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Abstract

The effects of an external magnet on a cantilever and the cooling of a
cantilever are presented. There appears to be a linear connection between
the current through the external coil and the resonance frequency of the
cantilever. The resonance frequency of the cantilever does jump between

linear fits at undetermined intervals. The linear fit of the resonance
frequency against the current through the coil gives a gradient of (4.874 ±
0.005) Hz/mA at a height of 20 µm above the sample. The fit at a height

of 10 µm gives a gradient of (9.65 ± 0.04) Hz/mA. The jumps in the
resonance frequency at non determined intervals are on average (7.35 ±
0.04)Hz at a height of 20 µm above the sample and (18.9 ± 0.4)Hz at a

height of 10 µm above the sample. There was no strong connection
between the current through the external coil and the quality factor of the

cantilever.
The cantilever was cooled, with the help of adiabatic magnetic cooling,
from (29 ± 2) mK to a temperature of (4.1 ± 0.4) mK. This was done by

reducing the current through a coil from 40 A to 2 A.





Chapter 1
Introduction

Throughout history, humanity has always been driven to push the bound-
aries of what is known. This drive for understanding the unknown is
at the core of physics. The largest challenge in modern day physics is
the incompatibility between quantum mechanics and general relativity[1].
These two theories are the most successful theories in physics yet. Quan-
tum mechanics is the field of physics that describes the world at the small-
est scale. It explains how the smallest objects can simultaneously be a
wave and a particle. General relativity describes the motion and behaviour
of macroscopic objects, such as the motion of a star of a planet. The differ-
ence in scale between both theories presents a major challenge in their
unification. Another important reason is that there is not a theory for
quantum gravity. Gravity is the only fundamental force that cannot be
described by quantum mechanics. A unified theory may provide insights
into how gravity works at the quantum level and it may solve long stand-
ing problems such as the singularities in black holes. So far there is not a
widely accepted theory of everything.

The historical evolution of our understanding of these grand theories starts
with the foundations of modern physics in the 17th century. This was the
development of classical mechanics by Isaac Newton. In the early 20th
century a new theory began to form. The theory of quantum mechanics
formed, which deepened our understanding of phenomenon as the wave-
particle duality and quantum energy levels. In 1915 Albert Einstein in-
troduced the theory of general relativity. General relativity successfully
explained space time and the bending of light around a star. A few ideas
exist about the theory of everything, but nothing has been proven jet. The
Oosterkamp group investigates these theories at their limits. One way of
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6 Introduction

researching this is to enlarge the scale of a quantum experiment to the
point where quantum rules don’t apply anymore. This thesis will focus
on exactly that. The ultimate goal of MRFM in the Oosterkamp group is to
create a massive spatial superposition. This is attempted by coupling the
cantilever to a single particle spin. To enable us to do so, it is imperative
that we improve the precision of our measurements every time.

1.1 MRFM

MRFM means magnetic resonance force microscopy. This technique is
used to obtain our results in this thesis. This idea was first proposed
in 1991[2]. MRFM combines the concepts of magnetic resonance imag-
ing(MRI) and atomic force microscopy(AFM). MRI uses strong magnetic
fields and radio waves to influence the protons in hydrogen atoms within
the body. AFM moves a probe across a samples surface and measures the
forces on the probe. MRFM uses a ferromagnet attached to a cantilever.
When this magnet is close to the sample, the spins in the sample can gen-
erate a small force on the cantilever changing its resonance frequency. The
resonance frequency of the cantilever changes if the spins flip. When a
spin is aligned with the B0 magnetic field, it exerts a force on the cantilever,
causing the cantilever to experience a slight displacement towards the cen-
ter. When a spin is anti aligned with the B0 field it exerts a force on the
cantilever pushing it away from the center. MRFM is a form of scanning
probe microscopy. In this case, however, it is not used for microscopy, but
to study the boundaries of quantum mechanics. The technique is usually
used to study the dynamic magnetic properties of samples or structures.
The method is so sensitive that it can be used to detect a single electron
spin[3].

1.2 The endgoal of NV-MRFM

The reason for continuously improving the MRFM experiments is to com-
plete one specific measurement. It is an experiment that is on the bound-
aries of classical and quantum mechanics. The measurement that we are
working towards is to couple the cantilever to one electron spin system
in the sample[4]. This has already been done before, but the lower tem-
perature will allow us to complete a very specific experiment[5]. This ex-
periment of J. Pereira Machado(2019) is to send three π

2 pulses with an
RF-wire to the spin system in the diamond sample. After sending these

6
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1.2 The endgoal of NV-MRFM 7

three pulses we could then measure the spin state of this electron system.
We could then establish if the electron obeyed the laws of quantum me-
chanics or the laws of classical mechanics. The difference is in the final
state of the electron system. The probability distribution for the state of
the electron after these three pulses is different for both mechanics.

In order to conduct this experiment two major factors have to be improved
significantly[6]. The temperature has to be approximately 10−4 k and the
quality factor has to be between 105 − 106. This thesis will be about the
effects of an external magnet on the cantilever and about cooling the can-
tilever to low temperatures. It is thought that an external magnet will
polarise the spins in the sample and by doing so it may increase the Q-
factor. This experiment tries to reach low temperatures with the help of
adiabatic magnetic cooling. These two improvements bring us closer to
the final experiment mentioned by J. Pereira Machado[5] and thus to the
boundary of the quantum and classical world.
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Chapter 2
Theory

This chapter will discuss the theory needed to understand the experiment
of this thesis. In this section the B0 field is the magnetic field off the magnet
on the cantilever.

