear slope of it confirm that we operate in a quasi purely trans-
verse feedback configuration, emulating a pure shear force field. In this situation, we
recall from the last part of Section 1.1.2.3 that the eigenfrequencies are not modified, as
well as the orientation the mode 1 is not modified, and the angular separation between

of the modes is given by
—821

COS(9+ - 9_) =~ m

(4.63)
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Fig. 4.14: Figure (@) presents the resonance frequencies and mode orientations obtained from
the fit of the theoretical oscillator model to the recorded trajectories for different gains
(ps,). The force gradients real 9;; and imaginary parts h,.j are plotted in panel (b) and

inset (c) respectively.

Here, the rotation is only determined by the ratio of g,; to the squared frequency split-
ting and we can define a dimensionless force rotational parameter £ that allows a better
quantitative comparison between the measurements:

821
03 -

3 (4.64)

Figure 4.15 maps the rotational parameter to the applied feedback gain for two measure-
ment series performed in the configuration of the transverse feedback. Both series have

e Series A, Q = 4.5e+02
157 Series B, Q = 1.7e+03
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Fig. 415: The connection between applied feedback gain and the force rotational parameter §
for the two measurement series discussed in this section. The difference between the
two measurements resides in a different positioning of the electrostatic force, so that
the electronic gain does not has the same efficiency, and a different ambient pressure
which affects the intrinsic mechanical damping of the nanowire.
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4 Creating artificial 2D force fields using realtime active feedback

been conducted on the same nanowire but under different vacuum levels. The Q-factor
of the nanowire’s resonances in series B is thus about four times higher than that in
series A, which increases the sensitivity of the oscillator to destabilizing effects, such as
delayed force contributions or noise in the readout channels employed for the feedback
(see Section 4.2.2.2). The measurement results for series A can in principle be realized
up to larger feedback strength, due to their improved dynamical stability. Most of the
results in this section are obtained from series A if not stated differently.

a €=-1.04 €=-0.55 £=-0.03 €=0.50 £=1.02
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Fig. 416: The representations in the first row (a) illustrate the thermal movement of the nanowire
in artificial force fields created by the active feedback mechanism for different rotation
parameters §. The transparency of the trajectory represents the positional probability
density so that the perceptual size of the Brownian cloud is a good estimation of the
effective spatial extension of the nanowire’s oscillation. The arrows show the force field
calculated for the represented area. Their length is proportional to the applied gain and
thus to the rotation parameter, while their direction is inversed with the sign change of
¢ The noise maps in (b) show the displacement noise in the v , v, coordinates.

oe
D

The first row in Figure 4.16a represents the 2D histogram of the measured trajectories for
five different feedback amplitudes (positive and negative) and the created local force field
for each case. In the central case of zero feedback, no feedback force is present and the
noise distributions is quasi circular. Larger gains generate a shearing force field (g,; like)
where the force is oriented towards the first eigenvector. It distorts the circular shape
of the thermal cloud of the Brownian motion in positional and velocity space (shown in
4.16b) as it drives a rotational movement of the nanowire.

In Figure 4.17, the map of the locally averaged angular momentum e, - (r x v) of the
recorded trajectory visualizes the circular movement. At zero feedback, there are is
as much clockwise (blue) as anticlockwise (red) rotation as the movement is driven by
the purely statistical Langevin force vector. When increasing the feedback gain, the
nanowire experiences a shearing force that biases the orthoradial speed distribution and
favours the counter-clockwise rotation while a negative gain enhances anticlockwise
rotation.
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Fig. 417: The transverse feedback causes an acceleration with a preferential directionality de-
pending on the sign of the gain. The plots present the mean value of the angular mo-
mentum e, - (r x v) with clockwise rotation (red) for negative § and counter-clockwise
rotations (blue) for positive values.

From the Fourier analysis of the recorded trajectory we obtain the spectral density Sory
that is shown for five different feedback gains in Figure 4.18a. These spectro-angular

£=1.02 €=0.50 €=-0.03 €=-0.55 €=-1.04

0
-
/s

Fig. 4.18: (a) Spectro-angular tomography of the trajectories measured around the mechanical
mode frequencies for five different rotation parameters §. The frequency increases
with the radius while the ortho-radial direction corresponds to the measurement angle
u. Compared to the central plot where § = 0, the outer mode turns in anti-clockwise
(clockwise) direction for negative (positive) & The bright S-shaped (inverse S-shaped)
regions that appear at large |§| are caused by anti-resonant contributions from both
mechanical modes. The visible rings are artefacts from the smoothing of the spectrum.
The bottom line in b shows the amplitude (in logarithmic scale) of the resonances from
(a) plotted against the measurement angle. The direction of maximum amplitude per
mode defines the mode orientation e_,and is indicated as tick on the perimeter of

plots. The marks for e, , indicate the directions of the eigenmodes without external
force field.

—

tomographic maps provide a visual access to the mode orientation that can be identified
in the different noise spectra, obtained for each measurement direction. In the central
plot, without feedback, the first mode (the inner resonance oscillating at a lower fre-
quency) has its intensity maximum at about -20° where no signal can be measured at
the frequency of the second, outer mode. For increasing gain, we observe that the sec-
ond mechanical mode turns clockwise. The visualization of the amplitudes of first (red)
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4 Creating artificial 2D force fields using realtime active feedback

and second (blue) mechanical modes in Figure 4.18b shows that the first mechanical
mode keeps its initial alignment. For a negative proportional, we observe the inverse
behaviour - the second mode is turning clockwise until it becomes nearly aligned with
the first mode. While the orientation of the second mode turns over more than 90°,
considering negative and positive feedback gains, the resonant frequencies, depicted in
Figure 4.14a, only change by less than ten hertz. We thus reproduce with the artificial
feedback scheme, what was realized with the rotational force field of a focussed laser
beam.

Even though a pure shearing force does, in theory, not induce additional noise in the
system, we observe that the maximum amplitudes of the lobes in Figure 4.18a increase
in presence of active feedback. This signal increase can be explained by two principal
mechanisms. First, there is the injection of readout noise by the feedback loop by which
noise, created during the detection process enters the feedback loop together with the
signal that encodes the nanowire’s position. The second mechanism that increases the
system’s noise amplitude is the delayed feedback originating from imperfect phase ad-
justment, which is able to add energy to the oscillation. The fact that the shearing force
field induces correlations between both modes, can be seen at large gains (see for exam-
ple at £ = —1.02) in the spectro-angular tomography plot where an anti-resonance dip
appears showing a dark inversed-S like shape. From the theoretical description, this is a
direct consequence that the unperturbed Langevin force is now driving both eigenmodes
of the nanowire, thus causing the typical cancellation profiles observed in the response
measurements to a coherent force drive.

4.3.3.2 Noise squeezing

In the trajectory plots shown in Figure 4.16a, we observe that the Brownian cloud’s
diameter is reduced along a measurement angle of roughly 45° for negative and 90°for
positive gains. Perpendicular to this noise reduction, the spreading of the thermal cloud
elongates, the 2D oscillator is hence squeezed in the plane of motion. Furthermore, the
same noise reduction appears in the velocity space in Figure 4.16b, where similar noise
compression and enhancement is observed along the same orientations.

Compared to the uniaxial cold damping case discussed in the previous section, where
the noise along the direction of the feedback is reduced in the position and speed spaces
but the transverse noise is unaffected, we observe a noise increase in both spaces, in
the perpendicular direction. We also note that, here, the damping rate of the nanowire
is unchanged. This phenomenon can be easier visualized by comparing the width of
the position histograms without feedback and with strong feedback in Figure 4.19. The
axes correspond to the directions of strongest squeezing and anti-squeezing so that the
lateral cuts illustrate a reduction/increase of the variance of the noise trajectory when
projected along the transverse directions.
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Fig. 419: Squeezing and anti-squeezing illustrated on the spatial distribution of the Brownian
noise. (a) displays the spatial trajectory’s histogram without active feedback, (b) a case
of strong feedback. The distributions are rotated in the horizontal x,y plane to align
the direction of largest (x,) and smallest (x,) extension. The distribution’s height is
normalized independently for better comparison of the spatial extension. The grey
dashed lines in (b) re-display the projected distribution of (a) in order to highlight the
squeezing (on the x,,N-plane) and anti-squeezing (x,,N-plane).

Theoretical description We point out that the above plots (Figure 4.16, 4.17) repre-
sent the histograms of the trajectories followed by the nanowire extremity in the posi-
tion or speed spaces. In the following, we will investigate the noise in the measurement

channels ér, or §v,, and in particular their variances of and o}, and their evolution
f]

.
with the measurement angle, which is not identical to what can be seen in the complete
histograms shown above (for a Gaussian distribution, both quantities will match along
the main orientations of the ellipse but not in between). However, the recording of the
complete realtime trajectories, 8r(¢) allows reconstruction of the projected signals along

any direction and thus to estimate the corresponding variances.

