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Abstract

A way to test models of spontaneous wavefunction collapse is through
the creation of a macroscopic quantum superposition. A potential method
for achieving such a superposition involves coupling a cantilever to a sin-
gle spin in superposition using Magnetic Resonance Force Microscopy
(MRFM). As an initial step towards this goal, it is necessary to be able to
detect spins through cantilever frequency shifts. In this thesis, we present
a method for positioning the cantilever. We find an inverse relation be-
tween the cantilever’s driving voltage and its frequency uncertainty. We
also observe that frequency uncertainty depends on the cantilever’s posi-
tion, but shows no clear dependence on temperature. Finally, we develop
a model to describe frequency shifts due to the Meissner effect, but show
that it does not align with experimental observations.





Contents

1 Introduction 7
1.1 Outline 8

2 Theory 9
2.1 Magnetic Resonance Force Microscopy 9
2.2 Spin measurements 10
2.3 NV centers in diamond 11
2.4 Meissner effect 12
2.5 Frequency noise and frequency uncertainty 13

2.5.1 Deflection detector noise 13
2.5.2 Thermal noise 13

2.6 Lock-in amplifier 14
2.6.1 Dual-phase demodulation 14
2.6.2 Signal mixing in the frequency domain 15
2.6.3 Phase-Locked Loop 16
2.6.4 Choosing a low-pass filter 16

3 Methods 17
3.1 Dilution fridge Marshmallow 17
3.2 Setup 18

3.2.1 Cantilever 19
3.2.2 Detection chip 19
3.2.3 SQUID measurements 20

3.3 Frequency sweeps 20
3.4 Cantilever coupling 21
3.5 Positioning of the cantilever 22

3.5.1 Positioning system 22
3.5.2 Position readout 22

Version of August 1, 2025– Created August 1, 2025 - 13:51

5



6 CONTENTS

3.5.3 Positioning procedure 23
3.5.4 Unit conversion 24

3.6 Frequency uncertainty measurements 25
3.6.1 Frequency uncertainty as a function of temperature 25
3.6.2 Frequency uncertainty as a function of position 26

3.7 Simulation Meissner effect 26

4 Results 29
4.1 Positioning 29

4.1.1 Coupling 33
4.2 Frequency uncertainty 34

4.2.1 Temperature and driving voltage dependence of fre-
quency uncertainty 35

4.2.2 Position dependence of frequency uncertainty 37
4.2.3 Frequency noise spectra 38

4.3 The Meissner Effect 40

5 Discussion & Outlook 45
5.1 Positioning 45
5.2 Frequency Uncertainty 46

5.2.1 Temperature and driving voltage dependence of fre-
quency uncertainty 46

5.2.2 Position dependence of frequency uncertainty 46
5.2.3 Noise bump 47

5.3 The Meissner effect 47

6 Conclusion 49

6

Version of August 1, 2025– Created August 1, 2025 - 13:51



Chapter 1
Introduction

Quantum mechanics has been proven to be very successful for describing
physical phenomena on small scales [1], while Einstein’s theory of general
relativity [2] is crucial for describing the universe on the largest distance
scales [3]. General relativity is a local and causal theory, whereas the quan-
tum mechanical collapse of a wavefunction is nonlocal, it influences the
entire wavefunction at once [4]. Currently, there is no unification between
these theories [5].

A way to find a relation between general relativity and quantum me-
chanics is through experimentally testing models of spontaneous wave
function collapse. These models suggest a more general theory of quan-
tum mechanics, where the current theory is just an approximation of [1].
One way to test these models is through macroscopic superposition [6].

In the Oosterkamp lab, we work towards creating a macroscopic su-
perposition using Magnetic Resonance Force Microscopy (MRFM) at an
extremely low temperature. The goal is to couple a mechanical resonator,
a cantilever with a magnetic tip, to a single spin in superposition. Because
a spin, depending on its orientation, influences the resonance frequency
of the cantilever, a spin in superposition would influence the mechani-
cal resonator in two different ways at the same time. Thus bringing the
macroscopic mechanical resonator in superposition [7].

Coupling a mechanical resonator to a single spin has been done before
at a temperature of 1.6 K with detection of the oscillation of the mechan-
ical resonator through a laser interferometer [8]. However, for reaching a
quantum superposition of a mechanical resonator, a temperature of 1 mK
is proposed [7]. As a laser would cause too much heat at this tempera-
ture [9], a Superconducting Quantum Interference Device (SQUID) with a
superconducting pickup loop is used to detect the oscillation of the me-
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8 Introduction

chanical resonator [10].
Before coupling the cantilever to a single spin, we need to be able to

measure spins in general. With our setup, we attempt to measure nitrogen-
vacancy (NV) center spins of a diamond sample. This sample is advertised
to have a low spin density (<5 ppb) [11].

For conducting reliable spin measurements, it is important to have a
lower frequency uncertainty than the frequency shifts caused by spin in-
teractions with the cantilever. This thesis aims to characterize the fre-
quency noise of the setup. The influence of temperature, driving ampli-
tude of the cantilever, and position on the frequency uncertainty will be
discussed. It is also important to rule out any other causes of the frequency
shift of the cantilever before concluding spin interactions. One effect that
is expected to cause frequency shifts is the Meissner effect through the su-
perconducting pickup loop. In this thesis, this effect is explored through a
simulation and measurements.

1.1 Outline

In this thesis, chapter 2 discusses the theory necessary for the experiments
conducted. Chapter 3 discusses the setup used for the experiment and the
methodology. It also discusses a model made for simulating the frequency
shift of the cantilever resulting from the Meissner effect. Chapter 4 shows
the results of our measurements. Chapter 5 discusses these results and
provides an outlook for further experiments. Finally, chapter 6 shows the
conclusion of this thesis.

8
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Chapter 2
Theory

This chapter outlines the theoretical background relevant to this thesis. It
will start with discussing the general theory of MRFM, followed by how
this technique can be used to measure spins. Additionally, it will cover
the Meissner effect, noise and frequency uncertainty in MRFM and the
principles of detection using a lock-in amplifier.

2.1 Magnetic Resonance Force Microscopy

Magnetic Resonance Force Microscopy (MRFM) is a technique to measure
external magnetic fields based on a change in the resonance frequency of
a cantilever with a ferromagnetic particle placed on its tip.