2.1 Fundamentals of MRFM

In this section the fundamentals of MRFM are discussed. MRFM is a tech-
nique which uses a small magnet on a mechanical resonator to measure
the magnetic moment in a sample[7]. Due to the shape its displacement
from the center in the x-axis is used in the equations to complete all the
calculations. The displacement in the y-axis is negligible due to its shape.
The data for this thesis is obtained trough the resonance frequency of the
cantilever. The resonance frequency of a harmonic oscillator is given by

fres =
1

2π

√
k0

me f f
.

k0 is the spring constant and me f f is the effective mass of the harmonic
oscillator. In this case that is the mass of the crystal cantilever and the
magnet.

The magnet on the mechanical resonator induces a magnetisation in the
sample due to the magnetic moment of the spins. These magnetic mo-
ments exert a force on the magnet of the cantilever. This can change the
resonance frequency of the cantilever slightly[8]. This method is so sen-
sitive it can be used to detect the spin of a single electron[9]. The spin
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10 Theory

systems in the sample exert a force on the cantilever due to their magnetic
moment.

F⃗ = ∇⃗(µ⃗ · B⃗0)

This force has an effect on the spring constant of the cantilever. This cou-
pling with spins can be associated with a stiffness ks. If the spins are
aligned with the B0 field then the force pulls the cantilever to the center.
If the spins are misaligned with the B0 field, then it is the opposite. This
force results in a different spring constant.

ks = µ · ∂2B0

∂x2

This new spring constant changes the resonance frequency of the cantilever[4].
The change in frequency is given by

∆ f =
1
2

ks

k0
f0

2.1.1 Spin dynamics

Spin is a property of angular momentum for particles or systems. Spins
obey the laws of quantization. Spin quantum numbers can only be half-
integer or integer values. Fermions have half-integer values for spin. Bosons
have integer values for spin. The direction of spin can be changed. The
magnitude of spin however can not be changed for particles. The mag-
netic moment of individual spins in the sample can be aligned with the B
field(spin up) of anti-aligned(spin down) with the B field. The magnetic
moment of an individual spin is

µi = Sih̄γ.

γ is the gyromagnetic ratio and h̄ is the reduced plack constant. The gyro-
magnetic ratio relates the magnetic moment of a particle or system to its
angular momentum. S is the spin quantum number. S is +1/2 for spin up
and -1/2 for spin down in the most common N-centers in diamond. S is
±1 for the NV-centers in diamond[10]. The two spin states have different
energies. The energy gap between these two states is given by the Zeeman
equation. The energy gap scales with magnetic field.

∆E = h̄γ
∣∣∣B⃗0

∣∣∣ .

The spin state with S = −1
2 is in the higher energy state. This spin is anti

aligned with the magnetic field. The spin with S = +1
2 is aligned with the

magnetic field and in a lower energy state.

10
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2.1 Fundamentals of MRFM 11

2.1.2 Spins in diamond

The perfect lattice structure of a diamond has a theoretical net spin of zero,
but due to impurities such as vacancies, defects or dislocations a diamond
sample can have a net spin[11]. Loubser and Wyk provided a review about
the electron spin resonance in the study of diamond[10]. It mentions many
defects and impurities in diamonds important to this experiment. The im-
purity which is important for this experiment is the nitrogen vacancy im-
purity.
Neutral nitrogen atoms have an extra electron, with respect to the carbon
atom they replace. A vacancy in the carbon roster with a nitrogen atom
next to it create a spin system. This spin system consists of the extra elec-
tron in the nitrogen atom and a extra atom that is in the vacancy. This is
different from a free electron spin. According to literature the P1 and P2
centers will contribute the most to the total tip sample interaction. A P1
center is a single nitrogen atom in the diamond structure that shares its
electron with a adjacent carbon atom. This creates a simple 1/2 electron
spin system. A P2 center is a vacancy surrounded by three nitrogen atoms.
This creates a free electron. This electron is usually between the vacancy
and the adjacent carbon atom. This system can be treated as a free electron
spin. This also creates a 1/2 spin system.

2.1.3 Energy coupling

The oscillating magnet on the cantilever induces a changing flux on the
pick-up coil. This induces a current in a superconducting circuit. This
circuit consists of a pick-up coil, a input coil to the SQUID and a calibration
coil. The coupling is a measure of how much of the energy in the cantilever
is transferred to the energy in the electrical system.

β2 =
Esystem

Ekin

β is the energy coupling, Esystem is the energy in the electrical system and
Ekin is the energy of the cantilever. There is a derivation in the thesis of D.
Uitenbroek (2021) of the energy coupling expressed in terms of the chang-
ing flux in a pickup loop.

β2 = (
dΦ
dx

)2 1
Ltotmω2

Φ is the flux of the pickup loop that is induced due to the cantilever. This
can be seen in figure 2.1. Ltot = Lcalibration + Ldet + Lin + LSQUID this is the
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12 Theory

total impedance of the electrical system. m is the mass of the cantilever
with the magnet attached. ω is the resonance frequency.

Figure 2.1: The electric circuit is shown that is used for the readout of the can-
tilevers magnet. The changing flux of the magnet induces a current in the pickup
coil. In this figure that is Ldet. This current produces a changing flux in the in-
put coil, which has an effect on the SQUID. Figure adapted from the thesis of D.
Uitenbroek.

2.2 Magnetic cantilever interactions

This section will be about the theory needed to understand the interactions
between the cantilever and the external magnet. It will also mention the
Meissner effect. This can be important because the pickup loop and RF-
wire are both superconducting. So this can have an effect on the cantilever.

2.2.1 Meissner effect

The Meissner effect was first discovered by W. Meissner and R. Ochsenfeld
in 1933[12]. They discovered this phenomenon by measuring the mag-
netic field outside lead and tin. These materials were cooled below their
superconducting-transition temperature. When a magnetic field was ap-
plied to the superconducting material, it expelled the magnetic field from
inside the material.