A measure to quantify the squeezing and anti-squeezing of the position noise is the vari-
ance agry of the gaussian distributed noise trajectory. Experimentally, we can calculate
the variance from the recorded trajectory and compare them to the theoretical defini-
tion

dQ
04, = J > 5,19 (4.65)

Note that denominator of S(;ry in Equation 4.28 is a complex fraction with poles at fre-

quencies Q /27 where |det AQ]* = 0. The integration therefore requires the application
of the residual theorem and is rather lengthy. Appendix Appendix C discusses this cal-
culation in more detail. For an instantaneous force field the solution of the integral
is

2 _ 2 2 2 2 2
Ty, = Ofpcc COS™ 1+ O o SIN” 1 + 205, ., Sin j1cos fi, (4.66)
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where y is the angle between the measurement vector e, and e;, and with the three

u
coefficients
, (Q) + Q202 + g2)(Q% + Q% +2I*) —4Q 202 O*
O—5r,cc = QZ 02
+ —_
) (Q1 +Q20% + g4)(Q4 + Q2 +2I?) —4Q 20202
CZ§r§s = §22 g)z
i Y
, (81297 + £195)(Q% + Q2 +2T?%) — 20202 (g15 + g21) (4.67)
Osrps =A §22 02 s
—+ —
where
kgT [ Megs

(@2 —2)* +ar2(Q2 + Q2)

Again, the names g;; and f;; can be used interchangably as real and artificial force field
gradients are physically equivalent. Without external force field where g; = 0 for all
i,j, the first two terms correspond to the thermal noise variance for the two eigen-

modes:
2kgT ) 2kgT

—_— O =
2> Yor,ss
Mg Q1 M,

€

2 —

T = 2.=0 (4.68)

(o)
2> Yorcs
foZ

When the measured variance falls below this limit, we speak of noise squeezing. We note
that the initial variances are not completely isotropic but this is nearly the case when
the nanowire is quasi frequency degenerated. The situation is simpler in the velocity
space.

A similar calculation can be done to obtain the variance of the velocity crf# using that

Savﬁ[Q] = QZS(;rﬂ[Q]. With a similar application of the residues theorem, the speed vari-
ance obtained from spectral integration writes

2 _ 2 2 2 2 2
Ty, = O COS” 1+ 05, o SIN” 1 + 205, sin f1cOs 4, (4.69)

with the three coefficients

2 kgT (1 _ 2851(&12 — &1) )

0-5 ) =
HE M (Q2 —Q2)” +2r2(Q% + Q)
kgT 2812(812 — 821)
agv,ss = v (1 + ” .z s 3 (4.70)
eff (QF —02)" +2r?(Q% + Q2)

s kgT (812 — 821)(9\\3 B Qu?)
Meis (02 — Q2)* + 212(Q2 + Q2)

O.(Sv,cs -

In absence of external force field gradients, the two first expressions converge towards
the isotropic case: 03, = kgT /Mg
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We have shown experimentally, that the transverse feedback is indeed creating a purely
shearing force field with the only nonzero force field gradient being g,;. In this case, the
above equations simplify and we can write the coefficients of (4.67) as

, kT g 02 + Q2 + 2T?
05r’CC_M 0O? 1+§ 2 2\2 2( 2 2
et 21 2 (QF— Q)" +2r2(Q5 + Q)
kxT
2 B
o = 4.71
O Mg Q3 7
. kT _g21(Q% -Qf - Zrz)
2 =
" Mg Q5 (02 — 02)° + 2I2(Q2 + Q2
2 1 2 1
and those of (4.70) as
o2 = kgT 1+ 285
2 o=
P Mg (QF — Q)" + 212(Q% + Q2)
o = ksT (4.72)
PE L Mg
) ksT — g (9% — Q)

(o} = .
P Mot (2 — 02 + 212(Q2 + O2)

When one varies the measurement angle, one can determine the extrema of 0'(?, ,as well
u
as the extremum angle p,.,, which is given by:

2
tan 25" = —220“ > (4.73)
O¢c — Oss

Notably, the noise in direction of the second eigenmode, here corresponding to the sine
coefficient, is not squeezed in the case of a pure transverse feedback of the g, type, since
the force is oriented along the first mode and has no impact on the nanowire dynamics
projected along e, despite the alteration of the eigenvector. Since the rotation of the sec-
ond eigenmode depends on how g,; compares to the splitting of the modes’ frequencies
squared, we use the dimensionless rotation parameter & (introduced in Equation 4.64),

which we also call the circulation strength:

821

= — 4.74
= (4.74)
and the dimensionless dissipation coefficient y :
2I%(Q5 + OF
_ (@ ) (4.75)

y=——-.
(23 -0f)"
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This permits to express the extreme speed variances in a rather simple expression:

: _kﬂ<1+ﬁ—§h+ﬁ)

o . =
dv,min Meff 1+ Y

: _&g@_?—§h+?)

o =
6v,max Meff 1+ Y

(4.76)

If the force field coefficient g,; is much larger than the splitting of the squared frequen-
cies, thus ¢ — oo the minimum speed variance approaches the limit

lim o2 . = —— , 4.77
oo Sv,min Meff 2 4 2}/ ( )

while the maximum variance continuously increases with £%. The optimum squeezing
of a factor of 1/2 or 3dB can be obtained for an oscillator with spectrally well resolved
mechanical peaks in absence of a force field.

Position and speed noise squeezing in the motion plane The orientation depen-
dent variance crri is directly obtained from the recorded trajectory 6r = (dr,, dr,), sampled
over N points, via:

N
1 J—
o}, = 5 1815 — Orf2, (4.78)
k=1
with 6r, ;. = Ory . cos p + Or, g sin .

where E’l, is the ensemble average of the projected points 6r,, and k being the sampled
points (5_ry should ideally always remain very small since we use a spectrally filtered
readout, which, however, can suffer from residual offsets in the measurement). Using
similar expressions, one obtains the variance for the projected velocity distribution. The
projected displacement variances computed from the recorded trajectories are shown
as continuous lines in Figure 4.20a and the projected velocity variances are shown in
Figure 4.20b. The blue curves represents the variances of the Brownian trajectory with-
out feedback, while the orange curves are the ones obtained in presence of active feed-

back.

The curves for no feedback are, in both cases, not perfectly circular which can be caused
by two effects. Firstly, the readout laser’s optical force creates a background force field
that can couple the eigenmodes by its off-diagonal terms. Secondly, the sensitivity of the
two readout channels differs by a factor of about ten which translate into an asymmetric
numerical amplification of the readout noise creating a small asymmetry in the measured
displacement variances. We attempt to reduce this latter effect by applying a 160 Hz
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wide filter in the Fourier space of the trajectory before we calculate the variance (see
Section 4.2.4.2).

The dashed lines present the variance as calculated from the theoretical expressions
given above, when using the g;; parameters extracted from the perturbed mechanical
properties of the nanowire. Their deviation from the variance calculated directly from
data is likely caused by the asymmetric readout noise as well. In case of active feedback
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po= —0.18

0°180° 0°
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Fig. 4.20: Variance measured and theoretically predicted as a function of the measurement di-
rection, in the position (a) and speed spaces (b), with and without feedbback (greens,
reds). The directions of maximum squeezing are the same in both cases.

(green curve), the variance is reduced below the orange equilibrium curve by about one
third along a specific direction which is the force feedback dependent angle of maximal
squeezing. Along the perpendicular axis, the variance is increased to about three times
the equilibrium value. The velocity’s variances are squeezed (anti-squeezed) by about
the same amount in the same directions. This squeezing in the position and velocity
planes is one of the main differences to other mechanical noise squeezing experiments
where the noise is squeezed in quadrature space [91, 101].

Maximum noise reduction Figure 4.21 summarizes the squeezing and anti-squeezing
strengths achieved with the transverse feedback method for the same measurement set
as presented above. The continuous lines again correspond to the variance obtained
directly from the recorded displacement while the dashed line is the variance calcu-
lated using the fit results, which serve to determine the g;; parameters. The data points
correspond to the angle of minimal variance for both methods. Graph 4.21a shows good
agreement between the two approaches. We first note that the symmetry of the variance
changes as a function of the feedback gain. The squeezing efficiency does not depend
on the sign of the shearing force term f,;. The maximum variance is increasing with a
power law dependence while the minimum approaches a limit of about three quarters
of the initial variance. The gap between minimum and maximum variance at p = 0
originate from the asymmetry of the recorded trajectory discussed above. The angle of
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minimal variance jumps by 90° when changing from negative to positive proportional.
The velocity’s variance in subplot 4.21b exhibits the same properties as the positional
variance.
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Fig. 4.21: The line plots show the minimum (blue) and maximum (orange) squeezing for posi-
tion (a) and speed (b). The dashed lines are obtained from the variance calculation
via the spectral noise integration while the continuous lines represents the variance
calculated directly from the spatial trajectories. The crosses trace the angles of mini-
mum variance (maximum variance at +90° of this angle) calculated from data (+) and
theory (x). The grey lines highlight mark the variances of zero squeezing and maximal
achievable squeezing values.