The cantilever behaves like a harmonic oscillator and oscillates with a res-
onance frequency given by:

f0 =
1

2π

√
k0

m
(2.1)

Here, f0 is the resonance frequency of the harmonic oscillator in Hz, k0
is the stiffness of the cantilever in N/m, and m is the mass of the cantilever.
The ferromagnetic particle on the tip of the cantilever has a magnetic field
B⃗0, that at a distance r is equivalent to a dipole located at the center of this
magnet. Thus, this magnetic field is given by [12]:

B⃗0(⃗r) =
µ0

4π
[
3r̂(r̂ · m⃗)− m⃗

r3 ] (2.2)
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10 Theory

Here, µ0 ≈ 4π · 10−7N/A2 is the vacuum permeability constant, and m⃗
is the magnetic dipole moment of the magnetic particle in A · m2.
Two magnets exert a force on each other. Therefore, if there is another
magnet in the presence of the cantilever, the cantilever experiences the
following magnetic force:

F⃗ = ∇
(

m⃗ext · B⃗0

)
(2.3)

Here, F⃗ is the force that the magnet at the tip of the cantilever feels as a
result of the external magnet in N and m⃗ext is the magnetic dipole moment
from of external magnet in A ·m2. This force influences the stiffness of the
cantilever. Because the cantilever used in the experiment only has one de-
gree of freedom, the x-direction, only the force in this direction influences
the cantilever stiffness. From Hooke’s law, we know that F = −kx. So,
this change in stiffness ks can be calculated through:

ks =
∂F
∂x

= m⃗ext ·
∂2

∂x2 B⃗0 (2.4)

This change influences the resonance frequency of the cantilever, this
change in resonance frequency can be calculated through [7]:

∆ f =
ks

2k0
f0 (2.5)

2.2 Spin measurements

Spins have a magnetic moment [12], therefore they can be measured with
MRFM. The magnetic moment of a spin µs is given by:

µs = Sh̄γ (2.6)

Here, S is the spin quantum number, h̄ ≈ 1.05 · 10−34kg · m2/s is the re-
duced Planck constant, and γ is the gyromagnetic ratio in A · s/kg, which
is a material-dependent constant. When spins experience an external mag-
netic field, they are either in a spin-up or a spin-down state. This means
that the magnetic moment of the spins is either precisely in the same di-
rection as the external magnetic field or in exactly the opposite direction
[13]. These two spin states have an energy difference given by [14]:

∆E = 2µsB0 (2.7)

10
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2.3 NV centers in diamond 11

By sending a radio-frequency (RF) pulse with exactly this energy to the
spin, its spin state can be changed. To accomplish this, the frequency of
the radio-frequency pulse needs to be equal to the Lamor frequency of the
spin, given by ωL = γ|B0| [14]. Because B0 is dependent on the distance
between the cantilever and the spin, the Lamor frequency is different for
spins at different places in a material. This is why the frequency shift of
the cantilever can be plotted as a function of the frequency of the RF pulse.

2.3 NV centers in diamond

The spins we are aiming to measure are from nitrogen-vacancy centers
(NV centers) in diamond [15]. Diamond usually has a net spin of zero,
but impurities like NV centers can cause a net spin in the sample [16].
The sample used in our experiment is advertised as having extremely low
(<0.05 ppm) impurity levels [11]. This is desired because ideally, there
should be no interactions between the spins in the material [7].

Nitrogen impurities are impurities where one of the 12C atoms in a
diamond lattice is replaced by a nitrogen atom. This nitrogen atom has
one electron more than a carbon atom [16]. This electron is shared with
other atoms in the lattice, and so a spin system will be formed [15]. If
adjacent to the nitrogen atom, another carbon atom is missing, it is called
an NV-impurity [16].

We can differentiate between two types of spins, bulk spins and surface
spins. Because bulk spins have a longer relaxation time [15], they are easier
to measure than surface spins. Therefore, our first goal is to measure the
frequency shift of the cantilever due to interactions with bulk spins. A
simulation of the frequency shift resulting from interactions between the
cantilever and bulk spins, as a function of the frequency of the RF pulse
used to manipulate these spins, was made by Loek van Everdingen. This
simulation is shown in figure 2.1.
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12 Theory

Figure 2.1: A simulation of the expected frequency shift of the cantilever due
to the interaction between the cantilever and bulk spins as a function of RF fre-
quency. On the x-axis is the frequency of the RF pulse in GHz. On the y-axis is
the frequency shift of the cantilever in mHz.

2.4 Meissner effect

The Meissner effect [17] is an effect that occurs in superconducting materi-
als. It prevents any net magnetic field from existing within the supercon-
ductor [18]. When certain materials are cooled below their critical temper-
ature, they become superconducting. The thermal energy in the material
is no longer high enough to oppose the very weak attractive force between
electrons. The electrons will form pairs. These electron pairs behave like
Bose particles instead of Fermi particles, which means that now all elec-
trons can be in the same state [19].

Because all the electrons are in the same state, there is no electrical
resistance. One of the consequences of this is that a magnetic field can
not penetrate the metal when it is in the superconducting state. Because
there is no electrical resistance in the superconducting material, a change
of magnetic flux inside the material immediately produces an electric field.
This electric field generates a current that, by Lenz’s law, opposes the flux
[18].

If a magnetic field penetrates a superconductor, the superconductor

12
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2.5 Frequency noise and frequency uncertainty 13

will effectively generate a magnetic field opposing the original field. This
magnetic field will also be felt outside of the superconductor [18]. In our
experiment, we use a superconducting pickup loop, which becomes mag-
netized and induces a frequency shift in the cantilever.

2.5 Frequency noise and frequency uncertainty

In MRFM there are several sources of frequency noise, including mechan-
ical noise, thermal noise, 1/f noise, instrumental noise, and deflection de-
tector noise [20]. These frequency noise sources make it more difficult to
measure small magnetic forces [14]. In this thesis we will discuss deflec-
tion detector noise and thermal noise.

2.5.1 Deflection detector noise

Deflection detector noise is a result of the the fact that the deflection of the
cantilever can not be measured with infinite accuracy. This noise term is
dominant when high measurement bandwidths are used. The deflection
detector noise can be calculated through the following equation [21]:

δ fdet
f0

=

√
2
3

nqBW
3
2

A f0
(2.8)

Here, nq is a constant that represents the accuracy with which the can-
tilever’s deflection can be measured in m/

√
Hz. BW is the bandwidth

used in the experiment in Hz, A is the amplitude of the cantilever oscil-
lation in m, δ fdet is the deflection detector frequency noise in Hz, and f0
is the resonance frequency of the cantilever in Hz. We can thus see that,
theoretically, the deflection detector noise increases with the measurement
bandwidth and is inversely proportional to the amplitude of the cantilever.