12
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2.3 Cooling of the cantilever 13

This phenomenon is based on the London equation. This states that the
electromagnetic free energy in a superconductor is minimized given the
equation below. This equation states that the magnetic field inside a su-
perconductor must decay exponentially from the surface inwards to the
material.

∇H = λ−2H.

In this equation H is the magnetic field and λ is the London penetra-
tion depth. When a weak magnetic field is applied to a superconductor
in superconducting state the superconductor expels the magnetic flux by
inducing a current in the London penetration depth below the surface.
These currents cancel out the magnetic field lines inside the material. The
field cancellation is not dependent on time, so the current that cancels the
magnetic field in the London penetration depth does not decay. When the
magnetic field that is applied to the material is too strong the Meissner ef-
fect breaks down. So the material goes back to normal conductivity. The
magnetic field then prevents a transition to the superconducting state of
the material.

The reason that the Meissner effect can play a part in this thesis is the
superconducting wires on the sample. These superconducting wires are
during our experiments in superconducting state. So these wires will can-
cel the magnetic field inside the wires. This changes the magnetic field
slightly. The magnetic field has an direct effect on the resonance frequency
of the cantilever. So the Meissner effect of the superconducting wires can
change the resonance frequency. This effect becomes stronger when the
cantilever is close to the superconducting wires. This is the reason that
positing the cantilever is so important.

2.3 Cooling of the cantilever

This section will be about the theory needed to understand the experiment
of cooling the cantilever to low temperatures with the help of adiabatic
magnetic cooling.

2.3.1 Equipartition theorem

The equipartition theorem connects the temperature (T) to the average en-
ergy of a system with N degrees of freedom. This can be seen in the fol-
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14 Theory

lowing equation

E =
1
2

NkbT.

In this situation it can be used to determine the temperature of the can-
tilever at extremely low temperatures. The cantilever oscillates, because
of its shape mostly in one direction. The motion in the other directions can
be neglected[13]. The cantilever can be approximated as an harmonic os-
cillator with one degree of freedom. The position of the cantilever is given
by x(t) = Acos(ωt + ϕ) and the velocity is v(t) = −Aωsin(ωt + ϕ). A
is the maximum displacement of the cantilever. The total energy of the
harmonic oscillator oscillates between the kinetic and potential energy.

Etotal = U + K = 1
2 kx2 + 1

2 mv2. Using these equations and ω =
√

k
m

the total energy of the system can be found:

Etotal =
1
2

kA2cos2(ωt + ϕ) +
1
2

mA2ω2sin2(ωt + ϕ)

=
1
2

kA2(cos2(ωt + ϕ) + sin2(ωt + ϕ)) =
1
2

kA2

The energy of the cantilever is given by both the equipartition theorem and
the energy of a harmonic oscillator. These two formulas can be equated,
yielding the following equation.

1
2

kA2 =
1
2

kbT

This equation can be rewritten in terms of the maximum displacement due
to thermal motion (A). This yields:

A =

√
kbT

k

2.3.2 Adiabatic magnetic cooling

This method was first reported in 1881 by E. Warburg. The discovery can
be attributed to P. Weiss and A. Piccard in 1917[14]. Adiabatic magnetic
cooling was the first cooling method, which was able to cool below 0.3
K[15]. Adiabatic magnetic cooling uses the properties of magnetic fields
to cool to very low temperatures. When a magnetic field is applied in
a metal the entropy decreases, because the spins in the metal are more
polarised. So there are fewer total options for the spins to be aligned. Due
to the decrease in entropy the metal will heat up. To achieve cooling below

14
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2.3 Cooling of the cantilever 15

its original temperature the material must radiate its heat away while in
the magnetised state. When the magnetic field is removed, the entropy
increases so the metal will cool below its original temperature.
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Chapter 3
Methods

In this chapter the setup and methods used to obtain the data is explained.
The NV MRFM setup used in this thesis uses a magnet on tip setup. The
magnet is attached to the cantilever. An overview of the setup can be seen
in figure 3.1 and the schematic overview can be seen in figure 3.2. The
setup is placed inside a dry dilution refrigerator. The setup is attached
to the mixing chamber plate. The setup uses various methods for vibra-
tion isolation. The data used in this thesis was obtained with two different
setups. These setups are cooled in different cryostats. Both are similar
setups. The difference is that the setup in the ”Yeti” cryostat utilises adia-
batic magnetic cooling with the help of a magnet to cool the cantilever to
even lower temperatures. The setup in the ”Marshmallow” has a working
external magnet underneath the sample. Unless mentioned otherwise the
”Marshmallow” cryostat is the cryostat that is written about.
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18 Methods

Figure 3.1: On the left a close up of the experiment can be seen. On the right
the total open dry dilution refrigerator without shielding can be seen. This is the
”Marshmallow” refrigerator.