The maximal achieved squeezing is relatively far from the theoretically possible squeez-
ing of 3dB (Equation 4.77) for a resonator with high Q factor and small mode splitting,
which is indicated by the dashed lines in Figure 4.21. A measurement that comes closer
to this limit is that of series B (see Figure 4.15) with a Q factor about three to four times
larger. Figure 4.22 presents the results of this measurement. The squeezing of the po-
sitional variance shown in 4.22a is close to the limit which even seems to be surpassed
by the variance obtained directly from the noise trajectory. In this interpretation one
must be careful, since the higher Q factor also requires a larger acquisition time in order
to record multiple realizations of the oscillation trajectory. Here, this is not guaranteed
with the measurement time of one minute. The variance obtained from the fitted g
(dashed lines) presents a more realistic estimate. The achieved damping is still smaller
than the 3 dB, but approaches this limit for small &
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Fig. 4.22: The experiment realized with a higher Q resonance (series B) and a larger gain gener-
ates a larger squeezing efficiency. Using the same conventions as Figure 4.21, panel (a)
shows for both, the variance of the recorded noise trajectory and the variance calcu-
lated based on the fit to the noise spectrum. The agreement between both is reduced
compared to the low Q case, probably due to too short sampling of the mechanical
motion with respect to the timeconstant 1/ = 0.2s during the acquisition time of one
minute. This is also the reason why the variance of the noise trajectory surpasses the
3dB theoretical limit (shaded area). The polar plot in (b) presents the positional vari-
ance in dependence of the measurement angle of the cases with smallest rotational
parameter and at a feedback with strong squeezing, which has a visibly smaller vari-

ance o, ... The change of the angle of minimum squeezing is depicted in (c).

The polar representation of the variance obtained from the noise trajectory in 4.22b
shows a small rotation of the angle of minimal variance and a clear reduction of o, below
the value of ¢ — 0 (|¢|,;, = 0.73 ). Similar to the low Q series in 4.21, the angles of
minimal squeezing obtained from noise trajectory and via the theory and the fitted g;;’s
are in good agreement with each other but match better for a negative sign of the applied
feedback gain.

Orthoradial velocity  The squeezing of the nanowire’s Brownian noise in 2D posi-
tional and velocity space is caused by a nonzero orthoradial acceleration of the nanowire.
As a consequence, this modifies the distribution of the orthoradial speed, as opposed
to the case of a conservative force field. One can illustrate this effect by plotting the
trajectory-averaged angular velocity v(r) at each spatial point as in Figure 4.23. At zero
teedback, in each position, one records as many positively and negatively circulating
trajectories so that the locally averaged orthoradial speed is almost zero. This can be
seen almost everywhere in the 2D plot, except at the most distant positions, but there
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€=-1.04 €=-0.55

Fig. 4.23: The transverse feedback causes an acceleration with a preferential directionality de-
pending on the sign of the gain. The plots present the mean value of the orthoradial
velocity vy(x, z) at each position of the recorded trajectory with clockwise rotation (pos-
itive, red) for negative § and counter-clockwise rotations (negative, blue) for positive
values. When no feedback is present (central plot), there are an equal number of clock-
wise and counter-clockwise rotating trajectories and the mean v, is zero.

one lacks of statistics since it represents rare cases. With applied feedback, the locally
averaged v gets a clear preferential direction that depends on the sign of the applied
feedback. In all cases the nanowire has a larger orthoradial velocity at larger distances
|61] to the center and for larger & one observes two zones of particular large velocity
values in the direction of maximum squeezing (the smallest width of the noise distribu-

tion).

Panel 4.a: Fokker Planck
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The probability density of stochastical Brownian process in phase space (x =
(4> Vi 1y, V) is determined by the Fokker-Planck equation [113]:

(4.79)

(4.80)

(4.81)
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with the normalization coefficient N~! obtained from integration over the entire
phase space:

N = I d4X exp[ — Z Al] xi xJ:|. (4.82)
L,j

]R4

The coefficients of the matrix solution A of this equation for the 2D nanowire
oscillator are given in Appendix D.

In order to find the probability density in the space (r,vy) as shown in Figure 4.24,
we apply the substitution from cartesian coordinates to polar coordinates:

re=rcosf, z=rsinf, v,=v.cosl—wsinf, v,=vsinf+vycosh. (4.83)

500 pm/s

L} 20 nm
X

Fig. 4.24: The convention for the transformation fromcartesian laboratory coordinates to
a polar coordinate system in which the probability density P(r,v,) is calculated
from the Fokker-Planck equation.

In order to obtain the probability density in the space (r,1y), one needs to inte-
grate the resulting expression over 6 and v,. The integration over v, can be done
analytically and yields an expression that contains first order Bessel functions.
The integration over 6 then needs to be done numerically. We therefore perform
a combined numerical integration over both variables. The results discussed in
this section are obtained from such a numeric integration of the Fokker-Planck
equation in the polar phase space.
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O Fokker Planck

Arth Numerical simulation

Mean orthoradial speed (a.u.)

Radial distance (a.u.)

Fig. 4.25: Comparison of Fokker Planck predictions to numerical simulations for a theo-
retical nanowire. The dependence of the mean orthoradial speed v,(r) with the
radial distance is calculated after numerical integration of the analytic solution
of the Fokker Planck equation (circles), and from the fits of the (v, r) histograms
such as the one shown in Figure 4.26.

Then, we also realized numerical simulations of the nanowire trajectories using a
dual random Langevin force vector and a Runge Kutta 4 propagation algorithm.
In both cases, the undressed mechanical properties of the nanowire are obtained
from experimental parameters (frequencies, damping rate, mass, eigenmode ori-
entation), while the force field parameters are deduced from the dressed mechan-
ical properties. Both numerical methods give results in very good agreement,
and furthermore they perfectly reproduce the experimental results obtained. Fig-
ure 4.25 represents a typical result of the simulations. The good agreement be-
tween both methods allows to validate the numerical simulations, which are less
time-consuming.

.a fe10
25

ve / mm/s
P/1/m/(m/s)
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Fig. 4.26: The distribution P(r,v,) of the orthoradial velocity vs the radius without (left) and with
(right) a circulating force field. The solid black line represents V,(r), the mean orthora-
dial speed at a distance r ,while the dashed lines indicate the width of the distribution.
The lower plots represent P(r, Vy(r)). The inset (e) shows the case of a feeback as strong
as in (b,d) but with opposite sign.
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One can prolongate this analysis of the orthoradial speed by inspecting its dependence
with the radial distance r towards the center of the distribution. To do so, one can first
represents all the recorded data points in the (v, 1) space, see Figure 4.26, where the
density of probability P(r,vy) is shown. The distribution is symmetric in v in absence
of a circulating force field, while it becomes biased when the feedback is activated. The
black lines represent the mean orthoradial speed ¥(r) as well as the distribution width,
for each radial distance. The maximum of the distribution P(r,(r)) is plotted in the
lower panels. One notices that the mean orthoradial speed increases monotonously with
r, while following a non-standard evolution, which is linear at short distances, and is
followed by a sort of plateau at larger distances.

As described in box 4.a, we also performed numerical simulations of the noise distri-
bution at the presence of a force field that corresponds to the experimental case. The
results shown in Figure 4.27 show very good agreement with the measurements in Fig-
ure 4.26.

N
N

1 0.02

o

R

Orthoradial velocity (mm/s)

o
o
Pt
Probability density (1/nm/(mm/s))

Radial distance (nm) Radial distance (nm)

Fig. 4.27: Results from numerical simulations of the distribution of the orthoradial velocity v,
with respect ot the radial distance r, without (left) and with an pure g,, shear force
field. The gray dashed lines represent the rms spreading in the position and velocity
spaces: \/kBT/M()an and i\/kBT/M. The black lines mark the center value of V,(r) (solid
line) and the width of the distribution (dashed line). The numerical simulations are
recorded during 10s with a time step of 3 us, for an oscillator with eigenfrequencies
Q,,/2m = 8277 Hz,8337 Hz and a damping rate of I = 123Hz, and g,, = -5 x 10%rad®.

We can then reproduce a similar analysis for all feedback gains employed and plot the
integrated probability density as function of the radius (Figure 4.28). The dependence of
the mean orthoradial speed profiles V(r) are shown in Figure 4.29. We observe that the
circulating force field is responsible for a bias of the orthoradial speed, which increases
with the distance towards the center of the distribution. Similar effects are observed
with rotational force fields produced by a focused laser beam, but they are absent when
using conservative force fields.