2.5.2 Thermal noise

A fundamental limit to the frequency noise of the cantilever is given by
its thermal noise. The higher the temperature of the cantilever, the more
thermal energy it has. This causes thermal fluctuations of the cantilever
position and frequency noise [14]. The thermal frequency noise can be
calculated with the following equation [21]:
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14 Theory

δ fthermal
f0

=

√
kBTBW

πkA2 f0Q
(2.9)

Here, kb ≈ 1.38 · 10−21 J/K is the Boltzmann constant, T is the temper-
ature in K, k is the stiffness of the cantilever in N/m, and Q is the Quality
factor of the cantilever oscillation. We see that the frequency noise of the
cantilever increases with the square root of the temperature.

2.6 Lock-in amplifier

For conducting the measurements presented in this thesis, a Zurich In-
struments lock-in amplifier was used. The information in this section
about the detection principles of this device is based on a publication from
Zurich Instruments [22].

A lock-in amplifier is an electrical instrument designed to extract the
amplitude and phase of signals of interest from a noisy background signal.
They can measure the amplitude and phase signals with the presence of
noise peaks that have an amplitude up to ten million times higher than
the desired signal. For this, a lock-in amplifier uses a homodyne detection
scheme. This means that the lock-in performs a multiplication between
the measured signal and its internal reference signal. This reference signal
is often a sine wave. After performing the homodyne detection, the lock-
in applies a low-pass filter to the signal so that the signal of interest can be
extracted. This process is often referred to as demodulation.

2.6.1 Dual-phase demodulation

The amplitude and phase of a signal can be determined through dual-
phase demodulation. Here, the input signal is split, then one part of the
signal is multiplied by the reference signal, and one part is multiplied by
the reference signal with a 90-degree phase shift. Then a low-pass filter is
applied to these two signals, and they will have outputs X and Y as can be
seen in figure 2.2.

14
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2.6 Lock-in amplifier 15

Figure 2.2: A schematic representation of the lock-in amplification, using dual-
phase demodulation. The input signal is split, then one part is multiplied by the
reference signal, and one part is multiplied by a 90-degree phase-shifted version
of the reference signal. A low-pass filter is applied to these outputs. Finally, the
outputs are converted into polar coordinates. This figure has been reproduced
from [22].

From these X and Y, the amplitude (R) and phase (θ) of the signal can
be determined through the following equations:

R =
√

X2 + Y2 (2.10)

θ = atan2(Y, X) (2.11)

2.6.2 Signal mixing in the frequency domain

Understanding signal mixing is easiest in the frequency domain. A signal
can be transformed to the frequency domain with a Fourier transform.
When a Fourier transform is applied to a sine wave, it will give two delta
peaks, one at its frequency fs and one at − fs. For now, we will only take
the positive peak into consideration. When a sine signal with frequency
fs is mixed with a reference signal fr, the resulting signal will give two
delta peaks in the frequency domain. One at frequency fs + fr and one at
frequency fs − fr. Often, the measured signal and reference signal are very
close to each other. This will result in a peak at 0 Hz and a peak at 2 fs. The
2 fs peak will then be filtered out with a low-pass filter.
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16 Theory

2.6.3 Phase-Locked Loop

A system that can be used to get fs and fr as close to each other as possible
is a phase-locked loop (PLL). A PLL is a closed-loop feedback system that
keeps a constant phase relation between two periodic signals. It works
through a phase detector and a PID controller. The detector generates a
signal that is proportional to the phase difference between the fs and fr
signals. This signal is then sent through a PID controller that produces a
feedback signal based on proportional, integral, and derivative operations
on the error signal. For more information on the specific operations, see
[23]. The feedback signal is then sent to a controlled oscillator. This oscil-
lator, based on the feedback, generates a signal that follows the phase of
the measured signal, thus generating a signal with the same frequency.

2.6.4 Choosing a low-pass filter

For directly isolating our signal, we would like to cut off all frequency sig-
nals above our desired signal. Unfortunately, such a filter does not exist.
In reality, we can choose RC-filters of a certain order. These filters con-
sist of a resistor with resistance R and a capacitor with capacitance C. The
higher the order of the filter, the steeper the cut-off of the signal is. The
signal with an n-th order RC-filter can be approximated by:

Hn(ω) = (
1

1 + iωRC
)n (2.12)

Here ω is the radial frequency of the signal, which can be calculated
from f by ω = 2π f .
However, the higher the order of a low-pass filter is, the more phase lag
it will give in a signal, which might give problems when using the phase
signal for giving feedback to a system, such as a PLL. Here, the additional
phase lag will cause instability in the feedback system.
During the measurements, the bandwidth of the filter can be chosen. This
choice is mainly a tradeoff between the signal-to-noise ratio (SNR), which
is the ratio of the signal of interest to the noise in the measured signal, and
the time resolution of the measurement. A lower bandwidth will lead to a
higher SNR, but a lower time resolution.

16
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Chapter 3
Methods

This chapter presents the setup and methodology of the MRFM experi-
ment. It starts with discussing the cryostat in which the experiment is
conducted, followed by the MRFM setup. Then, the method for mea-
suring the resonance frequency of the cantilever is given. After this, the
positioning procedure of the cantilever is explained. Next, a way to mea-
sure phase and frequency uncertainty is discussed. The chapter concludes
with a discussion of a possible model to simulate the frequency shift due
to the Meissner effect due to the superconducting pickup loop used in the
experiment.

3.1 Dilution fridge Marshmallow

The MRFM system used in this experiment is placed in a dry dilution re-
frigerator Marshmallow. A dry dilution refrigerator is a type of dilution
refrigerator in which helium-4 is circulated through the cryostat by a pulse
tube, this cools the cryostat down to around 4 K. The rest of the cooling is
done by circulating a mixture of helium-3 and helium-4 through a mixing
circuit. A dry dilution fridge usually has more vibrations than a dry di-
lution fridge, due to the varying pressure in the pulse tube. This varying
pressure causes low-frequency square wave vibrations at the top of the
cryostat. There are also vibrations in the kilohertz regime because of the
higher harmonics from the gas flowing into the cryostat. For our MRFM
system, these vibrations are countered by placing a mass-spring vibration
isolation system between the mixing chamber plate of the cryostat and the
MRFM system. This mass-spring system consists of a kHz damping sys-
tem and damping for lower frequencies. For more information about this
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18 Methods

system and other vibration isolation, see [24]. A picture of the cryostat can
be seen in figure 3.1.

Figure 3.1: On the left is a picture of the cryostat Marshmallow where our ex-
periment was placed. On the right is a closer up picture of the experiment. This
figure has been reproduced from [25].