3.1 MRFM setup

A schematic overview of the setup can be seen in figure 3.2. There is an
external magnet underneath the diamond sample. This magnet is a flux
concentrator coil. On the sample is a pickup loop which is used to mea-
sure the changing flux through it. On the sample there is also an RF-wire
attached which can be used to send microwaves. Above the sample is
the cantilever with a magnet attached at the end. This is the probe in the
setup. The cantilever is attached to a piezo. The magnet generating the B0
field is attached to the end of the cantilever. This magnet has a diameter
of 3.6 µm. Its remnant magnetisation is 1.4 T and it is polarised in the z-
direction. The spring constant of the cantilever is 30 µN/m. This makes
the cantilever sensitive to small forces. A piezo is attached to the base of
the cantilever. When a voltage is set over the piezo it can drive the can-
tilever at resonance frequency. When the cantilever oscillates it induces a
current in the pickup loop due to the changing magnetic flux. This current
is detected with a SQUID that is read out by a Zurich Instruments lockin
amplifier. The external magnet is a niobium coil with a diameter of 11.9
mm. A detection chip is placed on the external magnet. This chip consists
of the pickup loop. The feature in the setup which is used for spin manip-

18
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3.1 MRFM setup 19

Figure 3.2: A schematic overview of the setup

ulation is a RF-wire over the diamond. This wire is able to transmit about
10 mA up to a frequency of 5 GHz. The effects of this microwave line are
beyond the scope of this thesis. It is however important to mention the ex-
istence of this microwave wire, because when the cantilever is close to the
microwave line it can behave strangely. The wire is superconducting, so
it tries to counteract the magnetic field lines of the cantilever. The pickup
loop is also superconducting, so this effect is the same for the pickup loop
and the microwave line. So it is important to choose the location of the
measurements correctly. Otherwise the superconducting properties of the
wires can have a significant effect on the measurements.

3.1.1 Dry dilution refrigerator

To cool our experiment to extremely low temperatures a dry dillution re-
frigerator is used. In 1962 H. London published a paper about a refriger-
ator that could reach temperatures below 1 K[16]. The first experimen-
tally realised refrigerator was realised in 1964[17]. It was build at the
Kamerlingh Onnes Laboratorium in Leiden. Nowadays the lowest tem-
perature that can be reached with a conventional dillution refrigerator is
1.75 mK[18].

The dry dilution refrigerator used in the setup is able to cool to approx-
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20 Methods

imately 20 milikelvin. It is a vacuum and uses a pulse tube cooler to cool
the 50k and the 4k plate. To reach even lower temperatures it mixes He3
and He4 in the mixing chamber. The resulting mixed gas has a higher total
entropy then the total entropy of the two individual gasses. By mixing the
gasses in the mixing chamber energy is absorbed by the mixture.

3.1.2 Positioning of the cantilever

The coordinate system of the cantilever is not the same for every run.
When cooling a cryostat to such low temperatures objects may decrease
in size slightly. This causes the cantilever to not be in the exact same po-
sition for each run. However, it is important to exactly know the position
of the cantilever with respect to the pickup loop and the diamond sample.
This to ensure that the measurements are done at the optimal position.

Figure 3.3: A figure of the coupling at a height above the sample of 30 µm. On
the left you see the value of the coupling. On the right you see the sign of the
coupling. A positive sign of the coupling is the white area and the black area is a
negative sign for the coupling of the cantilever. On the right you also see all the
sweeps that were done to position the cantilever. A yellow dot is a positive sign
and a purple dot is a negative sign.

So for every cool down the position of the cantilever has to be estab-
lished again. The coupling between the pickup loop and the cantilever is
crucial in this process. The coupling is defined as the magnetic flux change
in the pickup loop due to the movement of the cantilever. The coupling is
influenced by the height of the cantilever and the position relative to the

20
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3.1 MRFM setup 21

X and Y position of the sample. So before the actual measurements can be
taken, a X and Y sweep has to be done in order to estimate the position.
In figure 3.3 on the left the coupling of the cantilever can be seen for dif-
ferent positions. A sign switch takes place as you can see in figure 3.3 on
the right. The coupling is plotted in the left plot. When frequency sweeps
were done the sign of the coupling could be established. The opening of
the circle in the polar plot determines the sign of the coupling. In the right
plot you see the measurements that were done to position the cantilever.
You can clearly see a sign change, so that is crucial to determine where the
sample is exactly.

3.1.3 Flux concentrator coil

The external magnet is a flux concentrator coil. This coil uses the Meissner
effect to transform a current in a wire to a current in the coil. The slit
forces the Meissner current to go through the center. This concentrates
the magnetic field in the center of the coil. In figure 3.4 a sketch of a flux
concentrator coil can be seen and the direction of the current. The MRFM
experiment happens on a very small scale, so big coils are not necessary for
this experiment. It is therefore beneficial to concentrate the magnetic field
in the core. Therefore less current has to be used to create the magnetic
field that is needed just above the flux concentrator coil. A normal coil has
a magnetic field that is more spread out. It therefore needs more current
to create the same magnetic field as a flux concentrator coil just above the
center.
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22 Methods

Figure 3.4: On the left a sketch of a flux concentrator can be seen. On the right
the direction of the current through the coil can be seen.

3.2 The effects of an external magnet

Under the sample an external magnet is placed. This is a flux concentra-
tor coil. This coil can directly and indirectly influence the magnet on the
cantilever. The coil can directly influence the cantilever magnet trough the
interaction between its magnetic field and the polarisation of the magnet.
The coil indirectly influences the magnet by polarising the spins in the
sample. These spins then have an effect on the cantilever. The idea is that
this external magnet polarises the spins in the sample and thus increases
the Q-factor in of the measurements. This experiment researches the ef-
fects that an external magnetic field has on the cantilever. The external
magnet is positioned under the sample. This magnet has a direct effect
on the cantilever. This effect is due to the magnetisation of the cantilever
in the magnetic field of the external magnet. This force is given by the
following formula

F⃗ = ∇(µ⃗canti · B⃗ext).

The µ⃗canti is the magnetisation of the cantilever. B⃗ext is the magnetic field
of the external magnet. The external magnet also has an indirect effect on
the cantilever. The external magnet has an effect on the spins in the di-
amond sample. The magnetic field can polarise the spins in the sample.
This creates a magnetic field, which influences the cantilever. This effect is
characterised with the ”de Voogd” approach[13]. This approach describes
the interaction between the magnetisation of the cantilever with the mag-

22
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3.2 The effects of an external magnet 23

netic field of the external magnet with more terms. It also takes the spins
in the sample into account.