As a concluding remark of this section, one can draw a connection to the orthoradial
speed anomaly found in galaxies when investigating the dependence of the orthoradial
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Fig. 4.28: The radial probability density P(r) obtained from the distribution in Figure 4.26 after
integration along the v,axis. Inset 4.28b shows the density function on a logarithmic
scale. The colorcode corresponds to the absolute value of the force rotation parameter
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Fig. 4.29: The mean orthoradial velocity v, obtained from gaussian fits to the histogram slices as
in 4.26 for all measurements. The colorscale encodes the force rotational parameter
whose amplitude is larger for stronger feedback.

speed with respect to the distance towards the galactic center. When pointing a telescope
towards a certain position in a galaxy, one can infer via doppler spectroscopy on the
21 cm™ hydrogen line, the local speed distribution and report the maximum orthoradial
velocity as a function of the distance. One would expect to measure a reduction of
the orthoradial velocity at large distances, but instead the measurements show that it
converges towards a non-zero value at large distances. To ensure a stable trajectory, one
would need to increase the radial acceleration experienced by the most distant stars, but
the measurements show that the visible mass cannot explain the observed increase of the
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orthoradial speed. Those observations on the orthoradial speed anomaly are also called
missing mass curves and are at the origin of the dark matter hypothesis. Our observations
show that an orthoradial acceleration are also responsible for an increase of the mean
orthoradial speed with the distance towards the distribution center. The question that
naturally arises is whether such a mechanism could be present on a galactic scale (such as
a rotational flow in an “extragalatic wind”...). There are obviously many open questions
here.

4.3.4 Delayed transverse feedback

We now finish the description of artificial force fields, by describing the situation of a
transverse delayed force field, which adds non-diagonal terms in the damping matrix.
We use the artificial feedback scheme to generate a damping term along e,, proportional
to the speed measured along e, so that we add a dissipation force: SF = hdwe;.

Again, for the adjustment of the force delay, we use the filter settings of the FPGA module
as described in Section 4.3.2. From the configuration of the delayed uniaxial feedback,
we get to the delayed transverse configuration by rotating the readout vector by 90°. In
the ideal case, this feedback corresponds to a pure h,; term in the susceptibility matrix.
Supposing a purely delayed feedback, we replace g,; — —ihy,;Q in the dressed suscepti-
bility matrix and calculate its eigenvector with Equation 1.42. They now depend on the
frequency, and e, (e_ remains unchanged with a pure feedback in the 21-term) is given

by:
_ 1 ihy, Q
T 12 2 2\2 (Qi - Qf)’ (484)

\/—1h21§22 +(QF - Q\u)

which is now a complex vector in C?, representing a rotating eigenvector. It looses its
linear character when h,;Q > Q% — Q% + g;; = QF — Q% With the current nanowire
(Qy,/2m = 8270 Hz, 8340 Hz), a value h,; > 830 Hz is required to achieve a regime where
the eigenmode acquires an elliptical character.

The measurement is then conducted analogously to other cases, starting with small
feedback gains and successively increasing the gain towards negative and positive val-
ues. The limits of the feedback intensity is given by the appearance of an instabil-
ity or auto-oscillation of the nanowire. We again record the temporal trajectories of
the nanowire’s Brownian motion in 2D and perform a spectral analysis. Figure 4.30a
presents the spectro-angular tomography for some positive gain values. The constant
frequency splitting shows the proper alignment of feedback force and readout vectors.
With increasing feedback gain, the second mode becomes a ring in the spectro-angular
tomographic representation and while there are angles where it is not detectable at zero
gain, traducing its linear character, it is now measurable for any measurement angle for
gains larger than 0.3.
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Fig. 4.30: The spectro-angular tomography of a perpendicular delayed feedback with positive
gains (a) shows the transition of the second mode from a purely linear eigenvector to
a quasi-circular structure which leads to a circular pattern in the tomographic plot for
larger gains. The angular plots of the resonances’ amplitudes in (b) shows the same
trend. While the second mode (blue) has initially clear preferential orientations, the
signal strength grows in the perpendicular direction for larger gains. One also observes
aslight rotation of the mode similar to the case of direct perpendicular feedback, which
is caused by an imperfect calibration of the feedback delay.

An angular analysis of the modes’ amplitudes is given in 4.30b. Here, one observes that
the second mode loses its linear character as can be seen in the strongly reduced angular
contrast and preserves a significant amplitude along the angle perpendicular to its initial
orientation.

In Figure 4.30b, one can also observe a small rotation of the second mode, caused by
a nonzero instantaneous component g,; of the feedback, as well as an increase of both
modes amplitudes, which is more pronounced for the second mode. The fit of the feed-
back force gradients g;;, h;; in Figure 4.31 confirms this assumption. However, the am-
plitude of g,; is not large enough to rotate the second mode significantly so that the
dominating effect is caused by the delayed component that reaches about half the mag-
nitude required for the second mode to become purely circular.

This situation illustrates one of the signatures that can be obtained using a delayed ar-
tificial force field, which adds non-diagonal terms to the damping matrix. In such a
situation, the damping matrix and the restoring force matrix cannot be diagonalized in
the same basis, meaning that we expect the system to break the normal mode expansion.
Furthermore, we also expect the system to deviate from the fluctuation-dissipation re-
lation, as observed in the instantaneous rotational force field, meaning that one cannot
define a temperature for each mode.
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Fig. 4.31: The g,.j's fitted with the full complex model of the susceptibility are drawn in (a). The
linearly increasing amplitude of g,, is caused by an imperfect setting of the FPGA filters
that are used to regulate the delay of the feedback. While its change is measurable, its
value remains about two times smaller than the splitting of the squared frequencies
Q? - Qﬁ, so that the rotation of the second mode does not surpass 30°. Subfigure (b)
presents the delayed feedback components. Here, the only significantly varying term
is again the h-component that decreases roughly linear with an increasing gain.
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Rapid force microscopy

When this project started, the first successful experiments of nanowire force microscopy
had already been realized in our group but they relied on spectro-angular analysis of
the nanowire’s thermal noise which was time consuming to execute and analyse. The
first step in this project was therefore the integration of a dual channel lock-in mea-
surement with eigenmode tracking done by two independent PLLs using the ZI-HF2LI.
The integration of this measurement into the control software and standard measure-
ment protocols reduced the time necessary to acquire a full map of the force field from
days to several hours. It also provided critical information at rapid pace such as the
resonators mode properties, from which the force field gradients can be determined, in
quasi-realtime (10 measurements per second), allowing direct imaging of the 2D force
field experienced by the nanowire, a feature that is crucial when it approaches a surface
with rapidly varying force field gradients, or when determining orientation and align-
ment of the measurement window on the sample.

The second technical improvement of the experiment was the development of a custom
FPGA module based on a low cost hardware, for the continuous lock-in measurement
of the readout vectors. The adapted FPGA code and server module can perspectively
be used to perform measurements at more than two frequencies simultaneously. The
methods and programs developed for this part of the thesis are now used standardly in
our experiments, which comprise beside room-temperature force field microscopy also
cryogenic nanomechanics [37] and cavity opto-mechanics [36].

Thanks to the fast measurement protocols we could realize force field microscopy mea-
surements at much smaller sample separations than before, without fearing to touch the
surface due to the realtime readout of the force field structure, and perform a complete
map while sweeping the bias voltage that is applied between the sample and nanowire.
This permits the differentiation of the quadratic, linear and residual force field contribu-
tions. While the quadratic force is caused by the sample’s topology only, the linear and
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Fig. 5.1: The cavity nano-optomechanical experiment: The insertion of the nanowire in a high fi-
nesse microcavity allowed to measure and map the opto-mechanical coupling strength
by scanning the nanowire in the cavity mode. Some of the protocols developed in this
manuscript were implemented during the PhD of Francesco Foligano [35] to map the
opto-mechanical force field experienced by the nanowire (right). The extreme coupling
strength achieved allowed to measure the optomechanical force exerted by an intraca-
vity field populated by less than a single mean photon.

residual terms contain constant surface fields that can for example be caused by electro-
static patches. Using an interpretation based on the Maxwell stress tensor formalism,
we could acquire a more quantitative description of the forces acting on the nanowire’s
apex and their dependence on the electric field structure.

We experimentally investigated the effects from the surface fields in this model and ex-
tracted in particular the local offset potential V, similar to the one obtained in KPFM
measurements. In maps of the force field divergence and V;, one can observe the pres-
ence of large scale surface contaminations and surface patches scaling around 100 nm,
which both contribute to the measured linear and residual force field gradients. This
shows that the surface fields play an important role when working with mechanical
systems at a separation of a few hundreds of nanometers, and that a good knowledge
of the surface fields is needed when realizing the measurement of proximity forces with
nanometric resolution. With its high sensitivity and its intrinsic 2D susceptibility, the
nanowire represents a very sensitive probe for the investigation of the electrostatic prop-
erties of nanofabricated samples.

A combined measurement of electrostatic force and electrostatic force gradient exper-
imentally validated the protocols developed for of the force gradient measurements. It
relies on the direct modulation of the electrostatic force which cannot be used to lock
the PLLs, as the resonant response to the force depends on its orientation with respect
to the nanowire’s eigenmodes and thus rapidly varies with the position of the nanowire
above the sample of interest. The alternation between an optical driving force and the
electrostatic modulation provides access to both the force field gradients and the force
vector respectively by only increasing the measurement time by a factor of two. This
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type of measurement presents a novel method which has not been possible to imple-
ment before due to the large number of points that need to be sampled, requiring good
stability even using the fast measurement protocols.

