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Abstract

Magnetically levitated superconductors are extremely isolated from the en-
vironment, their mechanical properties can be tuned magnetically, and can
be coupled to quantum systems such as superconducting quantum circuits.
As such, they are a promising experimental platform for the creation of mas-
sive spatial quantum states that would test quantum mechanics in a hitherto
unexplored parameter regime. Furthermore, they could be used to build ultra-
sensitive detectors of accelerations and forces, which could find applications
in seismology, navigation, geodesy, or dark matter detection.

This thesis is about the development and demonstration of a chip-based
magnetic levitation platform for pm-sized superconducting particles. To this
end, we have modeled, designed, and fabricated micrometer-scale supercon-
ducting particles as well as chip-based magnetic traps based on planar super-
conducting coils. We have detected the center-of-mass motion of the levitated
particles magnetically, with integrated superconducting coils that transport
the signal of the particle motion to a SQUID magnetometer. We demonstrated
stable levitation of 50 pm diameter particles over several days at millikelvin
temperatures. This high stability allowed us to thoroughly characterize the
particle motion and show that our model of the magnetic trap and the de-
tection scheme captures the nonlinear behavior of the center-of-mass motion.
These nonlinearities are observed due to large motional amplitudes caused by
the coupling between the particle motion and cryostat vibrations. We have
devised a cryogenic vibration isolation system based on an elastic pendulum
that mitigates this effect and has enabled ring-down measurements of the
center-of-mass motion that give quality factors up to 10°. Furthermore, we
have shown that the mechanical properties of the levitated particle can be con-
trolled. We have tuned the trap frequencies from 30 Hz to 180 Hz by changing
the current in the trap coils, and we have also demonstrated control over the
motional amplitude of the particle motion via feedback using feedback coils
in the chip to exert an additional magnetic force on the particle.

This thesis demonstrates magnetic levitation of superconducting micropar-
ticles on a chip as a novel platform for chip-based quantum experiments with
pm-sized particles and ultrasensitive force and acceleration sensors.
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CHAPTER 1

Introduction

Currently, we rely on two physical theories to describe how nature functions.
On one side, quantum physics describes the behavior of the very small, and
on the other side, general relativity describes the behavior of the very large.
However, it is known that neither of these theories is compatible with the
other.

We do not experience any quantum phenomena in our daily lives, and yet
small objects such as atoms clearly do. This begs the question; where is the
transition between the classical and the quantum, and why is there one?

Quantum mechanics was developed at the beginning of the 20th century
because certain physical phenomena, such as blackbody radiation and light
absorption and emission, didn’t obey classical physics. Initially, only photons
and subatomic particles were thought to behave quantum mechanically. This
was supported by the fact that they were able to interfere with themselves
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[1]-[3], which implied that they had to be described as waves with a wave
function. Later on, in 1988, atoms [4], [5] were found to display the same
behavior, and after that, molecules of increasingly large sizes with up to 10%
atomic mass units [6]—[8].

Indeed, there is nothing within the framework of quantum mechanics that
sets a limit on how large or massive an object can be before it can no longer
be considered a quantum object [9]. The key seems to be in the coherence of
the quantum state of the object.

Put simply and briefly, the coherence of a quantum state is the capability
of a quantum state to display interference. The quantum state describing an
object perfectly isolated from the environment has an infinite coherence time,
meaning that it remains quantum indefinitely. If the object is interacting
with either a measurement apparatus or the environment, the quantum state
describing it will lose its coherence and gain coherence with what it interacts
with over time. Because we have no way of tracking the coherence of the
quantum state describing the object with the environment or the measurement
apparatus, this coherence is lost, and the quantum state decoheres.

Decoherence is the reason why large objects do not display quantum effects
due to their large number of interactions with other objects, which causes them
to decohere faster than they can be measured, which means that if sufficiently
isolated, large objects should display quantum behavior.

Quantum states have also been hypothesized to decohere due to mecha-
nisms beyond standard quantum mechanics. One among the many proposed
mechanisms is known as continuous spontaneous localization (CSL). The CSL
model hypothesizes that quantum states decohere due to intrinsic noise, in-
troduced as a stochastic, nonlinear term in the Schrodinger equation that
grows with the mass and the size of the quantum state [10]. Another pro-
posed decoherence mechanism is related to gravity [11]. Since space-time is
determined by the mass distribution in space, a massive object in a quantum
superposition would generate a superposition of space-times. A superposition
of space-times implies two different time coordinates, which is problematic
in quantum mechanics because Schrodinger’s equation requires a unique time
dimension.



Gravitational interaction with quantum systems has been measured in ex-
periments with neutrons and atom clouds [12]-[14]. This technology has been
refined to the point that quantum gravimeters are commercially available [15].
However, the gravitational effect of neutrons and atom clouds on other masses
is negligible, due to their minuscule masses.

More massive objects have been shown to display quantum behavior in
experiments with crystal bulk resonators coupled to superconducting qubits
at cryogenic temperatures. At millikelvin temperatures, the thermal energy
of the environment is lower than the zero point energy of breathing modes of
the bulk resonator. Thus, this mechanical mode can be considered to be in
the quantum ground state [16], [17]. In these experiments, qubits were used
to create quantum states of the mechanical modes of the bulk resonators with
masses of 10'% atomic mass units [18]. However, the spatial extents of the
quantum states of the mechanical modes are of the order of attometers, so
the quantum state itself is not large at all [19]. Furthermore, the mechanical
modes of bulk resonators have no center-of-mass motion; there is no way to
make the spatial extent of the quantum state larger.

It must be said that truly macroscopic quantum states have been created
with Cooper pair ensembles in a superconducting quantum interference device
(SQUID) [20], diffraction of single neutrons [21], atom interferometry [14],
[22], [23] and atom cloud experiments [24], [25] which have achieved quantum
states that extended from 650 pm to 53 cm, lasting up to several seconds.
These experiments have demonstrated the validity of quantum mechanics for
the length and time scales we can experience in our daily lives. This begs the
question: would quantum mechanics remain valid for similar systems if they
had large masses?

The challenge is to find massive systems with which quantum states can
be generated such that the quantum states can have sizes larger than the
object used to create the quantum state. At the same time, they should
have long enough coherence times so that quantum effects may be measured.
Levitated microparticles are a well-suited experimental platform for such ex-
periments. In particular, optical levitation of nanoparticles is currently the
most mature levitation technology [26]-[29]. Focused lasers, commonly called
optical tweezers, can levitate particles between tens of nanometers up to tens
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of micrometers [30].

A 100 nm nanoparticle has a mass of approximately 10° atomic mass units,
so it is relatively massive compared to objects that display quantum prop-
erties by default. Recent experiments have shown that the center-of-mass
(COM) modes of optically levitated silica nanoparticles can be brought to the
ground state [28], [29], [31]-[33], which opens the possibility of quantum state
generation with the COM modes. The size of a COM quantum state can be
delocalized (enlarged) by tuning the potential landscape of the mode as much
as decoherence allows [34], [35]. Because the COM modes of levitated parti-
cles in vacuum are extremely well isolated from the environment, with quality
factors up to 108 at sufficiently high vacuum [36], quantum states generated
with COM modes have the potential for long coherence times.