3.2.1 Measuring procedure

The goal of this experiment is to determine the effects of an external mag-
net has on the cantilever. This is achieved by doing a frequency sweep
around the resonance frequency of the cantilever at a constant tempera-
ture, with different currents through the external magnet and at different
locations.

The voltage set on the coil by the Zurich Instruments was between -4 V
and 4 V with 0.5 V increments. The setup was in series with a total resis-
tance of 1024 Ohm. So this voltage resulted in a current through the coil
between -3.9 mA and 3.9 mA. These measurements were done at two dif-
ferent positions. These positions were 10 µm and 20 µm above the sample.
On the height of 20 µm the current through the coil was swept from 3.9
mA to -3.9 mA and again back to 3.9 mA. On a height of 10 µm the current
through the coil was swept from -2.9 mA to 3.9 mA.

To perform the measurements a frequency sweep around the resonance
frequency is taken at different currents through the coil. In such a sweep
the piezo drives the cantilever at a given frequency for 2.3 seconds per
point for a total of 101 frequency points with a 8 mHz spacing between
each point. The sweep will sweep back and forth for a total of 202 data
points. This is done to decreases non-linear effects. The temperature of
the sample is kept constant at 85 mK during the measurement. This is
done with the help of a heater and thermometer on the sample. A PID
feedback system is used to control the heater. This to ensure that the dif-
ference in frequency shift and quality factor is not due to a difference in
temperature, because the temperature of the sample can change the reso-
nance frequency.

The location of the cantilever also has a effect on the resonance frequency
and quality factor of the cantilever. To understand these effects the mea-
surements were conducted at two different locations. The pickup loop and
magnet both influence the cantilever so both should be taken into consid-
eration when choosing the locations. The pickup loop is superconducting,
so when the magnet is turned on the pickup loop will counteract this field.
This will change the resonance frequency significantly when the cantilever
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24 Methods

is close to the superconducting wires, so for now the location is chosen at
a distance were this counteracting field does not have a significant effect
anymore.

3.2.2 Analysis

The frequency sweep will result in a magnitude, phase and polar plot of
the cantilever. The magnitude plot will be a peak at the resonance fre-
quency containing 202 data points. Fits on these plots will result in the
resonance frequency and quality factor. The data will then be fitted with a
linear fit.

3.3 Cooling the cantilever to extremely low tem-
peratures

To complete the experiment described by J. Pereira Machado[5] a temper-
ature of approximately 10−4k is needed. So not only a better quality factor
is needed, but a submilikelvin temperature as well. This section will ex-
plain the methods used to cool the cantilever to temperatures of a few
milikelvin. The cooling of the cantilever was done in the ”Yeti” cryostat.
This cryostat has an extra cooling method to further cool the cantilever.
This cooling method is adiabatic magnetic cooling.

Adiabatic magnetic cooling is used in the Yeti cryostat to further cool the
setup to temperatures not achieved with only dry dilution. There is a coil
attached to the 4k plate. This coil has a metal core made of PrNi5. When
a current flows through the coil, the coil produces a magnetic field. This
magnetic field polarises the spins in the metal core, thus lowering the en-
tropy. This causes the metal core to heat up. The core is then cooled with a
heat-conductor switch to the mixing chamber plate. When the metal core
is cooled down again the current flowing through the coil is turned down.
The spins in the metal core are less polarised with the decreasing magnetic
field. This causes the entropy to rise and this process requires energy. So
the temperature of the coil drops to about 1mK[8].

3.3.1 Measuring procedure

The objective is to measure the energy stored in the cantilever and then
calculate its temperature with a calibration. The thermal excitation results

24
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3.3 Cooling the cantilever to extremely low temperatures 25

in an oscillation of the cantilever. This oscillation can be measured with
the help of the pick up loop and the SQUID.
The energy through the coil is first turned up to 40 A which corresponds
to 2 T. Then the coil is cooled again in its magnetised state for as long as
possible. This is due to the fact that the heat switch is broken, so the coil
slowly radiates its heat away. When the coil has radiated its heat away as
much as possible the current through the coil will be turned down. It will
take approximately half a week to radiate its heat away. Then the current
through the coil will be turned down to 2 A with intermediate steps of 20
A and 5 A.

3.3.2 Analysis

The signal is continually measured to know the temperature over time.
The continually measured signal is split into files of ten minutes each. On
this signal a Fast Fourier Transform is taken. This will result in a peak
around the resonance frequency. On this data in frequency space a digital
energy lockin is performed. This will result in the energy of the resonance
peak. The background noise contributes to the energy of the cantilever. So
a background reduction is done to remove the background from the actual
signal.

The energy of the signal is then converted to mode temperature. The equa-
tion of the energy coupling and the equation for the equipartition theorem
are combined to form the following equation

T =
ks

kb
∗ E

β2 .

In this equation kb is the Boltzmann constant. ks is the spring constant of
the cantilever. β2 is the energy coupling of the cantilever. E is the energy
of the cantilever.
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Chapter 4
Results

In this chapter the results of the experiment will be presented. The results
were obtained using the methods described in the methods chapter. The
first section is about the effects of an external magnet on the cantilever.
The second section is the cooling of the cantilever to low temperatures.

4.1 The effects of an external magnet

The resonance frequency and quality factor were determined for different
currents through the flux concentrator coil. These were determined with
the help of a frequency sweep as discussed in the methods chapter. These
measurements were done at two different locations. The locations were 10
µm and 20 µm above the sample.