3.2 Setup

The MRFM system in Marshmallow is named the NV MRFM. The NV
MRFM consists of a cylindrical copper sample holder and the cantilever
and its positioning structure. The positioning system of the cantilever
consists of a plate to which the cantilever is attached and 3 piezo knobs
that can be extended to move the cantilever. The positioning system is
explained in detail in section 3.5. In the middle of the sample holder, a
detection chip is placed. A schematic representation of the setup is shown
in figure 3.2.

18
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3.2 Setup 19

Figure 3.2: A schematic representation of the MRFM setup. The cantilever is
mounted on the plate of the positioning system with a piezo at its base. To the
tip of the cantilever, a magnet with a magnetization in the z-direction is attached.
The cantilever oscillates above the detection chip.

3.2.1 Cantilever

The cantilever that is used in the experiment is an IBM-style silicon can-
tilever developed by Chui et al. [26] with a magnetic tip, a Nd2Fe14B
powder particle with a diameter of 3.4 µm [15], this particle is expected
to have a remnant magnetization of 1.3 T [27]. This cantilever has a stiff-
ness k0 ≈ 7 · 10−5 N/m and a resonance frequency f0 ≈ 1.5 · 103 Hz. The
cantilever has a length of 145 µm [15]. The cantilever can be electrically
driven with a dither piezo that is attached to the base of the cantilever [7].

3.2.2 Detection chip

On the detection chip, a Diamond sample, a superconducting pickup loop,
and RF cables are placed. The pickup loop is used to pick up the signal of
the cantilever oscillation. This signal will go to a Superconducting Quan-
tum Interference Device (SQUID). The RF cables will be used to send GHz
pulses to manipulate spins in the diamond sample [7]. A picture of the
detection chip can be seen in figure 3.3.

Version of August 1, 2025– Created August 1, 2025 - 13:51
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20 Methods

Figure 3.3: A picture of the detection chip. On this chip, we see 2 pickup loops, a
diamond sample, and in the middle, an RF line. This figure has been reproduced
from [7].

3.2.3 SQUID measurements

To detect the oscillation of the cantilever, we use a Superconducting Quan-
tum Interference Device (SQUID). We do this by measuring the flux in-
duced in a superconducting pickup loop by the cantilever tip. This pickup
loop is coupled to the input coil of a SQUID. Using a SQUID makes it
possible to do measurements below a temperature of 50 mK [14].

3.3 Frequency sweeps

One of the measurement techniques we use is a frequency sweep with a
Zurich Instruments Lock-in amplifier. The detection principles of this de-
vice are described in section 2.6. A frequency sweep is a sweep where we
use a piezo to drive the cantilever with different frequencies around its
resonance frequency. We measure the amplitude and the phase of the can-
tilever signal at each frequency. The results of this sweep are a magnitude,
phase, and polar plot. An example is shown in figure 3.4.

20
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3.4 Cantilever coupling 21

Figure 3.4: An example sweep. At the top left, an amplitude plot of the frequency
sweep is shown. Here, the x-axis shows the frequency in Hz, the y-axis shows the
amplitude of the signal that the cantilever induces in the pickup loop in Volt. In
red, a Lorentzian is fitted through all the data points. Below the amplitude plot,
a phase plot is shown. Here, the x-axis is the frequency in Hz, the y-axis shows
the phase of the cantilever signal. On the right, we see a polar plot, which is a
combination of the amplitude and phase plot. We see that this plot forms a circle,
which means that the plot is from a resonance.

Each sweep is done over a frequency range of 0.5 Hz. During the
sweep, the cantilever is driven both upward and downward in frequency.
Because of nonlinearities in our system, the peaks do not exactly overlap.
Through the amplitude plot, a Lorentzian is fitted. Through the phase plot,
an arctangent function is fitted. From these fits, we can extract the reso-
nance frequency of the cantilever f0 and its amplitude at this frequency A.
We also extract the Q-factor Q of the resonance, which is the width of the
peak at half maximum.

3.4 Cantilever coupling

To perform our experiment, the cantilever must be positioned near the
pickup loop in a location with strong coupling, where its oscillations can
be effectively detected. As a measure of the coupling, we use the ampli-
tude of the oscillation from the cantilever A/Q.

Because the actual size of A and Q we get out of the sweep depends
on multiple things besides the coupling, A/Q is only used to compare the
coupling at different positions, not as an actual quantity.
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22 Methods

3.5 Positioning of the cantilever

This section will describe the positioning system of the cantilever, the po-
sitioning readout, and the positioning procedure used in this thesis.

3.5.1 Positioning system

To find the ideal coupling of the cantilever, we have to ’walk’ with it. We
do this using three Piezo knobs, that are all attached to a plate to which
the cantilever is attached. A 2D sketch of this system can be seen in figure
3.5.

Figure 3.5: A 2D sketch of the positioning system used in the NV MRFM. If one of
the knobs is extended, the plate to which the cantilever is attached will tilt. This
moves the position of the cantilever. The green disks represent capacitor plates
that are used for the position readout. This figure has been reproduced from [7].

The piezo knobs can all be extended separately, if all three of the knobs
are extended the same amount, the plate moves downwards towards the
sample. If one or two of the knobs are extended, the plate tilts a bit so that
the cantilever moves in the x, y, and z direction at the same time [7]. The
piezo knobs are stick-slip motors, which means that the movements in x,
y and z are not fluent. Instead, the movements are in small ’shocks’, all
with a slightly different efficiency. This makes it harder to walk straight in
a certain direction.

3.5.2 Position readout

The x-, y-, and z-positions are calculated based on three sets of capacitor
plates. One of these sets is placed next to each motor, as shown in figure
3.5. The capacitance between each of the pairs is inversely proportional to

22
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3.5 Positioning of the cantilever 23

the distance between the plates, so with a combination of the three capac-
itance values, the position of the cantilever can be determined [15].

3.5.3 Positioning procedure

At each cantilever position, we perform a frequency sweep. When posi-
tioning, we attempt to walk in a single cartesian direction, for instance the
y-direction. We compare the resulting variation in the parameter A/Q to
models that were developed in our group to calculate the coupling [15].
An example of an x-slice and a y-slice of this simulation are shown in fig-
ure 3.6 and figure 3.7.
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Figure 3.6: Example slice of the simulation of the coupling at a height of 50 µm
above the sample as a function of x-position. On the x-axis is the x-position in
µm. On the y-axis is the coupling in ϕ0/m.
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Figure 3.7: Example slice of the simulation of the coupling at a height of 50 µm
above the sample as a function of y-position. On the x-axis is the y-position in
µm. On the y-axis is the coupling in ϕ0/m.