The fundamental limitations in optically levitated systems when used as
a platform for quantum experiments are that the mass (or size) of levitated
objects is limited by light absorption of the object [30]. In addition to this,
the shot noise of the laser used to levitate the particle, that is, the random
fluctuations of the laser intensity cause random momentum fluctuations in the
COM motion known as photon recoil [27]. This mechanism sets the bound to
the achievable coherence times in any eventual quantum experiment.

Both of these limitations can be overcome using magnetic levitation in-
stead. Magnetic levitation can be used to levitate objects of different shapes
[37], [38] with masses ranging from picograms to tons [39], [40] and no light is
required. It, too, offers extreme isolation from the environment (mechanical
quality factors up to 107 have been demonstrated) [34], [41]-[45] and allows
for tunable potential landscapes using coils. Furthermore, they can be mag-
netically coupled to superconducting quantum circuits, which would allow for
the creation of spatial quantum superposition states, large spatial delocaliza-

tion of the position of the object or squeezed quantum states of motion [35],
[46]-[48].

For these reasons, magnetic levitation as an experimental platform has been
gaining interest in the field of levitodynamics [49]. Recent experimental devel-
opments in magnetically levitated systems include levitating micro-magnets
on top of superconductors [42], [50]-[53], diamagnetic particles in strong mag-



netic fields [40], [43], [44], [54], [55], and superconducting microparticles in
millimeter-scale superconducting magnetic traps [45], [56], [57]. Such levi-
tated objects would be extremely sensitive to external forces or accelerations,
with sensitivities of the order of 1 x 10723 NHz % and 1 x 10~ '* g Hz % for
measuring forces and accelerations, respectively [52], [58], compared to state-
of-the-art with 1.2 x 1072 NHz °® and 1 x 1072 gHz *® [59]-[64]. This
force sensitivity would allow one to measure the gravitational pull between
two Vespa scooters separated by the average distance between the earth and
the moon if one were to measure for a few seconds. Such sensors can find
applications in geodesy, navigation, and dark matter detection [65]. Because
such systems are extremely sensitive to external stimuli such as magnetic noise
and mechanical vibrations, they will require extreme magnetic shielding and
vibration isolation.

Magnetic levitation of superconductors with superconducting coils is the
levitation scheme that promises the least intrinsic mechanical dissipation [34],
[41]. Levitated superconductors in the Meissner state, unlike levitated mag-
nets, do not suffer from intrinsic eddy current damping or intrinsic magnetic
noise due to fluctuations in the magnetization drift, known as magnetic mo-
ment drift [42], [51]-[53], [66], and the magnetic trap can be made perfectly
stable by using persistent currents even at milliKelvin temperatures [67],
which is not possible in experiments using magnets to levitate diamagnetic
particles due to magnetic moment drift [43], [53], [54], [68].

By using on-chip superconducting coils we can miniaturize the magnetic
trap and focus the magnetic field in a very small volume [57], [69], [70] which
enables high magnetic field gradients of the order of 100 Tm~! and trapping
frequencies up to kHz [37]. Chip-based traps also have the potential to scale
up to tens or hundreds of levitated particles within an area of a few square
centimeters to either levitate multiple particles in as many independent traps
or to multiplex one trap to levitate multiple particles within it.

Furthermore, the COM motion of the levitated superconductor can be mea-
sured by coupling inductively to superconducting loops that transport the
magnetic flux signal generated by the particle motion to a SQUID magne-
tometer [56], [57], [71] or a flux-tunable SQUID resonator [72]-[76]. The COM
motion can then be cooled using techniques such as feedback cooling [28], [29],
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[32], [33], [71] and cavity cooling [31], [72]-[76]. If the particle displacement
can be detected with a precision capable of resolving zero point fluctuations of
the COM modes, the mechanical modes could be cooled to the ground state,
just like in optical levitation experiments.

Coupling the COM modes of the levitated object to another quantum sys-
tem, such as a superconducting flux qubit, would enable experiments to pro-
duce non-classical states of motion such as spatial superposition states or,
matter-wave interferometry experiments [34], [41], [46]. This would open the
possibility to perform experiments to test the principles of quantum mechan-
ics in the interface between the quantum and the classical world, to measure
gravitational interactions between microscopic objects, or even entangle the
motion of two microscopic objects via gravity [77], [78].

This thesis describes the work done during the five years of this Ph.D. de-
gree on experiments with magnetically levitated superconducting microparti-
cles with chip-based magnetic traps. The work in this thesis focuses on the
design, modeling, and fabrication of chip-based magnetic traps and supercon-
ducting microparticles, as well as the demonstration of magnetic levitation
of superconducting microparticles using chip-based magnetic traps based on
superconducting coils. Further, we used SQUID magnetometry to measure
the COM motion of the levitated microparticles and demonstrated first steps
towards controlling the motional amplitude using feedback in the form of mag-
netic forces exerted by integrated superconducting coils on the chip-traps.

1.1 Contribution to the field

To design chip-based magnetic traps of sizes similar to the size of the particle
they are levitating, it is essential to use a model that accounts for the effects
of complex geometries of the superconducting coils, such as narrow turns and
openings, and for the demagnetization effects caused by the geometry of the
particle. Only then will we be able to accurately describe the potential land-
scape of the particle in the magnetic trap. For this purpose, we implemented
the Maxwell-London equations in the finite element method (FEM) software
COMSOL Multiphysics, to simulate superconducting objects in the Meissner
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state with extended volumes and arbitrary shapes. Our implementation also
accounts for flux quantization within the superconducting objects, which al-
lows us to model the effect that the trapped magnetic flux would have on a
levitated particle. We used this model to design and characterize magnetic
traps based on integrated superconducting coils that could stably levitate su-
perconducting microparticles, with trap frequencies up to 10 kHz. The model
has also been used to analyze the effect of the shape and size of the levitated
particles on the trap properties, as well as the effect of flux quantization within
the particles. These results have been published in Paper A [37].

Because this model computes the full electromagnetic field and the supercur-
rent distribution in the superconductors, it has also been used to accurately
compute the filling factor of the electric field in superconducting co-planar
waveguide (CPW) resonators ranging from nanometers to tenths of microm-
eters in size, which typical electrostatic simulations fail to describe [79].

We developed microfabrication processes to produce chip-based magnetic
traps made of very thick niobium layers (1 pum) with critical current densities
of 3 x 101 Am~2, as well as free-standing flat micro-rings and disks made of
niobium with the same thickness, and near-spherical particles made of lead.