4.1.1 Sequence of measurements

In figure 4.1 the sequence of the frequency sweeps is drawn. The arrows
indicate the order in which the measurements were done. Unfortunately
due to a lack of measurement time the measurements at a height of 10
µm were done with 102 data points instead of 204 data points. The or-
der in which the measurements were done is important for us to under-
stand were the jumps in resonance frequency take place. The colorbar
indicates which measurements were done first. A 0 on the colorbar indi-
cates the first measurement and measurement points with a lighter color
were done later. There is not a clear connection between the order of the
measurements and the jumps that occur in the resonance frequency.
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Figure 4.1: On the left the measurements of the resonance frequency are plotted
against the current through the coil at a height of 10 µm above the sample. On the
right the measurements of the resonance frequency are plotted against the current
through the coil at a height of 20 µm. The color index of the points indicates the
sequence in which the points were measured. 0 being the first point measured.
The arrows also indicate in what order the measurements were done.

Figure 4.2: On the left the measurements of the resonance frequency at a height
of 10 µm above the sample are fitted. On the right the measurements of the reso-
nance frequency 20 µm above the sample are fitted. In each case four data selec-
tions were made.

28
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4.1 The effects of an external magnet 29

4.1.2 Resonance frequency

We expect a linear connection between the current through the coil and
resonance frequency. However a translation in resonance frequency of
these linear fits can be observed. These are called the ”Jumps” in reso-
nance frequency. That’s why a selection of the data set was fitted with a
linear fit. All the data points that were on a line are grouped together. The
formula that was used to fit the data is: fres = a ∗ I + b. The resonance
frequency is fres and I is the current through the coil. a and b are both pa-
rameters that were calculated using the scipy.optimize.curvefit function.
All the calculated parameters are listed in table 4.1. No error was calcu-
lated for the first fit, because this fit only contains two data points. So the
error could not be estimated correctly. That is the reason why there is a x
at the place of the error.

Each fitted line has a gradient that is similar with the other fits at the same
position of the cantilever. The closer the cantilever gets to the external
magnet the steeper the fit becomes. All the data sets and their fits can be
seen in figure 4.2. The data of 20 µm above the sample is less accurate.
This is the left plot of figure 4.2. This is because fewer data points were
used in the measurements.

Fit a (Hz/mA) b (Hz)
Fit 1 10.917 ± x 1514.710 ± x
Fit 2 9.9 ± 0.6 1492.8 ± 0.9
Fit 3 9.73 ± 0.06 1474.25 ± 0.07
Fit 4 9.59 ± 0.05 1456.3 ± 0.2
Fit 5 4.84 ± 0.02 1467.16 ± 0.04
Fit 6 4.85 ± 0.01 1474.38 ± 0.02
Fit 7 4.91 ± 0.01 1481.92 ± 0.03
Fit 8 4.871 ± 0.009 1489.22 ± 0.03

Table 4.1: This table contains the different fitted parameters. The function that
was used to fit the data is fres = a ∗ I + b. Fit 1 through 4 are for 10 µm above the
sample. Fit 5 through 8 are for 20 µm above the sample.

4.1.3 Jumps in resonance frequency

Quantised resonance frequency jumps can be observed when the external
magnetic field changes. This can be observed in figure 4.1. These jumps
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were calculated based on the fits of the start and endpoint.

∆ fres = fres,a f ter(Iav)− fres,be f ore(Iav) with Iav =
1
2
(Ibe f ore + Ia f ter)

All the jumps are listed in table 4.2. In the measurement at 10 µm above
the sample only three jumps took place so that is why jump 4,5 and 6 are
empty. The closer the cantilever gets to the sample the greater the jumps
become.

Jump 20 µm above the sample 10 µm above the sample
Jump 1 (7.2 ± 0.1) Hz (18.2 ± 0.7) Hz
Jump 2 (7.4 ± 0.1) Hz (18.6 ± 0.7) Hz
Jump 3 (7.4 ± 0.1) Hz (19.8 ± 0.7) Hz
Jump 4 (7.4 ± 0.1) Hz x
Jump 5 (7.5 ± 0.1) Hz x
Jump 6 (7.2 ± 0.1) Hz x

Table 4.2: This table contains the frequency jumps in resonance frequency of the
current sweep. Jump 1 is the first jump that took place during the measurements
and 6 is the last. Figure 4.1 gives insight into which jump is which.

4.1.4 Quality factor

Unfortunately the quality factor between the different heights can not be
compared. This is due to the fact that the frequency sweeps at both heights
do not have an identical amount of data points. The frequency sweeps
at a height of 20 µm above the sample have 202 data points per sweep.
The frequency sweeps at a height of 10 µm above the sample have 101
data points per sweep. So the piezo at a height of 20 µm had more time
to drive the cantilever at that exact frequency. On a height of 10 µm the
piezo had less time at each frequency point, so the cantilever did not have
enough time to be fully resonant at each frequency point. So the cantilever
was driven to quickly and did not have enough time to fully reach its
maximum peak at each frequency. This caused the peak to be lower and
more spread out. So the quality factor at a height of 20 µm above the
sample is almost 1.5 times as high.

The measurements of the quality factor are plotted against the current
through the coil in figure 4.3. The data sets that were grouped for the fits
for the resonance frequency are again grouped together. There is no clear

30
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4.1 The effects of an external magnet 31

Figure 4.3: On the left the measurements of the quality factor are plotted against
the current through the coil at a height of 10 µm above the sample. On the right
the measurements of the quality factor are plotted against the current through
the coil at a height of 20 µm. The selection of data sets used for the resonance
frequency is used again

pattern for the quality factor. After frequency jumps the quality factor
does not change significantly.
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4.2 Cooling of the cantilever

In this section the results of the cooling of the cantilever are discussed.
The results were obtained using the methods discussed in section 3.3. The
current through the coil with a PrNi5 core was first set to 40 A. After cool-
ing down again with the help of the mixing chamber plate, the current
through the coil was reduced from 40 A to 2 A with two intermediate
steps of 20 A and 5 A. In figure 4.4 on the left, the current can be seen with
the energy of the cantilever plotted. The reduction in current through the
coil closely matches the reduction in energy of the cantilever. In the right
plot in figure 4.4 the different data points are averaged. The data points
that were grouped together are for the different currents through the coil.
These data points were within each other’s error margin.