Because in the simulation, the place of the pickup loop and diamond
sample are known. We can use these simulations to calculate these posi-
tions in terms of the coordinate system of the capacitor plates, by using
the offset between the simulated and the measured coupling curves. This
is necessary because each time the cantilever is cooled down to low tem-
peratures, this coordinate system changes, due to contraction of setup ma-
terials during the cool down [14]. We can also use the broadness of the
A/Q curve to determine the height of the cantilever above the sample, as
a broader A/Q curve means a bigger distance between the cantilever and
the pickup loop.

3.5.4 Unit conversion

The A/Q parameter we get from a frequency sweep can be converted to
the units used in the simulation from Marc de Voogd [15]. We can use this
conversion to see if the coupling is as high as expected. If the coupling is
not as high as expected, this could indicate a defect of one of the compo-
nents of our setup. The unit used in this simulation is µϕ0

nm . The frequency

24
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3.6 Frequency uncertainty measurements 25

sweep gives A/Q in Volt. To convert these units, we use the following
equation:

Asimulation
Qsimulation

=
Asweep

Qsweep · η · V · k
(3.1)

For this calculation, we use the transfer coefficient from the SQUID
k, which is 4.6 · 103 µV

ϕ0
= 4.6 · 10−3 V

ϕ0
and the piezo response η, which is

40nm
V = 40 · 10−9 m

V . Here, Asweep
Qsweep

is in Volt, Asimultaion
Qsimulation

is in ϕ0
m , and V is the

driving voltage of the cantilever is in Volt.

3.6 Frequency uncertainty measurements

To have a successful spin measurement, we need to make sure that our
frequency uncertainty is smaller than the frequency shifts that are caused
by spin interactions. We measure uncertainty in our cantilever frequency
by using the phase-lock loop (PLL) from a Zurich instrument lock-in am-
plifier. The working principles of the PLL are explained in section 2.6.3.
Our uncertainty measurements were performed with a PLL bandwidth of
3.405 Hz.

3.6.1 Frequency uncertainty as a function of temperature

In section 2.5.2 is stated that theoretically, the frequency noise in an MRFM
system depends on the temperature of the experiment. To measure how
the frequency uncertainty of our cantilever depends on the temperature
of our experiment, we use a temperature PID made by Wim Bosch [28].
This PID system works by sending power to 2 heaters placed close to our
MRFM system, based on the current temperature and desired tempera-
ture. By doing this, we can get a very constant temperature during our
measurement.

For our measurements, we chose a place close to the pickup loop, ap-
proximately 1 µm above where we expect the surface to be. For each of the
chosen temperatures, we set the center frequency of our PLL such that our
signal has the highest amplitude possible. We then measure the frequency
and phase of our signal during one minute.

Because section 2.5.1 shows that theoretically the frequency noise of
the cantilever does depend on the cantilever amplitude, we do this for
a total of 9 driving voltages per temperature. We can calculate the fre-
quency uncertainty from the phase uncertainty by using the phase plot of
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a frequency sweep. This can be done by looking at the slope of the phase
plot. An example is shown in figure 3.8.
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Figure 3.8: An example sweep for determining the slope of the phase plot. The
x-axis is the frequency in Hz. The y-axis is the phase of the cantilever signal in
rad. In red, a line is drawn to determine the slope of the phase plot. We can use
this slope to calculate the frequency from the phase data.

In this example, the slope is 98◦
0.18Hz , so in this case a phase uncertainty

of 1◦ is consistent with a frequency uncertainty of 0.18
98 = 1.8 · 10−3 Hz.

3.6.2 Frequency uncertainty as a function of position

While testing the measurements described in the previous section, we ob-
served that the frequency uncertainty of the cantilever varied with its posi-
tion. We decided to explore this further and measure the frequency uncer-
tainty as a function of the y-position of the cantilever. We chose 6 different
y-positions while keeping the x- and z-position as constant as possible.
For each of the chosen positions, we again set the center frequency of our
PLL such that our signal has the highest amplitude possible. During these
measurements, we also set a phase setpoint. We again measured for one
minute. This time, we chose three different driving voltages.

3.7 Simulation Meissner effect

In our experiment, the magnet at the tip of the cantilever causes the su-
perconducting pickup loop to generate its own magnetic field. This extra

26
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3.7 Simulation Meissner effect 27

magnetic field causes a shift in the resonance frequency of the cantilever.
To get an estimation of the amount of frequency shift we can expect, we
make a simulation where the frequency shift of the cantilever is shown
at different positions. For this simulation, we assume that each part of
our pickup loop can be seen as a row of mirror dipoles that perfectly op-
pose the magnetic field of the cantilever at their respective positions. If
we follow this model, we can calculate the frequency shift in the following
way. First, we use equation 2.2 to calculate the magnetic field from the
cantilever at the place of the pickup loop.

For m⃗ we use the magnetic moment of the cantilever tip. In our case,
this is given by:

m⃗ = [0, 0,
4π

3
R3RMT

µ0
] (3.2)

In this equation, RMTtip is the remnant magnetization of the cantilever-
tip. In our case, this is 1.3 T [27]. R is the radius of the cantilever tip.

To find the magnetic field from the superconducting pickup loop at
the position of the cantilever, we again fill in equation 2.2, but now we
have m⃗ in the −ẑ-direction, for RMT we fill in the magnetic field from
the cantilever at the place of the loop, and for R we fill in the radius of
a dipole that is used for the simulation. We can then calculate the force
between the loop and the cantilever with equation 2.3. With this force we
calculate the frequency shift of the cantilever through equations 2.4 and
2.5. An example of a slice of this simulation can be seen in figure 3.9.
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Frequency shift cantilever as a function of x position, z= 20 m

Figure 3.9: A slice of the simulation of the expected frequency shift of the can-
tilever at z=20 µm as a function of x-position. On the x-axis is the x-position in
µm. On the y-axis is the frequency shift of the cantilever in Hz.
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Figure 3.10: A xy plane of the simulation of the expected frequency shift of the
cantilever at z=20 µm. On the x-axis is the x-position in µm. On the y-axis is the
y-position in µm. The black line shows the place of figure 3.9 is.

28

Version of August 1, 2025– Created August 1, 2025 - 13:51



Chapter 4
Results

In this chapter, the results of our measurements are shown. First, the po-
sitioning is discussed. With the measured coupling, the efficiency of the
piezo is calculated. After this, frequency uncertainties in our setup are
shown as a function of driving amplitude of the cantilever, temperature,
and y-position. The chapter concludes by attempting to verify the model
of the Meissner effect discussed in section 3.7 using the resonance frequen-
cies obtained from the other measurements.