We have demonstrated stable levitation of 50 pm diameter lead and tin-
lead spheres in a chip-based trap at temperatures of 4K and 50 mK with
COM frequencies of 30-180 Hz, which are on par with other experiments with
diamagnetically levitated particles [45], [51], [54], [68]. We used optical imag-
ing to observe the center-of-mass (COM) motion of the particle within the
cryostat. Using a tracking algorithm, we have shown that the mechanical
dynamics of the levitated particle are well described by our model. These
results allowed us to demonstrate chip-based levitation as a feasible route
toward magnetic levitation of superconducting microparticles. These results
have been published in Paper B [80].

After managing to reliably levitate microparticles on the chip traps, we
worked on measuring and characterizing the COM motion of the levitated
particles via magnetic means, which eliminates the need for optical access
to the levitated particle. The COM motion of the particle was inductively
coupled to superconducting coils inside the trap, which transport the signal
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of the particle motion to a SQUID magnetometer. With no optical access to
the sample, the particle levitates for several days and is expected to remain
levitated indefinitely. We have shown that our model for the system is in
good agreement with measured trap frequencies and their dependence on trap
current and particle material (mass density). Moreover, we have shown that
our model of the system properly describes the measured anharmonicity of the
magnetic trap as well as the observed nonlinearities in the detection of the
particle motion. We have shown these trap anharmonicities by measuring the
nonlinear behavior of the COM motion, as well as mode coupling between the
COM modes of the levitated particle. Nonlinear effects in the particle motion
arise from the anharmonicity of the trap, as well as large motional amplitudes
of the order of pm caused by mechanical vibrations in the cryostat driving the
particle motion.

These measurements show that magnetically levitated superconducting mi-
croparticles levitated on a chip can stably levitate for very long times, that
their motion can be measured via SQUID magnetometry without compromis-
ing the stability of the system, that the trap frequency can be tuned by simply
changing the trap current, and that our model accurately describes the an-
harmonic nature of the magnetic chip traps which manifests at large motional
amplitudes. All of these results have been published in Paper C [57].

We have shown that the effect of mechanical vibrations on the particle mo-
tion can be reduced using cryogenic vibration isolation of the experimental
setup by hanging it from an elastic pendulum, which decouples the particle
motion from the cryostat vibrations. Ringdown measurements show mechan-
ical quality factors of up to 10°. This value is lower than quality factors
reported in similar experiments (107) [45] and well below the largest possible
value (10%) [34], [41]. This discrepancy shows that the quality factor in our
experiments can still improve by at least two orders of magnitude with further
optimization of the experimental setup.

Furthermore, we have shown proof of principle of feedback control of the
COM motion using a SQUID magnetometer, a Field-Programmable Gate Ar-
ray (FPGA), and additional superconducting coils on the chip to exert a
magnetic feedback force that has been used to both heat and cool the particle
motion. The cooling was very limited compared to that achieved in similar
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experiments due to the large magnetic noise and mechanical vibrations. How-
ever, technical improvements regarding the reduction of measurement noise
and vibration isolation should allow for amplitude reductions of several orders
of magnitude and, in principle, allow for cooling to the ground state of motion
[43]-[45], [54], [55], [68].

1.2 Thesis structure

In Chapter 2, we introduce the theoretical background for the key concepts
that are relevant to the experiments. These concepts include superconduc-
tivity and superconducting levitation, SQUID magnetometry, surface interac-
tions, and the basics of linear and nonlinear mechanical resonators.

In Chapter 3 we explain how our magnetic traps have been modeled and
fabricated. We describe the experimental setup and the physics behind in-
strumentation, such as cryostats, and components, such as magnetic shields
and SQUID-based detection of levitated superconducting particles. We also
explain the measurement techniques used in the experiments.

In Chapter 4 we give an overview of the results of the levitation experi-
ments, the COM motion detection via optical detection, and then via DC-
SQUID magnetometry. We describe the observed nonlinear behavior of the
COM motion due to magnetic trap anharmonicities and nonlinear detection.
We show preliminary results demonstrating the decoupling of the levitated
particle from cryostat vibrations using cryogenic vibration isolation. We pro-
vide estimates for the damping caused by various dissipation mechanisms, and
we study the prospects of bringing the motion of the levitated particle to the
ground state using feedback cooling.

In Chapter 5 we summarize the results and give an outlook for the near
future of the project.

Chapter 6 contains the appendix, with a detailed description of the fab-
rication recipes, as well as untested chip traps with multiple trap sites, and
levitation experiments with superconducting microparticles and magnet traps,
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that were successful but not pursued in this thesis due to lack of time and so
did not fit in Chapter 4, but I think deserve mentioning.

Finally, Chapter 7 contains a brief summary of Papers A, B, and C, followed
by the full papers appended after the summary.

10



CHAPTER 2

Theoretical background

In this chapter, we give an overview of different models of superconductivity
that explain key concepts essential to this thesis and show how these concepts
are relevant to the magnetic levitation of superconductors. Then we explain
how flux-sensitive superconducting devices function and how they are used
as magnetometers, which we used to measure the motion of magnetically
levitated superconducting particles. Finally, we will introduce mechanical
resonators, and their behavior in the linear, nonlinear, and coupled regime,
which is required to understand the complex dynamics of levitated particles
in our magnetic trap.

11



Chapter 2 Theoretical background

2.1 Superconductivity

In the following, we introduce the models of superconductivity required to
understand the physics at play in the experiments of this thesis. Namely, the
two-fluid model, the London model, and the Ginzburg-Landau model.

Superconductivity is the physical property displayed by materials that have
no resistance to electrical current and expel the magnetic field from within
their volume. The disappearance of electrical resistance was discovered by
Heike Kamerlingh Onnes in 1911 when measuring the resistance of mercury
at 4.2 K. After that, the disappearance of electrical resistance was observed in
several other materials, such as niobium and lead [81]. It was not until 1931
that Meissner and Ochsenfeld discovered that superconducting materials expel
magnetic fields from within their volume, and in 1935 Rjabinin and Shubnikov
found that some superconductors have the capability of trapping magnetic flux
within the superconducting volume, thus discovering type II superconductors
[82], [83].

Two-fluid model of superconductivity

The two-fluid model describes the electrical properties of a superconductor,
assuming that a superconducting material has two different types of charge
carriers. The first type of charge carriers are normal carriers that lose energy
due to scattering with the ion lattice of the material, and the second type of
charge carriers are super-carriers that do not. At temperatures larger than T,
all charge carriers in the superconductor are normal carriers and the charge
carrier density equals the normal carrier density n = n,, (T' > T.). However, at
temperatures below T, the normal carriers start to become supercarriers, and
the charge carrier density becomes the sum of the normal and the supercarrier
densities n = n,, + ns. The density of supercarriers ny at a temperature below
T. is given by [84]
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Figure 2.1: Two-fluid model: Temperature dependence of the supercarrier density
ns and normal carrier density n,.

and the distribution of n, and n,, above and below T, is shown in Fig. 2.1.