Figure 4.4: On the left: The top graph are the individual tdms files and the bottom
graph is the current through the coil over time. On the right: The top graph are the
averaged tdms files for each current and the bottom graph is the current through
the coil.

There is always background noise that is also measured, but this back-
ground noise does not contribute to the temperature of the cantilever. So
to calculate the temperature more accurately the background noise has to
be removed from the signal. It is important for this background reduction
that you only reduce the signal with the background and not some me-
chanical or electrical peak. This will reduce the signal to much and lower
the mode temperature to a point below its actual value. Two intervals were
chosen for the background reduction the intervals were -5.5 Hz to -4.5 Hz
and 4.5 Hz to 5.5 Hz. there were no peaks in these intervals. There was

32

Version of July 12, 2024– Created July 12, 2024 - 09:24
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also a peak close to the signal so to ensure only the signal of the resonance
frequency was used the integration over the signal was reduced to -0.5 Hz
and 0.5 Hz around the resonance frequency.

Figure 4.5: On the left the energy[V2] of the cantilever can be seen. On the right
the energy is converted to the temperature of the cantilever.

When the energy of the cantilever is measured it has to be converted
from V2 to temperature. Unfortunately during the measurements there
was not a thermometer present close to the cantilever to measure its tem-
perature. There were however past runs with a thermometer present. So
with these runs our analysis method could be checked for its validity.

The expectation is that there is a linear correlation between the current
through the coil and the temperature. This can be seen in figure 4.5. The
data has been fitted with a linear function. That function is: T = a ∗ I + b.
In this function I is the current through the coil and T is the mode tempera-
ture. a and b are parameters which were fitted. The calculated parameters
are listed in the table below.
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Fit a b
Energy no BR (0.146 ± 0.005)∗10−11V2/A (2.11±0.05)∗10−11V2

Energy BR (0.149 ± 0.004) ∗10−11V2/A (0.62 ± 0.05)∗10−11V2

Temperature no BR (0.64±0.03) T/A (9.0±0.6) T
Temperature BR (0.66±0.02) T/A (2.3±0.5) T

Table 4.3: These are the different parameters of the fits that can be seen in figure
4.5. BR means background reduction. The fitted parameters for the temperature
are for the plot on the right in figure 4.5. The fitted parameters for energy are for
the plot on the right in figure 4.5

34
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Chapter 5
Discussion

In this chapter the data from the previous chapter is interpreted and dis-
cussed. Additionally, improvements and suggestions for future research
are presented. First the measurements of the cantilever with an exter-
nal magnet are discussed, then the measurements where the cantilever is
cooled

5.1 The effects of an external magnet

This section is split into three sections. Section 5.1.1 will discuss the effects
the external magnet had on the resonance frequency. Section 5.1.2 will be
about the jumps in the resonance frequency. Section 5.1.3 will discuss the
effect the external magnet had on the quality factor.

5.1.1 The resonance frequency

To measure the effect that an external magnet has on a cantilever the cur-
rent through the coil was varied at two locations. Theory and simulations
suggested a linear connection between the current through the coil and the
resonance frequency of the cantilever. This connection can also be seen in
the data that is obtained. However an additional translation in resonance
frequency of these linear fits can be observed. The discussion of those
jumps in resonance frequency is in section 5.1.2. The data that was fitted
can be seen in figure 4.2.

The gradient of the fits that were done at a height of 10 µm are at least
one order of magnitude close to each other. The fits that were done at a
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height of 20 µm were even closer to each other. This smaller error is due to
the fact that those data points were taken with a smaller spacing between
the frequency points. This resulted in a smaller error for each data point
in figure 4.2. There were also a greater number of data points at a height
of 20 µm, which resulted in the fit being more accurate.

Grouping the data points for different linear fits seems to be the best way
to analyse the data. The fits are accurate and provide small errors for the
different fits. The data supports the theory of a linear fit. The height above
the sample has a direct effect on the slope of the fit. When the sample was
approached from 20 µm to 10 µm the slope of the fit got steeper with a
factor of 2.06. This is in line with theory. The closer the cantilever is to
the external magnet the greater the gradient of the external magnetic field
is. This means that a larger frequency shift is expected of the resonance
frequency.

Further research could focus on data for more locations. Due to a lack of
measurement time the only factor that was changed in the location was the
height. Further research can focus on the different locations with respect to
the pickup loop. The pickup loop also has an effect on the cantilever and
with an external magnet these effects change. So to see what different x
and y positions do to the resonance frequency with a current through the
external magnet can be an interesting research topic to fully understand
the effect an external magnet has on the cantilever.

For our experiments it is not known if the resonance frequency was changed
due to the direct effect of the external magnet or the indirect effect. The di-
rect effect is the effect that the external magnet has on the cantilever. The
indirect effect is the effect of the external magnet polarising the spins in the
sample. These spins can change the resonance frequency of the cantilever.
So for future measurements it can be beneficial to measure the resonance
frequency with a known spin density at different heights with different
temperatures and different currents through the external magnet. These
measurements can give an insight into the effect of the spins and the effect
of the magnet on the cantilever. This is due to the fact that the effect of the
spins is related to the temperature of the sample. So by changing the tem-
perature the effect of the spins will change, but the effect of the external
magnet will not.
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5.1.2 Jumps in resonance frequency

For the different heights of the measurements there were jumps in the data
of the resonance frequency. That is why multiple fits had to be used to fit
the data. The jumps in the resonance frequency at non determined inter-
vals are on average (7.35±0.04) Hz at a height of 20 µm above the sample
and (18.9±0.4) Hz at a height of 10 µm above the sample. The value of
the jumps also depends on the height above the sample. When the sample
was approached from 20 µm to 10 µm the jumps increased with a factor of
2.57. The jumps are on different moments and times in the current sweep,
so that is not the critical factor. When sweeping the current back the jumps
also occurred at different moments and times in the current sweep.