4.1 Positioning

Before conducting our measurements, it is important to know the position
of the cantilever relative to the pickup loop and the diamond sample. We
can calculate this position by converting the x,y and z coordinates of the
cantilever from the coordinate system of the capacitor plates into the co-
ordinates used in the simulation of Marc de Voogd [15]. In this coordinate
system, the positions of the pickup loop and diamond sample are known.
To find a way to convert the coordinate system of our capacitor plates to
that of the simulation, we do a full x-sweep with constant y-position, and
a full y-sweep with a constant x-position, where we measure A/Q at every
position. Then we find an x-slice and a y-slice of the simulation that have
a similar shape. At each height above the sample, the simulation curve
has a different broadness. If we compare the broadness of our measured
A/Q curve with x-sweeps and y-sweeps from the simulation at different
heights, we get an idea of the cantilever height above the sample. We chose
to use our y-sweep for this as its curve has an up and a down part, so it’s
easier to overlap precisely.
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Because the units in our sweep are not the same as the units from the
simulation, we have added a scaling factor to the simulation curve. We
also added an offset so the measured positions coincided with the simu-
lated positions. We did not have to change the y-scale as both of them are
in µm. We can see the results from this sweep in figure 4.1 and figure 4.2.
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1e 7 Coupling at z = 50 m as a function of y position
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Figure 4.1: Coupling as a function of y-position. The blue dots represent the
measured A/Q, the red line represents the simulation of the cantilever coupling
at a height of 50 µm above the sample. On the x-axis is the y-position in µm in the
coordinate system of the simulation. An offset was added to the y-positions of
the measured curve so they coincide with the y-positions of the simulation. On
the y-axis is A/Q in V. A scaling factor was added to the simulation so it overlaps
with the measured curve. We can see that the measured curve is a bit smaller
than the curve of the simulation.
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Figure 4.2: Coupling as a function of y-position. The blue dots represent the
measured A/Q, the red line represents the simulation of the cantilever coupling
at a height of 45 µm above the sample. On the x-axis is the y-position in µm in the
coordinate system of the simulation. An offset was added to the y-positions of
the measured curve so they coincide with the y-positions of the simulation. On
the y-axis is A/Q in V. A scaling factor was added to the simulation so it overlaps
with the measured curve. We can see that the measured curve is a bit broader
than the curve of the simulation.

In figure 4.1, we see that the measured peak of the cantilever coupling
is a bit smaller than the simulated cantilever coupling at a height of 50 µm
above the sample. In figure 4.2 we see that the measured peak of the can-
tilever coupling is a bit broader than the simulated cantilever coupling at a
height of 45 µm above the sample. This indicates that the shape of the A/Q
curve of the current z of the motor coordinate system, which is around 620
to 622 µm, is most similar to the simulated curve corresponding to a height
between the 45 and 50 µm above the sample.

When the conversion for the z-position from the coordinate system of
the capacitor plates to the coordinate system of the simulation is found,
the simulation curves at this height can be used to determine the x- and y-
offsets between the two coordinate systems. For the y-position, this can be
done by using figure 4.1, but removing the offset in y-position, this result
can be seen in figure 4.3.
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Figure 4.3: Coupling as a function of y-position. The blue dots represent the
measured A/Q, the red line represents the simulation of the cantilever coupling
at a height of 50 µm above the sample. On the x-axis is the y- position in µm, now
there is no offset of the y-position of the measured curve to fit the simulation. On
the y-axis is A/Q in V. A scaling factor was added to the simulation so that its
amplitude is similar to that of the measured curve. We see that the curves have
the same shape, but lie 19 µm from each other,

We see that the curve from the measurements and the curve from the
simulation differ by about 19 µm from each other. The same can be done
for the x-position. In figure 4.4 we see that the x-curves differ by 158 µm.
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Figure 4.4: Coupling as a function of x-position. The blue dots represent the
measured A/Q, the red line represents the simulation of the cantilever coupling
at a height of 50 µm above the sample. On the x-axis is the x-position in µm. On
the y-axis is A/Q in V. A scaling factor was added to the simulation so that its
amplitude is similar to that of the measured curve. We see that the curves have
the same shape, but lie 158 µm from each other.

4.1.1 Coupling

During the measurements, concerns arose that the coupling between the
cantilever and the pickup loop was systematically worse than expected.
This could indicate that the piezo for driving the cantilever was defective.
To see if this was the case, we used equation 3.1 to convert the units of our
measurements. The result of this calculation is shown in figure 4.5.
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Figure 4.5: Coupling as a function of y-position. The blue dots represent the
measured A/Q, the red line represents the simulation of the cantilever coupling
at a height of 50 µm above the sample. On the x-axis is the y-position in µm in the
coordinate system of the simulation. An offset was added to the y-positions of
the measured curve so they coincide with the y-positions of the simulation. On
the y-axis is A/Q in ϕ0/m. We see that the amplitude of the measured curve is of
the same order of magnitude as that of the simulated curve.

Figure 4.5 shows that the measured coupling is of the same order of
magnitude as the expected coupling. When comparing the highest cou-
pling measured to the coupling at the same y-position in the simulation,
we find an efficiency of 76.3%.

4.2 Frequency uncertainty

Before we are able to measure spins, we need to make sure the uncertainty
in our measurements is lower than the signal we expect to measure from
due to spin interactions. Therefore, we characterized the frequency uncer-
tainty of our measurements as a function of a few different parameters that
could influence this uncertainty: the driving amplitude of the cantilever,
the temperature of the experiment, and the position of the cantilever. For
each measurement, the phase uncertainty of the cantilever was measured

34
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4.2 Frequency uncertainty 35

using a phase-locked loop. These phase uncertainties were converted to
frequency uncertainties with the method shown in section 3.6.1.

4.2.1 Temperature and driving voltage dependence of fre-
quency uncertainty

We measured the uncertainty of the cantilever for different driving volt-
ages at different temperatures. The results of these measurements are
shown in figure 4.6.
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Figure 4.6: Frequency uncertainty of the cantilever as a function of driving volt-
age for different temperatures. On the x-axis is the driving voltage in mV, on the
y-axis the sigma of the frequency uncertainty of the cantilever in Hz/

√
Hz. We

see that the frequency uncertainty decreases when the driving voltage increases.
We see no clear trend in temperature dependence.