According to Drude’s model, the electrical conductivity of a normal con-
ductor can be obtained from the equations of motion of the charge carriers
[85], [86]. For an electron in a conductor, the equation of motion is

du(t
o 430
dt
where e and m, are the electron charge and mass, respectively, and 7 is

= —eﬁ(t) + meéﬁ(t)a (22)

the scattering time, which is the average time between collisions between an
electron and the ion lattice. Assuming that we have an oscillating electric
field £ = Epe™ ™! we can re-write Eq. (2.2) as

= 1
—iwmet = —eE + me—7, (2.3)
T

from which we obtain the velocity

1

er 1

me 1+ twT
Since the electrical current in a conducting material is defined as
J =net = oE, (2.5)
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we can use Eq. (2.4) to obtain the normal state conductivity o, of a material
by substitution

ne2r 1 - ne2r

7= Me 1+in(t): me E(t)<1+(1m)2 _i1+02;7)2)’ (26)

and so the normal state conductivity is

Npe2T . npelwr?

— 3 2.7
me (1 + w?72) Z7716(1—1—(,027'2) (2.7)

Op —

Repeating the calculation for the supercarriers, with 7 — oo we obtain a
velocity

T=—F (2.8)
WM

and superconducting state conductivity

nge?

Og = —1

MW

From this simple approach, it is already possible to see that (i) a super-
conductor will have no resistance to direct currents (os(w = 0) = 00), (ii) it
will have a finite conductivity for alternating currents that will become larger
at higher frequencies, and that (iii) for larger temperatures o, and oy will
increase and decrease, respectively, due to the decreasing ns and increasing

ny (see Eq. (2.1)).

In this work, we have used either direct current, or very low-frequency cur-
rents in the order of hundreds of Hz, and the experiments are performed
at temperatures well below T.. Therefore, no frequency or temperature-
dependent superconducting phenomena will be discussed.
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2.1 Superconductivity

Maxwell-London equations

The Maxwell-London equations are a phenomenological set of equations pro-
posed by the London brothers that, in addition to Maxwell’s equations, de-
scribe the supercurrent density J, and the electric E and magnetic field dis-
tributions B inside a type I superconductor [87]. These equations are

= E 2.10
ot Me ( )
— n862 —
VxJg=— B (2.11)
Me

The first equation states that there are no electric fields inside the supercon-
ductor unless the supercurrent is changing over time, i.e., no electric fields in
the steady state. The second equation states that the supercurrent in the su-
perconductor generates a magnetic field equal to and opposite to the magnetic
field applied to the superconductor. Applying Ampere’s law (V x B = 1o J )
to equation 2.11 we obtain an equation for the magnetic field inside the su-
perconductor

2
B=_—B8B (2.12)

where V is the vector Laplacian operator, pg is the magnetic permeability of
vacuum and Ag, is the London penetration depth, with

Me

,u()nse2 .

AL = (2.13)

This equation describes an exponential decay of the magnetic field within
the superconductor, with a decay constant \j,. Effectively, the magnetic field

is expelled from within the volume of the superconductor, which is said to be in

the Meissner state. Note that because A\;, depends on 1/ng ﬁ the field

will penetrate further inside the superconductor the closer the temperature
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gets to T.. For temperatures equal to and larger than T, there is no field
expulsion.

Ginzburg-Landau equations

The Ginzburg-Landau equations model a superconductor using a wave func-
tion that describes the order parameter in the superconductor [88]. This wave
function is related to the supercarrier density (¥ = ,/nze’).

The equations are [88]

N\ 2
oW + B9 W+ 5 <—hV—2eA) U =0, (2.14)
me
V x B = pgJ, (2.15)
Jo= -2 gy - P (\II*V\II _ \wm*) ,
M 2m,

where £ is the reduced Planck constant, and « and 3 are material-dependent
parameters related to the supercarrier density as —«a/f = |\I'|2

The solutions to these equations are a scalar and a vector field for ¥ and A),
respectively. These fields have a characteristic length. For A the characteristic
length is the magnetic field penetration depth Aqr,, the analog of Ar, in the
London equations, which is defined as

mef3
=4/ ——. 2.1
Aar | 210€?|e (2.16)

For ¥ the characteristic length is the coherence length

h2

2.17
2mjal’ (2.17)

for =
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2.1 Superconductivity

i.e. the length within which W can no longer be considered homogeneous.

The ratio between these two length scales k = Agr/EcL is the Ginzburg-
Landau parameter, which determines whether the material will manifest type
I or type II superconductivity.

Type | and Type Il superconductivity

The values of A\gy and &g, determine the surface energy of the interface
between normal conducting and superconducting regions in a superconductor.
This surface energy is positive for k < 1/ V2 and negative for k > 1/ \/5, which
suggests two different types of superconductors.

For type I superconductors, with £ < 1/ V2, the interfaces between nor-
mal conducting and superconducting regions of the material are energetically
unfavorable. To minimize the interfaces, the magnetic field from within the
whole volume of a type I superconductor will be expelled if the temperature
and the magnetic field are below the critical values T, and B.. A supercon-
ductor with no normal conducting regions within its volume is said to be in
the Meissner state, which is illustrated in Fig. 2.2(a) and (b).

For type II superconductors, with k > 1/ V2, the interfaces between nor-
mal conducting and superconducting regions of the material are energetically
favorable above a certain magnetic field, known as the first critical field §c1-
Thus, the volume within a type II superconductor will be in the Meissner state,
until the external magnetic field reaches B.1. Above §c1, the magnetic field
starts to cross the volume of the superconductor through cylindrical columns
of normal conducting material, through which a single magnetic flux quantum
(¢o = h/2e) flows. These are known as flux vortices or Abrikosov vortices, and
they are a result of flux quantization, which will be discussed in the following
section. As the field increases, more flux vortices form in the superconductor.
Eventually, a value of the magnetic field is reached for which the flux vortices
leave no room for any superconducting volume (see Fig. 2.2(c)). This mag-
netic field is known as the second critical field (B.2), above which the material
becomes normal conducting.
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Figure 2.2: Type I and Type II superconductivity. (a)-(c) Magnetization curves
and (b)-(d) phase diagrams of type I and type II superconductors,
illustrating field expulsion, field penetration by flux vortices, and the
temperature dependence of B., Bc1, and Bca, respectively.

Note that all superconducting properties ultimately depend on the super-
conducting charge carrier concentration ngs. Due to the temperature depen-
dence of ng, the values for the critical fields will decrease for increasing tem-
peratures and become zero at T' = T, as shown in Fig. 2.2(b) and (d).