Perspectives The methods developed for the electrostatic force measurements can be
employed equally well in other experiments such as in force microscopy with function-
alized nanowires to image magnetic force fields or currents, or in cryogenic conditions
[37]. The measurement protocols employed here can directly be transposed to ultralow
temperature measurements, where the nanowire force sensitivity has been shown to im-
prove by four orders of magnitude, down to 40 zN/ JVHz, with a theoretical sensitivity to
force field gradients at the level of a few fN m™ in ten seconds.

In this and previous works [29, 43] we have shown that two dimensional force field mi-
croscopy is possible using the two degenerated eigenmodes of a vibrating nanowire. The
extreme linearity of the system permits a resonant measurement at multiple frequencies
simultaneously, as it is done in the combined force and gradient measurement for ex-
ample. We have already tested measurements where we do not track the modes of the
nanowire but measure the response at several frequencies [36]. The advantage is that
the measurement is not affected by the eigenmode rotations induced by the force field
under investigation or by sign changes of the projected force and that one would gain
direct access to the modulated force vector as in the combined measurement. To do so,
we estimated that a simultaneous detection of about 20 frequencies should be sufficient
for most force field measurements. Such measurements could be realized building onto
the FPGA module developed in this work.

While the simultaneous measurement at the fundamental and at higher order modes is
widely applied in atomic force microscopy, we have not yet exploited this possibility.
Also, the measurement of non-linear interactions between the sample and nanowire via
the detection at higher harmonics can be an option for future experiments.

10 pm

Fig. 5.2: Adding four additional control electrodes around the sample, one can control the field
at the nanowire apex in 3D (). The electron pairs are created by lithography on a Si chip
using the geometry shown in (b). The round sample area can then be nano-structured or
a sample can be positioned there. In (c), the installed sample in the microscope setup
can be seen.
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A next step for nanowire force field microscopy, that is already being tested experi-
mentally, is to control the electromagnetic field at the nanowire apex along all three
axes which requires additional degrees of freedom. To do so, two additional perpen-
dicular pairs of electrodes were lithographied around the sample (with the help of B.
Fernandez, J.F. Motte and G. Julie), as shown in Figure 5.2 that helps generate homoge-
nous electrostatic control fields which will serve to compensate the local electric surface
fields experienced by the nanowire. Controlling the electrostatic field along three direc-
tions permits a better understanding and characterization of the residual surface fields
which is crucial for quantitative measurements of the Casimir force. In first tests of the
electrodes we observed a dependence of the optically modulated force on the electro-
static field whose origins are not yet fully understood, but are believed to arise from
a electron-hole pair creation within the nanowire, which are subsequently affected by
the surrounding electric fields. The current investigation of this additional force, which
is linear in the lateral electric field is likely to play a similar role as a residual electro-
static field which generates a force field linear in the bias voltage, will be another step
forward in nanowire force microscopy. A mitigation of this effect would be to use a
non-optical drive of the nanowire such as piezo-actuation or to turn towards metallic
nanowires.

Casimir forces

The measured force does not only contain the contributions of the static electromagnetic
fields but also the time-averaged contribution from fluctuating fields and in particular the
vacuum fluctuations which are at the origin of the Casimir force. It is, like the quadratic
contribution of the surface fields, voltage independent. We developed an approximate
method to evaluate the mean offset potential V;, that accounts for the average effect of
the residual surface fields. From this evaluation, one can extract a residual force field
that contains only the quadratic contributions from the residual electrostatic fields and
the Casimir force. By putting this value in relation with the simulated Casimir force
above nanostructures, we found that the obtained residual force is similar to the simu-
lations in shape and amplitude. However, for a quantitative assessment of the Casimir
contribution, we need to fully control the surface fields, for instance using the control
electrode method described above.

Perspectives Exploring the proximity forces above nanostructures provides interest-
ing perspectives in Casimir physics as one would for instance be able to measure the
shape of the force field above chiral structures. Nanowire force microscopy can be a
valuable tool since it allows to measure the Casimir interaction between single nanos-
tructures, not relying on the measurement of ensembles of nanostructures, which is
done in only few, if any, experiments. The small size of the probe also permits better
characterizing the effect patches play in Casimir physics, as common experiments of-
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ten use large surfaces compared to the average patch size, whereas the nanowire is of
comparable size.

Experimentally speaking, the Casimir measurements will benefit from the compensation
of the residual surface fields in 3D, taking a step towards quantitative results. Addition-
ally, we saw in this work that the use of metallic nanowires can increase the Casimir
contribution and the fact that the fields are concentrated between nanowire apex and
sample can simplify the compensation of the surface fields.

Also, the electrostatic force above nanostructures can be large compared to the nanowire’s
stiffness, even though the separation is still larger than hundreds of nanometers, ren-
dering force measurements impossible. The sample geometry for Casimir forces must
therefore be selected carefully. Regarding the sample’s material, one could probably test
different annealing and surface treatments after the nano-structuration. This would ide-
ally go along with a detailed study of the surface fields so that the nanowire based surface
force microscopy is likely to bring useful information in such sample analyses.

Two-dimensional realtime force feedback

The last part of the thesis discussed the implementation of realtime active feedback
schemes on the nanowires Brownian motion in 2D. We used the fast signal process-
ing capacity of the customized FPGA module and adapted its functionality so that it
measures the nanowire displacement along an arbitrary direction and creates a force
feedback signal proportional to this displacement or to its time derivative. Here, we
investigated the linear regime of the feedback scheme, but it can be changed to more
complicated functions easily. In particular there exists some theoretical interest to gen-
erate a circulating force field with a non-linear radial dependence [6, 7] to investigate
non-hamiltonian dynamics.

With the feedback being exerted via the electrostatic force of a single electrode, we cre-
ate a uniaxial feedback which, in the case that feedback force and readout are parallel to
one of the modes, causes a shift of that mode’s frequency without affecting the second
mode.

In the transverse case, where the force is perpendicular to the readout direction but
aligned with one mode, one can vary the mode’s orientation, which causes a 3 dB squeez-
ing of the nanowire’s noise in position and velocity spaces. An interesting perspective of
this effect is that one can in principle apply a similar feedback scheme in ultracold sys-
tems to investigate how nanowires with a low phonon number react to further squeez-
ing.

We also realized feedback schemes using a retarded force, by adding a temporal phase
shift of 90° to the measured displacements. With such a delayed force it was possible
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to cold-damp the oscillator in the parallel configuration and to create a single elliptical
eigenmode in the transverse case.

Perspectives Adding a second feedback force vector to the setup, the FPGA mod-
ule would already allow to output two arbitrary feedback forces acting along different
orientations. Then, by combining the instantaneous parallel and transverse feedback
algorithms, one would have a tool to create a feedback force on the nanowire that could
compensate any external local force field. Like this, it should be possible to correct for
the rotation and the frequency shift caused by the external force — the nanowire would
then operate at a stable point where its mechanical properties remain linear even un-
der strong external forces. This would allow to perform measurements even closer to
nanostructures where Casimir forces or surface forces are stronger. Such an approach
would be essential to assert the true spatial resolution of those ultrasensitive force field
Sensors.

Beside presenting a potential improvement of the measurement, the reaction of the 2D
oscillator to the feedback itself is an interesting research subject. Since the FPGA al-
lows to create basically any shape of force field (at least when the desired force field is
an analytic function of the nanowire’s position), we could investigate the nanowire dy-
namics in more exotic force fields such as quadratic or double well potentials, or purely
rotational but non-linear force fields (such as a vortex like patterns).

Furthermore, one should further investigate the ultimate limits of the studies realized in
Chapter 4, especially when implemented on cold oscillators close to their fundamental
ground state. If the existence of a squeezing in the position-speed space is preserved,
its observability should be studied in greater detail, in particular if one attributes one
interferometric per mechanical mode, conveying two independent readouts.

Global perspectives

Some of the above perspectives have already been pursued. We fabricated a chip that
supports a sample area surrounded by four electrodes which create a homogeneous elec-
trical field at the sample position (see Figure 5.2). By applying four control voltages one
can create an arbitrary field in 2D. Adding an additional voltage bias to all control elec-
trodes and to the sample area, the electrostatic field could be controlled in 3D. First tests
have shown that this method works, and can potentially be used to perform a full elec-
trostatic analysis of the force created by the sample field and by the residual surface
fields.

During the tests we also observed that the homogeneous electrical field caused a rota-
tion of the optical force via a combined electro-optical interaction, with causes not yet
fully understood. To mitigate this effect for the measurements of Casimir forces and the
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effect of the surface fields, we could employ a piezoelectric drive that is not negatively
affected by an interaction with the electric control field.

The current state of the nanowire force field microscope that is presented in this thesis
can already be used to realize novel measurements. As such, the measurement of mag-
netic fields could be realized by employing functionalized nanowires with a magnetic
apex.

Another functionalization with an NV center could be used to realize an experiment
where the magnetic field is measured via the luminescence of the NV center [52] and
the electric field is measured using the nanowire force probe. Such a nanowire can also
be used to realize a mechanical readout of the NV spin state using the measurement
protocols developed in this work.