The resonance frequency at a height of 20 µm was 1467.11 Hz with a cur-
rent through the coil of 0 mA. When sweeping back the resonance fre-
quency was 1474.37 Hz at a current through the coil of 0 mA. Three jumps
happened when sweeping forth, but when sweeping back only two jumps
happened. This resulted in a changed resonance frequency of 7.26 Hz.
The direction of the current sweep does have an effect on the jumps. When
sweeping the current through the coil up, the jumps only occur to a lower
resonance frequency. When sweeping the current through the coil down,
the jumps only occur to a higher resonance frequency. So we know that
the direction of sweeping the current and the height above the sample are
critical factors in the jumps.

At this moment this phenomenon is still unexplained, but it may be due to
flux trapping. The pickup loop is a superconducting circuit which tries to
expel the magnetic field according to the Meissner effect, but if the thick-
ness of the material is very thin the magnetic field lines may be able to
penetrate. They will only penetrate the superconductor in flux vortices.
At different magnetic field strengths the superconductor will allow mag-
netic flux to penetrate in quantised packets. These penetration places are
known as flux tubes. This theory does fit the data of the quantised reso-
nance frequency jumps at different magnetic field strength.

At this time it is not exactly known where or when these resonance fre-
quency jumps happen. The current can be increased and decreased with
a much smaller margin to research where these jumps exactly occur. This
can be an improvement to the current research. More locations can also
be helpful to fully understand this phenomenon. The effect of the x and y
location on the value of the jumps can be determined in further research.
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This can give insight into what the location does to this unexplained phe-
nomenon.

5.1.3 Quality factor

The quality factor is plotted against the current through the coil in fig-
ure 4.3. There was no fit possible which accurately fitted the data. The
data does not show an increase in Quality factor for an increase in current
through the coil. This is not unexpected. At a height of 10 µm and 20 µm
the spins in the sample have a relative small effect on the cantilever. The
jumps in resonance frequency do not appear to have an effect on the qual-
ity factor of the cantilever.

More research is necessary to know what effect the external magnet has
an the quality factor. The cantilever can be brought closer to the sample.
This would increase the effect the spins in the sample have on the can-
tilever. So when the spins are then polarised the effect would be larger. So
in that instance there could be a significant change in quality factor.

5.2 Cooling of the cantilever

This section is split into two parts. The first will discuss the way in which
the background reduction was done and the second will be about the final
temperature that was reached.

5.2.1 Background reduction

The background reduction was done with data from 0.5 Hz around ±5 Hz.
In these two intervals no visible peaks were visible on any of the TDMS
files. This is important to ensure that the final temperature is indeed the
final temperature and not lower due to our analysis. If any peaks were
visible in the intervals with which the data reduction was done, then the
final calculated temperature would have been lower than its actual value.

The interval of integration of the resonance peak was also reduced to ±0.5
Hz. This was because on some TDMS files there was a small peak at -0.8
Hz. So to ensure that this peak did not contribute to the final temperature
the interval was reduced. The resonance peak was steep enough to choose
an interval of ± 0.5 Hz.

38
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5.2.2 Temperature

The energy in the cantilever was measured at four different current values
through the coil. The current was each time turned down. The final tem-
perature achieved according to the data is (4.1 ± 0.4) mK. This temperature
was averagde from all the data points with a current through the coil of 2
A. The coil was cooled to a temperature of (29 ± 2) mK in its magnetised
state. Unfortunately the heat switch in the setup was broken during these
measurements. So the magnetised coil was not able to radiate away its
heat very quickly. That is the reason why the magnetised coil was cooled
for an entire weekend. This was done to ensure that the magnetised coil
was able to radiate its heat away.

The temperature should have a linear connection with the current through
the coil. The linear fit that was done closely matches the data obtained
during the measurements. So it is believed that the temperature of (4.1 ±
0.4) mK was indeed reached. 5 days before this measurement this experi-
ment was also done and at that time the data showed that a temperature of
approximately 5 mK was reached. We consider these values to be similar
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Chapter 6
Conclusion

Two current sweeps through a flux concentrator coil were done at two lo-
cations of the cantilever. The resonance frequency of the cantilever was
measured for different currents through the coil. The fits that were done
on the data show that there is a linear connection between the current
through the external coil and the resonance frequency of the cantilever.
The closer the cantilever is to the sample the higher the gradient is. How-
ever, there are jumps in resonance frequency when the current is turned
up or down. The reason behind these jumps is still unknown. The height
of the jumps is also depended on the distance to the sample and magnet.
The closer the cantilever is to the sample the higher the jumps are. Un-
fortunately no pattern could be observed in the jumps. At a height of 20
µm and 10 µm there was no connection observed in the data of the quality
factor and the current through the external coil.

The cantilever reached a mode temperature of (4.1 ± 0.4) mK with the
help of adiabatic magnetic cooling. This temperature is the average over
a period of 90 minutes. This happened when the current through the coil
with a PrNi5 core was turned down from 40 A to 2 A. Theory states that
there is a linear connection between the current through the coil and the
temperature of the cantilever. The fits prove that this indeed is the case.
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