Magnetic flux quantization

A direct consequence of the expression for the supercurrent density used in
Eq. (2.15), is that within a superconducting loop, the magnetic flux threading
the area within the loop is quantized.
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2.1 Superconductivity

In order to illustrate this, let us imagine a piece of superconducting material
with a hole in a magnetic field B,. Assuming that ¥ = ,/n,e’?, the expression
for the supercurrent in Eq. (2.15) becomes

J, = Z:Z (60 - 2%/?) . (2.18)

Well inside the superconductor, J, is zero, which implies Vo = %eff Inte-
grating both sides of the equation around the hole, we obtain

2 — — — —
Ee A-di'= fve dl, (2.19)
l

where dl is the differential length of the perimeter of the area over which we
integrate.

Using the Stokes theorem ( [, F.dl = [JsV x F-dS) and that V x A = B
we can rewrite Eq. (2.19) in terms of the magnetic field threading the surface
of the hole in the superconductor

§//§-d§:7§ﬁe~df. (2.20)
hJJs

Because V¥ is a continuous periodic function, the result of the integration is

2
§¢ = 27mn

h
¢ = QWN% = Ny, (2.21)

where N is an integer number, which restricts the values of the magnetic flux
through the hole to integer multiples of the magnetic flux quantum ¢g = h/2e.
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Fluxoid quantization

Fluxoid quantization is the same phenomenon as flux quantization, with one
difference. Namely, that when integrating Eq. (2.18) the integral of the su-
percurrent cannot be neglected, either because the magnet field penetration
is large or because the superconducting ring is very narrow.

The condition for the quantized flux threading the hole in the superconduc-
tor becomes

N¢o=¢+A7§fs-dT, (2.22)

m

o M g, )2
where A = 4% = poAf.

2.2 Superconducting levitation

Magnetic levitation of superconducting objects can be achieved in two fun-
damentally different ways. The physical mechanisms are described in the
following sections. However, regardless of the mechanism employed to exert
a trapping force on the object, the conditions for stable trapping are always
the same. First, there must be a potential energy (U) minimum, i.e. balance
of forces, in which the levitated object can rest. And second, at the levitation
point, the potential energy must have positive curvature so that the levitation
is stable, and the particle is confined to the levitation point. These conditions
can be expressed as

VU =0, (2.23)
V32U > 0. (2.24)

Earnshaw’s theorem states that square law forces (such as electromag-
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2.2 Superconducting levitation

netism) cannot be used to hold objects in a stationary, stable equilibrium
in a three-dimensional space [89]. However, this theorem does not apply to
diamagnetic objects in a magnetic field because they only experience repulsive
forces, unlike charges in an electric field, or paramagnets and ferromagnets in
a magnetic field.

We will proceed to explain how these conditions can be fulfilled using Meiss-
ner state repulsion and magnetic flux pinning, respectively.

Meissner-state repulsion

Meissner-state repulsion is a consequence of the null electric resistance in
superconductors. When a magnetic field is applied to a superconductor, a
supercurrent is induced that cancels out the applied magnetic field within the
object, making the total magnetic field within its volume close to zero. This
supercurrent has an energy cost, which means, that the most energetically
favorable magnetic field strength for a superconductor is zero. Assuming a
point-like superconducting particle, the energy is given by the potential energy
of a diamagnet in a magnetic field and a gravitational field

x B*V
U=- + mgz, 2.25

where y is the magnetic susceptibility of the superconductor, B is the mag-
netic field strength, V' is the volume of the superconductor and mgz is the
gravitational potential, with m being the mass, g the gravitational field in-
tensity and z the height of the object. The factor D is the demagnetizing

factor of the superconductor [90]. This accounts for the effective reduction of
the magnetic field around the superconductor, which can be seen as the back-
action of the superconductor on the surrounding field due to the expulsion of
the field from within the volume. In the following calculation, D = 0 because
we assume the superconductor to be point-like, and thus, has no volume.

By applying the stability criterion to the potential energy, one obtains
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VU = —ﬂVQBQ, (2.26)
2410

which is strictly positive for a diamagnetic material, due to y < 0. There-
fore, diamagnetic objects, and especially superconductors (x = —1), can be
stably levitated in the minimum of a magnetic field distribution. Note that
stability of diamagnetically levitated objects requires either (i) the engineer-
ing of a three-dimensional magnetic field minimum with a sufficiently strong
gradient to overcome gravity [Fig. 2.3(a)] or (ii) a two-dimensional magnetic
field minimum within which the third dimension (vertical) is stabilized via a
magnetic force that equals that of gravity. The second kind of trap is known
as magneto-gravitational [54], [68], [91].

Flux pinning

A property unique to type II superconductors is the ability to trap magnetic
flux within the superconducting volume, see Section 2.1. This property can
be used to provide stability to levitated type II superconductors.

To best illustrate this phenomenon, it is simplest to use the opposite case, of
a magnet levitated on a superconductor. If a magnet that generates a nonuni-
form magnetic field B with no translational symmetry (% lr=z,y,- # 0), such
as a dipole, is placed on top of a type II superconductor while undergoing the
transition into superconductivity, an image of the magnetic moment of the
magnet is frozen in the superconductor. At the same time, the superconduc-
tor will repel the magnet due to Meissner-state repulsion, and the magnet will
be pushed upward, as most of the volume of a type II superconductor is in
the Meissner state. If the superconductor were of type I, the magnet would be
held up via Meissner state repulsion, but the system would be unstable in the
directions parallel to the plane. However, due to the frozen flux in the super-
conductor, an attractive force toward the frozen image (see Fig. 2.3(b)) will
act on the particle (as long as there is no translational symmetry), providing
lateral and vertical confinement. In this way, the magnet is fully trapped by
the type II superconductor alone.

Similarly, placing a superconducting object on a magnetized surface (again,
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2.2 Superconducting levitation

with no translational symmetry) leads to the superconductor stably levitating
over the surface. The mechanism for this is much the same, as, during the
superconducting transition, the superconductor will trap the magnetic flux
flowing across it, freezing an image of the magnet inside it. At the same
time, the Meissner-state repulsion will push it upward away from the magnet
and the superconductor will be stably levitated above the magnet due to flux
pinning.

(a) (b) Equilibrium Levita‘ted Magnet

point
AN

""""

Type Il superconductor

Frozen image ﬂ
My

Diamagnetic image

Initial position

Figure 2.3: (a) A superconductor levitated with a quadrupole magnetic field us-
ing Meissner state repulsion. The superconductor is repelled by the
high field regions (thicker lines) and is pushed into the center of the
quadrupole field, where the magnetic field is minimum. Note that the
particle is displaced downward from the quadrupole center due to the
force of gravity. (b) Schematic of a magnet levitated on a type II super-
conductor. The superconductor produces two images of the levitated
magnet. The frozen image is a consequence of flux trapping and the
diamagnetic image is a consequence of Meissner state repulsion. The
dashed line shows the initial resting position of the magnet.
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2.3 Superconducting Quantum Interference
Device (SQUID)

In this thesis, the SQUID plays a key role as a detector for the motion of the
levitated particles. In the following, we will introduce the working principle of
the SQUID, starting with its structural parts, i.e. Josephson Junctions (JJs),
and the fundamental phenomenon they rely on, the Josephson effect. Then
we describe the SQUID itself, and finally how it is used as a magnetometer.