Figure 4.6 shows that the frequency uncertainty of the cantilever de-
creases as the driving voltage of the cantilever increases. It is also shown
that there seems to be no clear trend in the temperature dependence.
In section 2.5.1, equation 2.8 showed that the deflection detector noise is
inversely proportional to the cantilever amplitude. As mentioned in sec-
tion 3.5, we assume a linear relation between the driving amplitude of the
cantilever and the amplitude of the cantilever oscillation. Therefore, we
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used the scipy curve fit function to fit the following equation to our mea-
surements:

y =
a
x

(4.1)

This fit is shown in figure 4.7.
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Figure 4.7: Frequency uncertainty of the cantilever as a function of driving volt-
age with an a/x fit. On the x-axis is the driving voltage in mV, on the y-axis the
sigma of the frequency uncertainty of the cantilever in Hz/

√
Hz.

The value for a that was acquired from fitting the function to the data
measured at a temperature of 160 mK is a = (1.99± 0.05) · 10−2 and the fit
has a root mean squared error (RMSE) of 1.8 · 10−4. The fit was also made
for the measurement at the other temperatures. The results of all the fits
are given in table 4.1.
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Temperature [mK] a RMSE

160 (1.99 ± 0.05) · 10−2 1.8 · 10−4

200 (2.1 ± 0.3) · 10−2 1.2 · 10−3

250 (2.06 ± 0.09) · 10−2 3.4 · 10−4

300 (2.2 ± 0.2) · 10−2 6.3 · 10−4

Table 4.1: Results of the a/x fit to the frequency uncertainty as a function of
driving amplitude.

We see that the values for a are similar for each fit.

4.2.2 Position dependence of frequency uncertainty

While testing the measurements shown in section 4.2.1, we noticed that
the frequency uncertainty was different at different cantilever positions.
Therefore, we chose to measure the uncertainty at different y-positions
close to the pickup loop, while keeping the x- and z-position as constant
as possible. All the y-positions in this section are in µm, and are in the
coordinate system of the capacitor plates.
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Figure 4.8: Frequency uncertainty of the cantilever as a function of y-position for
different driving voltages. On the x-axis is the y-position in µm, on the y-axis the
sigma of the frequency uncertainty of the cantilever in Hz/

√
Hz on a logarithmic

scale. The black dashed lines show the lines of the pickup loop. We see that the
frequency uncertainty increases towards the positive y-position.

Figure 4.8 shows that the frequency uncertainty increases towards the
positive y-position. We also observe an outlier at y = 89 µm.

4.2.3 Frequency noise spectra

From the frequency data at the different y-positions, frequency noise spec-
tra were created. If we take the Fourier transform of the frequency data,
we obtain a noise spectrum. This allows us to observe the amount of noise
at a given absolute frequency relative to the resonance frequency. The re-
sults from this analysis are shown in figure 4.9. This figure shows that
the curves of the noise spectra lie higher at a more positive y-position for
the first 30 Hz from the resonance frequency. With the exception being y=
89 µm. After 30 Hz, we see that the noise spectra at 59 at 70 µm form a
plateau.

38
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Figure 4.9: Frequency noise spectrum of the cantilever with a PLL around its
resonance frequency for different y-positions. During these measurements, the
cantilever was driven with a driving voltage of 20 mV. On the x-axis is the ab-
solute frequency relative to the resonance frequency in Hz. On the y-axis is the
noise power in Hz2/Hz on a logarithmic scale. The black vertical line gives the
bandwidth of the lock-in used in the experiment, 3,405 Hz. We see that the fre-
quency noise spectrum is higher for more positive y-positions.

We also compared the frequency noise spectra with different driving
voltages at the same position. For y= 81 µm the results can be seen in
figure 4.10. This figure shows that the noise spectrum lies higher for a
lower driving voltage.
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Figure 4.10: Frequency noise spectrum of the cantilever with a PLL around its
resonance frequency at y= 81 µm for different driving voltages. On the x-axis is
the absolute frequency relative to the resonance frequency in Hz. On the y-axis is
the noise power in Hz2/Hz on a logarithmic scale. The black vertical line gives
the bandwidth of the lock-in used in the experiment, 3,405 Hz. We see that the
frequency noise spectrum is higher for a lower driving voltage.

4.3 The Meissner Effect

Spins are not the only cause of cantilever frequency shifts. An example of
another cause of a shift in the cantilever’s resonance frequency is Meiss-
ner effect. This effect causes the superconducting pickup loop used in the
measurements to become magnetized, thus causing a frequency shift of
the cantilever. To estimate how much frequency shift this effect would
cause, a simulation was created. This simulation was explained in section
3.7. To see if this model gives an accurate representation, the model was
compared to the resonance frequencies of the cantilever at the different y-
positions from section 4.2 and during the y-sweep described in section 4.1.
In this section, we used the results from section 3.5 to add an offset to the
measured y-positions so they would coincide with the coordinate system
used in the simulation.
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Figure 4.11: The frequency shift of the cantilever at z=1 µm as a function of y-
position compared to different simulation slices from the simulation of the fre-
quency shift caused by the Meissner effect. On the x-axis is the y-position in µm.
On the y-axis is the frequency shift of the cantilever in Hz. The green line shows
the frequency shift of the cantilever predicted by the simulation at the height of
the actual measurements. We see that the simulation shows a higher frequency
shift than the frequency shift that was measured. The red line shows the best-fit
simulation slice, which is from the simulation at a height of 12 µm.
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Figure 4.12: The frequency shift of the cantilever at z=1 µm as a function of y-
position compared to a best-fit simulation slice of the simulation of the frequency
shift caused by the Meissner effect. On the x-axis is the y-position in µm. On the
y-axis is the frequency shift of the cantilever in Hz. The red line shows a best-fit
slice is from the simulation at z=12 µm.

Figure 4.11 shows that the simulation predicts a way higher frequency
shift than was measured. Figure 4.12 shows that there is a simulation slice
that does fit the measured data, but this slice is from the simulation of 12
µm above the pickup loop instead of 1 µm.

Figure 4.11 shows that the model gives a frequency shift from the can-
tilever in the order of 107 Hz. To get an indication of whether the model
works at small distances from the pickup loop, we calculate the cantilever
deflection at this height. At a height of 1 µm above the pickup loop, the
cantilever will feel a magnetic force of 3.8 · 10−8 N from the pickup loop.
According to Hooke’s law, this results in a deflection of the cantilever of
0.5 mm. This is unrealistic for a cantilever with a length of 145 µm.
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Figure 4.13: The frequency shift of the cantilever at z=50 µm as a function of
y-position compared to different simulation slices from the simulation of the fre-
quency shift caused by the Meissner effect. On the x-axis is the y-position in µm.
On the y-axis is the frequency shift of the cantilever in Hz. The green line shows
the frequency shift of the cantilever predicted by the simulation at the height of
the actual measurements. We see that the simulation shows a lower frequency
shift than the frequency shift that was measured. The red line shows the best-fit
simulation slice, which is from the simulation at a height of 20 µm.
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Figure 4.14: The simulation of the frequency shift of the cantilever at z=50 µm as
a function of y-position. On the x-axis is the y-position in µm. On the y-axis is the
frequency shift of the cantilever in mHz.