Lastly, all methods and protocols presented in this thesis are also applicable under low
temperatures, where the sensitivity of the nanowire is much higher than at room tem-
perature, opening the road towards scanning force microscopy above ultracold samples.
Among other applications, the possibility to isolate and manipulate single electrons in
quantum electronics devices will provide an interesting perspective.
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A The customized digital signal processing unit on
a RedPitaya FPGA

The costumized Red Pitaya FPGA platform was introduced in Section 1.4.6, since the
use as digital lock-in has been explained in detail, this appendix will just list the key
components of the unit that have been realized. For the adapted feedback unit some
additional information are added to what has been discussed in Chapter 4.

Due to an unclear situation regarding the licensing of the developed software and scripts
at the point of the publishing of this thesis, we can not point the reader towards a public
repository containing the full software with documentation at this moment.

A.1 Dual signal acquisition

For the 2 signal 2 frequency analysis we implemented:
A digital signal processing unit (DSP) with:

« 2 first order HP input filters

« 2 local oscillators

+ 4 demodulators

« 2 second order LP filters

« data acquisition and transfer control
downsampling

The server with:

« device control

«+ data management module
— trigger processing
— data compression (statistics)
- buffering

« communication

Client tools:
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A The customized digital signal processing unit on a RedPitaya FPGA

+ python module combining SCPI commands to set up demodulators in a single com-
mand
« integration of python module in high level UI for dynamic beta measurement

A.2 Adapted feedback

The realtime feedback/radar realization contains
A DSP with:

« 2 high pass input filters
« fast multiplication
« scaling

The server for:

« device control
« input signal correction
« rotation coefficient calculation

Client

+ Direct communication via SCPI commands in Jupyter notebook

A.2.1 Objective

The digital signal processing of the FPGA is fast enough to process the measured voltage
of the photodiode and to generate a feedback based on the processed signal at a rate
much higher (125 MHz) than the frequency of the mechanical oscillation of a nanowire
(10kHz). Since the bare signals on the two linearly independent photodiode channels
® and © are not aligned with the laboratory frame the DSP needs to apply the correct
orientation matrix on the signal in order to apply a feedback based on the position of the
nanowire in the lab coordinates . Based on the rotated signal a force could be applied
either by using a lookup table or by applying a mathematic operation on the raw signal.
A simple case of such an operation is the application of a feedback proportional to a
signal read out along the vector e, in the direction of a perpendicular vector e, . This
case reflects a purely shearing force field.
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A.2 Adapted feedback

A.2.2 Rotation

The two input signals are read out along two independent vectors fig = |fg|eg rotated
anticlockwise by an angle S5 from the x-axis and g = |fg e rotated anticlockwise by
an angle f5. The values of fg g can be measured as described in Section 1.3.1.1. The
measured projected signal on the channel is

8Sp, = Or - eq
(S]
=ps ||(cos P&0r, + sin ﬁérz) (A.1)

. 5S .
with ro = —22 and similar for channel ® we have

1Bl
Srg\ _ [cosfg sinfE\(Or\ ., [Ors
(5@) B (cos Bs sinfg)\or,) R or, (A.2)

and inversely:

ore\ _ [(cos 5 sinfi§ - 5rg (A3)
or,)  \cosps sinfg) \Org '
So we can calculate the calibrated projections of the oscillation trajectory

sin 5 0Sp,  sin p5 3Sp,
ore = - = ¢;,054 + ¢,,6S (A.4)
det 2 |Bs|  det R | fel 11056 + €105¢

cos i 85y, cos - 55,
or, = — + = ¢;,05~ + ¢,,08 A5
= T det % 1Pl T et % 1ol G20 + 205 (A)

For the projection of the trajectory on an arbitrary read out vector e, we calculate

]

dr, = cos udr, + sin udr, (A.6)
cos pusin g sin pcos fg sinpcos f5  cos psin 5

= - 0 Be - 55,5@ (A7)
|Bcl det # [ fol det # |Bsl det # [ fol det #

= C{&Sﬂe + Cé(SSﬂ@ (A.8)
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A The customized digital signal processing unit on a RedPitaya FPGA

The last operation is the only step that needs to be executed in real time and therefore
the coefficients c{, are the values that have to be provided to the FPGA while the rest
are unique operations that can be performed on the software level.

Additionally, a feedback gain g, can be applied as a proportional on the value dr, to
control the output amplitude of the generated signal.
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B Fourier analysis of nanowire trajectory recorded
as demodulated data

For the calculation of the spectrum, we first reconstruct the complex displacement quadra-
tures drg g, using the positional quadratures X;,,Y; :

Org = \/E(Xe,r + iYe,r)’ Org = \/E(Xea,r + iYEB,r)’ (B.1)

and derive their projections in the x, z basis via Equation 4.54.

We then calculate the coefficients of the discrete Fourier transform (DFT) with

N-1

orl = Z dr, e —ienl] (B.2)

for each displacement 6r, ,. Each coefficient k corresponds to a frequency

N N
i = - 5] At-N (B.3)

Since the DFT is performed on the demodulated data, the Fourier frequencies are cen-
tered around the demodulation frequency and not around zero and we get the correct
frequency values via

fk = fk, + fdemod (B~4)

To get physical Fourier coefficients in mHz™! we need to multiply &r, with the sample
spacing At:
On, = OrAt (B.5)

Since we define the Fourier transformation as

A[Q] = J dteA®R), A = J dQ —ior g1, (B.6)

—00

with a different sign for forward and backward transformation compared to the DFT, the
phase of the calculated Fourier coefficients is wrong by 7 which needs to be taken into
account when analysing the data.
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B Fourier analysis of nanowire trajectory recorded as demodulated data

The demodulated data is low-pass filtered, and we need to correct the calculated 67, by
the filter response F fi.| = Fi:

o = — (B.7)
Following the definition for the
« Fourier transform in [23, p. 54] , the Fourier

transform needs to be calibrated with 1/+T where T is the total acquisition time (thus
the inverse of the equivalent RBW in a DFT). Thus we have

1
O = — (B.8)
k \/T k

in the units of m/vHz.
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C Calculation of the noise variance via spectral
density integration

C.1 Position variance

The variance of the displacement noise is given by the integral from Equation 4.65, which
writes:

dQ
O—gry = J Z_JTS&”[Q]. (Cl)

Where S&y[Q] is the projected thermal noise spectrum with

cos ,U(|X11|2 + |)(12|2)
. 2 2
+sin’ i |iel” + 1) - (C2)
+2 cos psin (R xe1) + R(xizxz2))

SFth

S5 [Q] = — 24—
' et 1

We can integrate each summand separately and write (C.1) as:
Ar? = ArZcos® j+ ArZsin® pi+ ArZ cos pisin i, (C.3)

with the coefficients

e f

27 |det ("

Here f. expresses the coefficients of the sine and cosine products in (C.2) for each cor-
responding subscript. Since the nominator in the integral is a complex term, we apply
the residue theorem. The poles of the integrand area then given by the solution of

Ar? = Sp (C.4)

det y1[Q] = [(Q2 — Q2 —iQr)(Q2 — O —iQr)| = o, (C.5)

which is solved by the eight quantities + A, +B, + A*, + B*, where the asterisk denotes the
complex conjugate. They are obtained from the expressions:

T TS
A=l§+\/QZ_—I‘2/4andB=15+\[Q+—F2/4. (C.6)
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C Calculation of the noise variance via spectral density integration

We choose the half space with positive imaginary part for the application of the residue
theorem, so that we need to calculate the residues at the poles A, —A*, B, —B" (which
have a positive imaginary part). Applying the residue theorem, we thus obtain:

e . f+[P]
— 2 )=is , C.
|det )(_1[9“2) l FP:A,—;*,B,—B* z[P] ()

S
Ar? = Loix Z Res;
2T 4 A BB

det y 1[0

op - Onecan show the following properties for z and f,:

where z[P] = glzirr}J

z(P) = —z(—P")
f#(_P*) = f#(P)*,

so that the sum of the residues simplifies to:

f:(P) _ ZiSf#(A) N ZiSf#(B)
P=A—A",B-B* z(P) z(A) z(B)

(C.8)

and we obtain for the remaining residues:

f(A) _ fe(A)

i ’ (C.10)
24 242i8(A)2RA)((QF - A7) +T242)

Where we can replace 23(A) and |R(A)[* by their expressions and then get:

fi(A) o ful(AAT(QL — Omega® +T? - 2iTR(A))
AA)  an(Q402) arm(a)((Q2 - 02) +2r?(Qd +02))

(C.11)

In order to get the corresponding intermediate result for B, one replaces + with — and
vice versa. Thus we obtain for Ar:

_ kgT / Mg
(Q2 — 02)" +2r2(Q% + Q2)
{ 1 (m(f#(A)A*) I (m(f#(A)A*) S(f#(A)A*)))
X 9— + - (C.12)
2\ RA) Q2 -2\ R4 r/2

L (SR(f#(B)B*) o r (f’i(f#(B)B*) B S(f#(A)A*)»}
Q2 R(B) Q% -2 R(B) r/2

Ar?