Josephson junctions

Josephson Junctions (JJs) are weak links in superconducting materials that
weaken superconductivity at the linking region. A superconducting weak link
can be achieved in several ways, such as having a nanometer-thin layer of oxide
or metal between two superconductors or making a nanometer-thin constric-
tion in a superconductor (Dayem bridge). The current and voltage across
these weak links are described by the Josephson equations [92], which are
commonly known as the DC and AC Josephson effects, respectively. The
equations are

I = 1I.sin (0) (2.27)
and hds o ds
_ ftdo _ ¢odo

C 2edt  2mdt’ (2.28)

where ¢g is the magnetic flux quantum and 6 = 6, — 0, is the difference
between the phase of the wave function of the superconductors at each side
of the junction (see Fig. 2.4).

The DC Josephson effect states that if there is a phase difference across the
junction, Cooper pairs will tunnel through it, causing a DC current to appear,
which can take values between +1. and —1I..

The AC Josephson effect states that the application of a voltage on the
junction will cause the phase difference (¢) to change linearly over time. Due to
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Weak link

Superconductor 1 Superconductor 2

Figure 2.4: Schematic representation of a Josephson junction and the order pa-
rameter ¥ across it.

)1, ©v

¢=n"do

¢
»V L L >—
1/2 1 do
Figure 2.5: (a) Schematic representation of a DC-SQUID. (b) I-V curve of a DC-
SQUID for one and half a magnetic flux quantum threading the loop.
(¢) V-¢ curve of a DC-SQUID with a current bias above the critical

current of the SQUID.

Eq. (2.27) an alternating current with amplitude /. will appear. The frequency

of this DC current is given by the applied voltage f = %Z—f = %V.

DC-SQUID

A SQUID is a type of Josephson device based on a superconducting loop
interrupted by JJs. A superconducting loop with one JJ is known as an RF-
SQUID and a loop with two JJs is known as a DC-SQUID, which we will

focus on.

When a bias current [, runs through the SQUID, it is split into two currents,
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one for each arm of the loop. In the absence of external flux, and in the case
of identical junctions, the current in each arm is the same. If the external
flux increases, a current is induced in the loop that increases the current in
one arm and decreases it in the other. When the current in one of the arms
overcomes the critical current of the junction at the arm, a voltage across the
SQUID loop appears. This voltage is a function of both I;, and the magnetic
flux in the SQUID loop, as shown in Fig. 2.5(b).

If the DC-SQUID is biased with a current slightly above the critical current
of the SQUID, the voltage across the SQUID will oscillate as a function of the
magnetic flux in the SQUID loop with a period of ¢g, as shown in Fig. 2.5(c).

This means that for magnetic flux changes of the order of ¢y/2, the DC-
SQUID can be used as a very sensitive magnetic flux to voltage converter,
if operated at the point with the maximum slope in Fig. 2.5(c), called the
operation point. The slope at the operation point has the maximum sensitivity
to magnetic flux, called the transfer function (V). However, for magnetic flux
changes larger than ¢ /2, the voltage response of the DC-SQUID to flux can
no longer be considered linear, as it becomes periodic and, thus, multi-valued.

The shortcomings of low dynamic range and nonlinear response can be
overcome by operating the DC-SQUID in tandem with other electronics, which
together make a DC-SQUID magnetometer.

DC-SQUID magnetometer

Linearizing the voltage output of a DC-SQUID provides a very large dynamic
range while keeping its sensitivity, which makes it an excellent magnetometer.
To linearize the voltage output the SQUID is operated with Flux-Locked Loop
(FLL) electronics, shown in Fig. 2.6. The SQUID is biased with a current and
a voltage that will place it in its working point, and then the voltage of the
SQUID is connected to a negative feedback loop, which will flux-bias the
SQUID to preserve the voltage across it.

Whenever an external flux (¢), changes the flux through the SQUID, the
voltage across it changes too. This change in voltage is recorded by an inte-
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2.4 Surface interactions

grator and fed back as a flux (¢¢) through a current and a feedback coil that
cancels out the external flux (¢ = —¢¢), bringing the SQUID back to the
working point.

Bias Signal Generator

Integrator

> S\/FLL
out
FLL switch

R

Figure 2.6: Circuit equivalent of the DC-SQUID control electronics, including the
flux-locked loop (FLL) electronics. The elements inside the dashed line
are cooled to cryogenic temperatures. Figure adapted from [93].

Thus, the output of the integrator (VELL) is proportional to ¢, and is given
by
Ry
VELL — 2 4., 2.29
out Mf ¢ ( )

where Ry is the resistance of the feedback line and M¢ is the mutual inductance
between the feedback inductor and the SQUID (see the elements after the FLL
switch in Fig. 2.6).

2.4 Surface interactions

An important matter to consider when working with micrometer-sized objects
is the surface interaction between that object and the surface it stands on. As
it turns out, the attractive force between a microscopic object and a flat surface
is, in general, orders of magnitude stronger than the gravitational force it will
experience. This adhesion force can be estimated for the case of a sphere
standing on a flat surface, as [94]
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R
62
and for any shape with a flat bottom surface (such as a cylinder) and a flat
surface below, as [95]

FSPvere — _ Ay (2.30)

Se
H6mas’

where R is the radius of the sphere, d is the distance between the flat object

Fllat — A (2.31)

and the plane, S, is the surface of contact between the surface and the flat
object, and Ay is the Hamaker constant, which describes the strength of the
interaction between the materials of the object and the plane it stands on and
has units of energy. The Ay values for the materials used as substrates in our
work are shown in Table 2.1 [95].

| Material | Ay (1x1072J) ||

Silicon 18.6
Silicon oxide 6.5

Table 2.1: Hamaker constants for the materials used as the flat substrates on which
the particles lie.

Because the actual distance between a microparticle and a surface is hard to
determine due to the objects and the surfaces having roughness, it is difficult
to get good estimates of the adhesion force even if the Hamaker constant for
the appropriate materials and the radius of the particle is known. Despite this,
atomic force measurements have shown that the adhesion forces for particles
with sizes of micrometers lie around 100nN [95], [96]. These forces are much

larger than the weight of particles of such sizes, which range from 0.1 pN to
10 pN.

To levitate microparticles, the adhesion force must be overcome either by
the magnetic force generated by the trap or by some other means, like shaking
the substrate the particle sits on with a piezoelectric actuator.
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2.5 Levitated mechanical resonators

2.5 Levitated mechanical resonators

This section explains the physics describing the motion of a levitated super-
conducting particle in a magnetic chip trap. We start by describing how
the frequencies of the COM motion of the levitated particles are calculated.
Then, we describe the oscillatory motion and the effects of anharmonicity and
mode coupling, which are necessary to understand the motion of the levitated
particle within the magnetic chip trap.