Figure 4.13 shows that at z=50 µm, the measured frequency shift is
larger than the frequency shift predicted by the simulation. It also shows
that there is a simulation slice that does fit the data, but that this slice is
from the simulation of 20 µm above the pickup loop instead of 50 µm. Fig-
ure 4.14 shows that the simulation at z=50 µm shows a negative frequency
shift instead of the measured positive one.
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Chapter 5
Discussion & Outlook

5.1 Positioning

Based on the results shown in section 4.1, we get values for converting
the position of the cantilever from the coordinate system of the capacitor
plates to the coordinate system of the simulation. These values are shown
in table 5.1. The values in this table are only suitable for this run, as the
capacitor plate coordinate system changes each run, but the process de-
scribed in this thesis can be used for every run.

Coordinate Conversion

x + 158 µm
y + 19 µm
z - 571 µm

Table 5.1: Results for converting the position of the cantilever from the coordinate
system of the capacitor plates to the coordinate system of the simulation.

However, to better match the measurements from the y-sweep, a scal-
ing factor was applied to the simulation. As part of this rescaling, the
simulated values were multiplied by -1, effectively inverting the curve
across the x-axis. This suggests that the y-direction in the capacitor plate
coordinate system may be inverted. This could also be possible for the x-
direction. However, due to the symmetry of the simulation around x=100
µm, there is no indicator for this in the measurements that were done. In
future experiments, it could be explored further whether it could indeed
be the case that the x- and y-direction are inverted.
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It was shown in section 4.1.1 that the coupling of the cantilever is 76.3%
of the expected coupling. However, because some assumptions were used
during these calculations, the result is deemed reasonable. This is a good
indication that the piezo for driving the cantilever works as intended.

5.2 Frequency Uncertainty

5.2.1 Temperature and driving voltage dependence of fre-
quency uncertainty

It was shown in section 4.2.1, in figure 4.6, that the frequency noise de-
creases when the driving voltage of the cantilever increases. The figure
also shows that there seems to be no temperature dependence of the fre-
quency uncertainty. Furthermore, section 4.2.1 shows that the relation be-
tween driving voltage of the cantilever and the frequency uncertainty can
be described with a y = a/x curve. Thus, the results agree with equation
2.8. The results of this fit are shown in table 4.1. In this table, we can see
that the values for a are similar for each fit, which is also in agreement with
equation 2.8, as none of the other variables in this equation were changed
during the measurements.

5.2.2 Position dependence of frequency uncertainty

It was shown in section 4.2.2, in figure 4.8, that the frequency uncertainty
increases in the positive y-direction. No cause of this result was identi-
fied. We have also observed an outlier at y= 89 µm, which is y= 108 µm
in the coordinate system of the simulation made by Marc de Voogd, and
have not been able to identify the cause of this. The only noticeable dif-
ference with the rest of the measurements is that this measurement was
conducted at the most negative x-position, but only by about half a mi-
crometer. More research about the position dependence of the frequency
uncertainty needs to be done. For this, it could be useful to look at posi-
tions further from the pickup loop. In this thesis, we only looked at places
close to the pickup loop, and if we zoom out more, another relation might
become visible. It could also be useful to look at potential noise sources on
the sample.

In figure 4.9, we observe that although 4.8 shows a difference in the
standard deviation of the uncertainty between the measurements at y=59
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5.3 The Meissner effect 47

µm and y=70 µm, the noise spectra approximately follow the same curve.
In contrast, the spectrum of the measurement at y= 81 µm lies significantly
above the one from y= 70 µm, despite their standard deviations being rel-
atively similar. We thus see that even though both the uncertainty and the
noise increase in the positive y direction, and both have an outlier at y=89
µm, the ratio between the measurements differs for each metric.

5.2.3 Noise bump

A noticeable difference between figure 4.6 and figure 4.8 is that the overall
uncertainty in the measurements as a function of position is a lot lower
than for the ones as a function of driving voltage. This is because from the
start of this run, there was a noise bump around the resonance frequency
of our cantilever. The day that we started the measurements of the uncer-
tainty as a function of the y-position, the bump shifted approximately 30
Hz lower, which meant that our results were less influenced by this bump.
We did not do anything to our setup that might have caused this change.
So even though figure 4.6 now shows no clear relation between tempera-
ture and driving voltage, without the noise bump, a relation might become
visible. Due to time constraints, it was not possible to repeat these mea-
surements without the noise bump.

5.3 The Meissner effect

Figure 4.11 shows that at a z-position 1 µm above the sample, the sim-
ulation that was made using the model described in section 3.7 shows a
higher frequency shift than the frequency shift that was measured. It was
calculated that this was to be expected, because the force on the cantilever
at 1 µm would cause an unrealistic deflection of the cantilever. Figure 4.13
shows that at a height of 50 µm above the sample, the simulation predicts
a lower frequency shift than the frequency shift that was measured. Fig-
ure 4.14 shows that the simulation shows a negative frequency shift at a
height of 50 µm above the sample instead of the positive frequency shift
that was measured. Therefore, we can say that the model we chose for
the simulation does not give an accurate prediction of the cantilever’s fre-
quency shift caused by the Meissner effect. In the future, a new model for
simulating the frequency shifts of the cantilever needs to be made.
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Chapter 6
Conclusion

In this thesis, we showed a way to determine the position of the cantilever
relative to the pickup loop and diamond sample. It was also calculated
that the piezo response of the piezo driving the cantilever was 76.3 % of
the expected value, this was deemed sufficient proof that the piezo works
as intended.

We showed a y = a/x relation between the driving voltage of the can-
tilever and the frequency uncertainty of the cantilever. We also showed a
relation between the y-position of the cantilever above the sample and the
frequency uncertainty of the cantilever. No relation between the tempera-
ture of the experiment and the frequency uncertainty of the cantilever was
found.

Finally, we showed that the model used to simulate the cantilever’s
frequency shift due to the Meissner effect of the superconducting pickup
loop did not match the measured frequency shifts.
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