We can now insert the tree coefficients f . from (C.2), replacing the y; as:

fel Q] = (ng - Q%)+ OT% + gy

£iQ] = (Quf - Q?)? + QT + g, (C.13)

feel Q] = ng(Q\Ig -Q%)+ 821(9\\? - %)
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C.2 Speed variances

and obtain the position variance :

Ar? = ArZ cos® p+ ArZsin® pi+ Arg sin cos g, (C.14)
with
- G)(QH;* + Q207 + g3)(Q% + Q +2I7) —4Q 202 0%
fee ™ Q22
QT +020% + gh) (02 + O +2I%) — 40,020
Ar,, = ®( I + g12)( + ) 115% (C.15)
QA2
Ar = 9(8129\\3 + 81 Q7)(QF + Q2 +2I%) — 2Q3.0% (g1, + &21)
fes T Q202
where the prefactor O is:
kgT /M

Q2 — Q%) 4 2T(Q2 + 02)

This reduces to the variances of the Langevin driven noise trajectory when no force field
is present:

kT, kT
SS 2 >

2 5
eff €21 M€,

ArZ — Ar% — 0, (C.17)

which do not depend on the mechanical damping I'.

C.2 Speed variances

The speed variance is defined by a similar integral as the position variance:

i, = | Ls, l01= [ Loz, fol C18)

21 2 "

The evaluation of this integral is analog to the position variance and similar to Equa-
tion C.4 we obtain the coefficients of the sine/cosine terms:

aQ

LA (C.19)
27 |det y1[Q])°

AvE = SFJ
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C Calculation of the noise variance via spectral density integration

with the same poles as the position variance. With the new numerator £,[Q] — Q2 £.[Q],
the coefficients Av? become:

AvE = kT / Mgt
(Q2 — 02)" +2r2(Q% + Q2)
§ {m(f#(A)A) , RGE®BB) (C.20)
R(A) R(B)
I? (Mf#(A)A) _SUAA) _ RABB) | S(f#(B)B))}
-2\ R(A) r/2 R(B) r/2

And after insertion of A, Band the functions f,[Q], we calculate the speed variance:

AV? = AV cos® pi+ AvE sin® i + AvZ sin cos g1, (C.21)
with
A, = kgT 2821(812 — &21)
Vee = M - 2 _ 02\ 2(02 2
eff (QF — Q%)% +2I°(Q% + Q3)
Av = kgT 2812(812 — &21)
Vss T g 2 _ 02\ 2(0)2 2 (C.22)
eff (Q3 — Q%)% +2I%(Q% + QF)
kyT (812 — gzl)(Qu:zg - Quf
AVCS =

Megr (Q% — Q)2 + 2I%(Q4 + Q%)
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D Solution of the Fokker-Planck equation for the
2D Nanowire

In Chapter 4, we have used the Fokker-Planck equation to calculate the probability den-
sity function of the orthoradial velocity for a pure shearing feedback. Here, we provide
the solution of the Fokker-Planck equation, based on which the calculation was done.
The presented solution has been part of previous works in our group [28].

The Fokker-Planck equation [113] is defined by:

—Byd &az =0 D.1
ik Yx; xkpst(x’t) + 2 xl-x~pst(x’t)_ > ( )

7

with the following definitions

0 0 1 0 0 00O
0 0 0 1 2T'kgTIo 0 0 0
B = = D.2
_Q%H &1 I 0 et M |0 0 10 (D.2)
g2 —Q5 0 -T 00 0 1
The solution, which is Gaussian, to this equation is given as general form in [113]:
zar 17 arlrz arlvl ar 1Vo
1 1] a 2a a a
(x) = —ex [ - ) Aix x~], A=—-| "2 CEENE A (D.3)
P N P ; o 2| 4 ™1 Gryvy Za"l"l Ay vy
a a 2a

T1V2 ar, 2V2 ViV2 Vo V2

with the normalization coefficient N~! obtained from integration over the entire space:

N = J dx exp[ - ,ZJ: A x; xj]. (D.4)

R4
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For the 2D nanowire oscillator, the formal expressions (see [113]) become:

@, =K%Qf|[21“2(§2§” + Q)+ (gio + &) + (94 - 93”)2]2 —T%(g12 + 821)(812 — 821)°
- %(gfz ~ gh) (2% + OF + OF )[2r2(9F) + 9F) + (g + )’ + (92— 93]
+ %(glz - g21)2[4r4(9§| +OF) + ar?(0f - 9)’
+ (g2 + &) (41— Q) + Q) — () - Q§|)3]}

2
Gy, :Kg — (g2 + g21)[2F2(Q‘{f” + Q%H) + (g2 + g21)2 + (an - qu)Z]

2
— 2% (g3 — g21)3(Q%H - Q%n) + (812 + 821)(&12 — g21)2[(g12 +g0) + (qu - an) ]
— (2 — &0() — ) (27 + @) + 93

x| 202(0) + 93) + (o + &) + (94 - lel)z]}
v, ZK{[ZFZ(Qﬂ + Q%n) + (812 + 81)" + (Qfll - QgI)Z]2
- (gh — gh)[2r2(9% + 95) + (g + )" + (2 - 23]
+ 2T%(g1, — go) (20 — Q3 + Qé)}
Ay, =K§2(glz - gm)[ZFZ(g%z ~ &)
+ (98— )| 2r(@ + ) + (g + )" + (2% - le)Z]H
By, =K{4F(glz — g0)[ 20 (8129 + £219)) + &gz + gm)z]}
4, =K14T(g12 . g21)§2§||[2r2(s2§“ +O2) + (g + &)’ + (9 - Q%H)Z]
— 81 g31(812 — gzl)z}-

M /2ksT

gy — g ) + [2r2(Q§” +Q2) + (gra+ &) + (94 - Q§|)2]2‘

where K =
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The 4 last coefficients (a,,,, a,,,, 4, and a,,,, ) are obtained by exchanging 1 and 2 in
these expressions.

In the case of a large quality factor, the coefficients matrix is block-diagonal, that is,
the principal directions of the elliptical Gaussian distribution are pure speeds and pure
positions and not combinations of speeds and positions. This mixing of positions and
speeds is therefore only a consequence of dissipation, which justifies the focus on the
pure-position and pure-speed variances Arf; and Avl%. The remaining non-zero coeffi-
cients are then:

(4., = K[ (@) +923))g51 + g1 (3 - Q§||)+(Q?\|‘91HQ§H)Z]
Ay, = K[ ) + ) gt + £12821 (395 — ) + () —Qﬁ\QZ\I)Z]
< Arry, = K[ 2821Qz|\ 2g12§21”+2(g12+g21)£21”§22” 4812821(812+821)] D5)
vy = K[ 1|\ 2|| +2g21(g12+821)] .
Aypvy = K[ 1|\ 2|| +zglz(glz +gzl)]
( Ay, = [2(g12 g21)( 20l 91”)]
with K = M/2kgT

(812+g21)2+(Q§H_Q%H)2 )

For no present force field the coefficients are

a, K{QH[ZT (@) +93) ++(2) - le)z]z}

arlrz :0

_ 2( 2 2 2 21217
Ay, —K{[ZF (@) +25) + (@) - <5) ]
Ay, =0
arlvl :0
a.. =0

TV
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Acronyms

AFM  Atomic Force Microscopy

CCD  Charge-coupled Device

CNT Carbon Nanotube

DFT  Discrete Fourier Transform
DSP  Digital Signal Processing

EM Electromagnetic

FPGA Field Programmable Gate Array
KPFM Kelvin Probe Force Microscopy
NA Numerical Aperture

NV Nitrogen Vacancy

NW Nanowire

PFA Proximity Force Approximation
PLL Phase-locked Loop

PSD  Power Spectral Density

QPD  Quadrant Photodiode

RBW  Resolution Bandwidth

SEM  Scanning Electron Microscopy
SiC Silicon Carbide

SiN Silicon Nitride

SNB  Signal Noise to Background Noise Ratio
SNR  Signal to Noise Ratio

SPM  Scanning Probe Microscopy
STM  Scanning Tunneling Microscopy
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Glossary

kg
rm
or
Omega, ,

Omega, _

€12

HF2LI
HFDCg ¢

Mgy

&

T, T,

ﬁEB,G

PSD
X, Y

rms

Boltzmann constant

Mechanical damping

Displacement of the nanowire

Eigenfrequency of the higher (+), lower (—) frequency
mode

Eigenfrequency of the higher (+), lower (—) frequency
mode

Eigenvector of the higher (+), lower (—) frequency un-
dressed mode

Eigenvector of the higher (+), lower (—) frequency dressed
mode

External force (field) (measurable)

Constant force divergence coefficient

Linear force divergence coefficient AV

Quadratic force divergence coefficient aV?

Fourier transform with & f(t) = f]R f(t)e ¥dt

Gain of the applied feedback (Chapter 4)

Real part of the mass independent force field gradients in
units of Hz?