Calculation of trap frequencies

The COM motion of a rigid body can oscillate in different ways depending on
its shape. A sphere is the simplest rigid body in terms of COM motion because
it only has three oscillation modes, which are the translational oscillations in
x, y, and z. However, objects with lower symmetry, such as discs and rings,
have translational as well as librational oscillations. Librations are bound
rotations, meaning that the object rotates back and forth instead of rotating
freely.

The translational and librational frequencies of a levitated particle are ob-
tained by calculating the force F; and the torque 7; acting on the particle
within the magnetic trap as a function of position and tilt, respectively, and
are given by [97]

1 O0F;
Wtranslation = -
vm or;’

1 (sTi
iraion:_\/__, 2.

where I is the momentum of inertia of the particle in the axis of rotation of

(2.32)

and

the angle 6;.
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The forces and torques can be obtained either analytically or numerically.
When calculated analytically, one obtains formulas for the force and the
torque, but when using numerical methods one obtains another variable with
which to calculate them. In our case, these variables are the electric and
magnetic fields. The electromagnetic forces and torques acting on an object
subject to an electromagnetic field can be obtained with the Maxwell stress
tensor 1", whose components T;; are given by

1 "
ﬂj = €g <EZEJ — 5613|E|2>
) : (2.34)
+ — (B;B; — =4, EQ) :
Lo < J 92 ]| |

where €y and po are the electrical permittivity and magnetic permeability,
respectively, E; and B; are the vector components of the electric and the
magnetic field, and d;; is the Kronecker delta. The electromagnetic forces and
torques can be calculated via surface integrals as [98]

F = 7{ ATdS, (2.35)
Q

and

7= 7{2 (7 — 7) x (AT)dS, (2.36)

where T is the torque, 77 is the unit vector normal to the particle surface, €2
is the surface of the particle, and 7 and 7 are the application point of the
torque and the center of mass of the particle, respectively.

Harmonic oscillations

A harmonic oscillator is any physical system with a degree of freedom x that
has a restoring constant £ that minimizes its potential energy at an equilibrium
point, and whose potential energy is given by U = kx?/2. For a mechanical
oscillation, i.e. an object moving back and forth, that does not interact with
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the environment (i.e. the mechanical energy remains constant), the dynamics
of the position of the object can be described by

mi 4+ mw?x = 0, (2.37)

where m is the mass of the oscillating object, and w is the angular fre-
quency of the oscillation, which is related to the restoring constant k by
w = y/k/m. The solution to such an equation is a simple sinusoidal func-
tion x(t) = xsin (wt + 0), where 6 is a phase and xg is the amplitude.

The loss of energy to the environment due to viscous drag can be accounted
for by adding a damping term to Eq. (2.37)

mi 4+ myi + mw?x = 0, (2.38)

where 7 is the rate of energy loss from the oscillator to the environment, which
we will refer to as damping. The ratio between the frequency of the oscillator
w and the damping ~y is the quality factor of the oscillator (@ = w/~y). Unless
specified otherwise, we will work under the assumption that v < w (i.e. the
underdamped regime), where the displacement of the oscillator can be written
as

z(t) = Age™ "' sin (wt + ), (2.39)

where Ay is the amplitude of motion at ¢t = 0 [99].

Anharmonicity

An anharmonic oscillator is an oscillator whose expression for the potential

2

energy has terms with orders larger than x*, such as

U = mwiz® + maz® + mpBz*. (2.40)
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Figure 2.7: Power spectra of the displacement of a 2 Hz oscillator with (a) a quartic
(Duffing) and (b) a cubic nonlinearity. Lighter lines indicate larger «
and . Note that the fundamental frequency is shifted due to frequency
pulling (Eq. (2.44)).

Only even terms in the potential can generate restoring forces because only
terms that depend on the displacement to an even power increase the energy
of the system for both positive and negative displacements. Instead, cubic
terms («), and odd terms in general, have the effect of shifting the equilibrium
point and making the restoring force at the two sides of the equilibrium point
different. The quartic terms (3) are known as Duffing or Kerr nonlinearities
that either increase or decrease the restoring force depending on the sign of

3.

Higher-order terms have two effects on the dynamics of the system. The
first effect is that they cause the appearance of higher-order harmonics in
the dynamics, as shown in Fig. 2.7. Cubic terms cause the 2w and all other
harmonics of w to appear, with decreasing amplitudes for higher harmonics.
The quartic (Duffing) terms cause the 3w and all other odd multiples of w to
appear, also with decreasing amplitudes for higher harmonics.

This can be understood trigonometrically. In the equations of motion, the
cubic and Duffing terms depend on z? and z3, respectively. Since z is a cosine
function with amplitude xg, the higher-order terms generate the following
frequency components
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2
22(t) = x3(coswt)? = %(cos 2wt + 1)
(2.41)

|

23(t) = x3(coswt)® = “2(cos 3wt + 3 coswt),
whose amplitude decreases for higher orders, given that the energy in the
harmonic is larger than the energy in the higher harmonics w?x2 > ax} , frg.

The second effect is that they shift the frequency of the oscillator w up or
down, depending on the sign of @ and . This change in frequency, known
as frequency pulling, is illustrated in Fig. 2.7 and can be calculated using the
following naive approach. First, we calculate the resonance frequency as

k 12U
w=1= =y - = Vw3 + Gaw + 12822, (2.42)

and then we calculate the Taylor expansion of the frequency for x — 0 to the
second order of x and we obtain

2 12 9o
W= wp + e (—B - &3) z2. (2.43)
wo wo Wy

2c 902
chubic = w_x - F$2
) 205 0 (2.44)
AWDuPﬁng = —332.
wo

Mode coupling

Just as an oscillator can interact with the environment, two oscillators can
interact with one another. The potential energy of such a system must include
the potential energies of the two interacting modes, plus an additional term
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describing the strength of the interaction, which we will refer to as the coupling
energy FE.. Modes can couple in many different ways depending on their
coupling mechanism, but the general expression for a coupling term between
two modes is

E. = kyyz™y", (2.45)

where the coefficient k;, determines the strength of the interaction between
modes x and y, and m, n determine the order of the coupling. For m =n =1
the coupling between the modes is linear and for m,n > 1 it is nonlinear.
Because the resonance frequencies of the modes are

[k, /1 d2U
T p— —_— —_—— 2-4
w m m dz? (2.46)
[ Ky 1 d2U
Y B R i 2.4
“y m \/ m dy?’ (2:47)

only coupling terms with order 2 or larger in m,n will affect the resonance

and

frequency. To illustrate what the effect of mode coupling on w, , would be,
let us take m = n = 2. Then the potential energy is described as

_ 1,2 2 12 2
U = smw; x” + gmw, y* + E.

1 2

(2.48)
= Qmwxon + %mwzoyz + mkxyxzyQ.