Imaginary part of the mass independent force field gradi-
ents in units of Hz* (chapter 4)

Zurich Instruments dual channel lock in amplifier with two
independent PLLs

Calibration factor of the high and low frequency response
per channel of the photodiodes

Effective Mass Equation 1.12

Matsubara frequencies Equation 3.9

Maxwell Stress tensor and its components

Measurement vector of the sum @ and difference ominus
channel of the photodiodes

Power spectral density

Measured signal quadratures (lock-in measurement)
(Mechanical) Quality factor Q = Qu/r

n
Root mean square, defined by H Y X
i=1

Rotational parameter for the transverse immediate feed-
back
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Glossary

Sérp Brownian motion spectrum of the nanowire measured
along the vector e,

X Mechanical Susceptibility Matrix of an Oscillator

Ey, Thermal Langevin force

T, Variance of the brownian motion along the direction e,
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Summaries

General summary

Over the last decades, nanotechnology became a flourishing field of discoveries in sci-
ence, enabled by the constant progress made in microfabrication and characterization ca-
pabilities. Following the original developments of the atomic force microscope, the field
of nanomechanical force microscopy significantly evolved, offering a new approach for
imaging on the nanoscale complementary to direct optical or electronic microscopy. It
now represents a standard tool for the characterization of structures with sub-nanometer
resolution. In this thesis, we employ an ultrasensitive force sensor in the form of a sus-
pended vibrating nanowire to image force fields above nanostructures in the vicinity of
the vibrating extremity of the nanowire.

While an AFM probe is sensitive to forces perpendicular to the surface, the nanowire
probe measures forces in the horizontal plane. Its ability to vibrate equally along both
transverse directions allows to realise measurement of 2D force fields. An optical readout
serves to probe the mechanical vibrations of the subwavelength-sized nanowires, which
function as a force transducer.

While former experiments were based on time-consuming measurements of the nanowire’s
random, thermal noise trajectories in 2D, followed by a large analysis effort, the meth-
ods and protocols developed in this thesis allow the realization of force field imaging in
quasi-realtime (10 measurements per second). This is achieved by recording resonantly
driven trajectories in the 2D space, whose frequency shifts are tracked by a double phase
lock loop and multiple lock-in demodulators, which allow determining the nanowire’s
eigenmode orientations. The 2D force field under investigation can then be determined
by analyzing the perturbation of the nanowire’s eigenmodes.

With these achievements we extended the use cases towards the measurement of prox-
imity forces which requires good controllability and stability of the experiment due to
the both the small separations between the nanowire extremity and the sample, and the
large force gradients found above nanostructured surfaces.

We present measurements of the electrostatic force fields above nanostructured surfaces
that are caused by electric field gradients generated by the sample’s geometric structura-
tion as well as by residual surface fields. The former cause a quadratic dependence on
an externally applied voltage, while the surface fields are independent of the applied
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sample bias voltage. The different field contributions are analyzed using the Maxwell
stress tensor formalism which allows compensating the linear contribution of the resid-
ual electrostatic field, and estimating the residual force field gradient. The latter is found
in good qualitative agreement with the numerical estimation of the Casimir force we re-
alized, both in magnitude and shape. For a quantitative comparison of the experimental
results with the theoretical expectations, we subsequently propose a method to com-
pensate the residual surface fields in all three directions, which is already being tested
experimentally.

The last topic of this thesis concerns the control and analysis of the nanowire’s dy-
namics by an artificial force field produced by a realtime feedback in 2D that allows to
create any structure of force field. We realized a proof of concept, applying a control
force in an arbitrary direction, whose magnitude is proportional to the vibrations of the
nanowire along a chosen arbitrary direction. We explored different configurations of
the application of an uniaxial parallel and a transverse feedback. Additionally, we show
that a delayed feedback scheme can be used to realize cold-damping of a single nanowire
mode. Furthermore, we use a single transverse feedback to squeeze the nanowire’s noise
if position and velocity space up to values close to the theoretical limit.

Résumé

Au cours des derniéres décennies, le développement des nanotechnologies a permis des
avancées conséquentes dans le domaine des sciences appliquées et fondamentales, grace
a la maitrise croissante des techniques de micro-fabrication et des progres réalisés dans
les domaines de la caractérisation.

En particulier, les sondes de force nano-mécaniques, héritieres de 'emblématique mi-
croscope a force atomique, ont réalisé des progrés importants et permettent d’explorer
des surfaces via les forces qu’elles exercent sur le nano-résonateur, fournissant une mi-
croscopie complémentaire des mesures optiques ou électroniques.

Dans ce manuscrit, nous présentons les développements effectués afin de réaliser une
sonde de force ultrasensible basée sur la lecture optique des vibrations d’un nanofil sus-
pendu de carbure de silicium, dont 'extrémité vibrante est balayée au dessus de la nano-
structure d’intérét. Cette derniére produit un champ de force qui perturbe les propriétés
mécaniques du nanofil, en générant des décalages en fréquence, des changements de
son amortissement ainsi qu'une rotation des modes propres, dont la mesure permet de
déterminer a la structure bidimensionelle du champ de force. Les nanofils mesurent es-
sentiellement les forces paralléles 4 la surface, avec une sensibilité de quelques aN/vHz
a température ambiante.
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Alors que les expériences précédentes étaient basées sur une analyse spectro-angulaire
du bruit thermique des nanofils, requérant des temps d’acquisition et d’analyse relative-
ment longs, les protocoles développés dans cette these permettent d’imager les champs
de force quasiment en temps réel (10 mesures par seconde) tout en préservant la sen-
sitilité de la mesure ainsi que son caractére bidimensionnel. Les protocoles de mesure
sont basés sur des trajectoire cohérentes, produites en excitant le nanofil simultanément
a ses deux fréquences de vibration transverse, tandis que ’analyse des perturbations de
ses propriétés mécaniques est réalisée a ’aide de deux boucles a verrouillage de phase
et de détections synchrones.

Ces développements nous ont permis d’approcher plus finement des surfaces afin d’étudier
les forces de proximité. Nous présentons une étude des champs de force électrostatiques
au-dessus des surfaces nanostructurées créées par la topologie de surface, mais aussi des
forces crées par les champs électriques résiduels. Les premiers présentant une dépen-
dance en la tension d’échantillon, contrairement aux champs de surface. Ces différentes
contributions sont analysées a I’aide du tenseur de Maxwell ce qui permet en particulier
de compenser la contribution linéaire en tension générée par les champs de surface et
d’identifier leur contribution intrinseque. Cette derniere contient également les forces de
Casimir générées par les fluctuations du vide électromagnétique, et les champs de force
obtenus sont en bon accord, tant en amplitude qu’en profil spatial avec les simulations
numériques réalisées.

Enfin, nous proposons une méthode permettant de compenser les champs de surface par
un champ de controle extérieur, ce qui devrait permettre de rendre la mesure des forces
de proximité plus quantitative.

Le dernier volet du manuscrit concerne la mesure et le contrdle de la dynamique des
nanofils sous I’action d’un champ de force artificiel permettant de générer n’importe
quelle structure de champ de force. Ces derniers sont produits grace a une force ajustable
en orientation, dont 'amplitude est proportionelle aux vibrations du fil mesurées dans
une direction arbitraire. Nous démontrons qu’ils permettent de controler completement
les propriétés mécaniques du nanofil et nous explorons en particulier sa dynamique sous
I’action d’un champ de force circulant. Ce dernier est en particulier capable de com-
primer le bruit thermique du nanofil, en position et en vitesse, et crée une circulation de
son bruit thermique.

Popular summary

This thesis presents recent developments in nanowire-based force field microscopy, a
scanning probe technique aiming at a better understanding of the fundamental proper-
ties of nanostructures at short distances. It is based on the optical readout of the vibra-
tions of a singly clamped nanowire as long as a hair is thick and about 100 times thin-
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ner. By contactlessly moving the nanowire over a nanostructured sample surface, the
changes of the vibration properties can be measured and used to learn about the forces
acting on the nanowire. In doing so, we obtain information about the surface topology
and its electrostatic properties. We apply this force microscopy to probe electrostatic
surface fields, a step towards the detection of the fundamental Casimir force. In a last
part, we present a technique to generate arbitrary force fields to gain control over the
mechanical properties of the nanowire, opening perspectives for force field microscopy
and the investigation of fundamental physics.

Résumé populaire

Ce manuscrit présente les développements réalisés dans le domaine de la microscopie
de force a base de nano-résonateurs mécaniques, dans le but d’étudier les propriétés des
nanostructures a courtes distances. Pour ce faire les vibrations d’un nanofil suspendu
de carbure de silicium sont lues optiquement, tandis que son extrémité vibrante est ap-
prochée d’une nanostructure. Les modifications de ses propriétés mécaniques permet-
tent de déterminer le champ de force exercé par la surface sur le nanofil. Ces mesures
permettent d’étudier la topographie des nanostructures, ainsi que les champs électriques
de surface. Ces derniers devront étre compensés afin de détecter les forces de Casimir
ressentis au-dessus de la nanostructure. Dans une derniére partie, on étudie des champs
de force artificiels et on démontre que I'on peut controdler les propriétés mécaniques du
nanofil, et en partie changer ses directions de vibration sous I’action d’un champ de force
circulant.
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