The mode interaction causes the mechanical energy of the modes to flow
from one to the other (see Fig. 2.8(a)). The interaction also causes the fre-
quencies of the coupled modes to be pulled, and this frequency pull can be
calculated using the same approach used to calculate Eq. (2.44). Calculating
the resonance frequency of the x mode, we obtain

ks 1 d?U
“ =\ = Vi = VR 2 (2.49)
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2.5 Levitated mechanical resonators

Then we calculate the Taylor expansion of w, to second order of x under
the assumptions of low amplitudes of the y mode (yy — 0) and assuming that
the energy of the x harmonic is larger than that in the y harmonic and the
mode coupling (w2 x5 > w2 3 , kayxdys). Then w, becomes

ks
Wy = Wy, + w_yyz- (2.50)

Zo

Similarly, for a Taylor expansion of w, to second order of y under the
assumption of low amplitudes of the x mode (o — 0) and that the energy
of the y harmonic is larger than that stored in the z harmonic and the mode
coupling (w7 yg > w2 3, keyTgys), we obtain

ks
Wy = Wy, + —2 2. (2.51)
Wy

Note that the assumptions made for the Taylor expansions of w, and w,
cannot be fulfilled simultaneously. Thus, the frequency pulling due to mode
coupling in the two modes becomes

ky
Aw, = ~ZL 42

Wy

L (2.52)
Awy = Y 42,

wyo

The mode coupling also causes the appearance of frequency mixing, that
is, resonances with frequencies that are linear combinations of w, and w,.
This can also be understood trigonometrically from the coupling terms in the
equations of motion. Assuming that both x and y oscillate in time as a cosine,
the coupling terms will produce oscillations of the following form
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Figure 2.8: (a) Energies of a system with two coupled oscillators with frequencies of
2Hz (x) and 3Hz (y). The total energy, that is, the sum of the energy
of the modes plus the coupling energy (E.) remains constant, while the
energies of the two modes and the energy of the mode coupling vary in
time. (b) Power spectrum of the motion of the two oscillators showing
a small shift from the uncoupled resonance frequencies (Eq. (2.52))
and additional peaks originating from frequency mixing, i.e. linear
combinations of the frequencies of the two modes (Eq. (2.53)).

2
22 (t)y(t) = % (2 coswy + cos (2wy + wy) + cos (2w, — wy)) 2.59)
D

2
z(t)y?(t) = a:04y0 (2 coswy + cos (2wy + wy) + cos (2wy — wy)) ,

the mixed frequencies are shown in Fig. 2.8(b).

In Paper C we find the nonlinear coefficients and the coupling coefficients of
the z, y, and z modes of the COM motion using our FEM model of the trap
and the particle and show that they explain the measured frequency pulling.
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CHAPTER 3

Methods

This chapter describes the methods used to model magnetic traps and mag-
netically levitated superconductors, as well as the fabrication processes used
to make chip traps and microparticles. We will explain the basic operation of
the cryostats where the experiments were performed, how the motion of the
levitated particles is measured, and how it is controlled using feedback.

3.1 Modeling

In the following, we will introduce the methods used to model the magnetic
traps.

First, we show analytical equations based on Maxwell’s equations and on
idealizations of the actual magnetic traps. They capture the physics well
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Chapter 3 Methods

enough to predict properties such as trap stiffness. However, they fail to
capture effects from arbitrary shapes both of the superconducting particle
and the magnetic field distribution. These effects must be taken into account
because they change the trap properties and can make them unstable.

In order to account for such effects, we use numerical simulations based on
the Maxwell-London equations and the actual geometry of both the magnetic
trap and the particle. The numerical model provides a full picture of the
magnetic field distribution of the trap and the particle, which contains the
information needed to describe the full dynamics of the particle motion, i.e.,
trap frequencies, libration, and nonlinearities.

Analytical model

As shown in Section 2.2, the energy of a superconductor in a magnetic field
can be calculated analytically, provided that one can approximate the super-
conducting object as a point particle. Thus, an analytical formula for the
potential energy of a magnetically levitated superconductor can be found,
provided that there is also an analytical formula for the magnetic field distri-
bution.

Fortunately, magnetic traps that consist of magnets and coils can be ap-
proximated to collections of one-dimensional current loops with varying radii,
current, and orientation. The magnetic field distribution generated by a one-
dimensional current can be calculated analytically using the Biot-Savart law

By =101 [ X o

27 |(F—7m)]3 "’

where [ is the current in the loop, 7 displacement of the current with respect
to the origin, and 7 is the point at which the field is being calculated. In our
case, to obtain the equation describing the magnetic field, we solve Eq. (3.1)
for a circular current loop, where [ is the differential line element of a circle.

The equations for the vector components magnetic field generated by a
current loop of radius a and current I, with the origin of the coordinate
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system centered at the center of the loop, are [100]

Cuaz 2 2 2y _ 42 2
"= 50252 [(a® + %) E(K?) K(k*)] (3.2)
. Cyz a2 4 2 2) _ o2 2
V= 5a25,2 [(a* +r*)E(K*) — * K (k?)] (3.3)
B, = 2025, [(a2 + rz)E(kQ) — oz2K(lf2)} (3.4)

where C' = pol/m, p? = 22 + 42, r? = 22 + y?> + 22, K and E are ellip-
tical integrals of the first and second kind, respectively, k? = 1 — o?/j3?,
a® = a® + 1?2 — 2ap and B? = a? + %2 + 2ap. Because of the presence of
elliptical integrals, these formulas can only be evaluated numerically. How-
ever, numerical evaluation of such integrals is perfectly feasible with current
desktop computers and is much faster than finite element analysis.

These equations can be used to analytically calculate the magnetic field
distribution of one current loop above another, with counter-propagating cur-
rents (Fig. 3.1(a)). This type of arrangement is known as an anti-Helmholtz
coil, which generates an almost magnetic quadrupole field distribution be-
tween the coils, and is very similar to the magnetic field that our magnetic
chip traps generate.

These equations can be used to estimate the properties of the magnetic
traps, such as the potential energy landscape that the particle will experience
in the trap and thus, magnetic forces, trap stiffness, and trap frequency (see
Section 2.5).

These equations have been used to make fast and reasonably accurate esti-
mates of the stability and properties of different magnetic trap architectures,
which have been very useful in designing magnetic traps.
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Chapter 3 Methods

Figure 3.1: (a) Schematic representation of two current loops and (b,c) cut planes
of their corresponding magnetic field distribution calculated with
Egs. (3.2) to (3.4).

Image method

A magnetically levitated superconductor can also be modeled as a set of cur-
rents within the superconducting volume that mirror the magnetic field out-
side the superconductor. In order to calculate the currents within, the mag-
netic field normal to the surface of the superconductor is set to zero using the
boundary condition

B(r) - () = 0, (3.5)

where B(7) is the magnetic field and 7 is the surface vector that defines the
surface of the superconductor.

Given an external magnetic field and the geometry of the levitated super-
conductor, the equations for the magnetic field and the supercurrent distribu-
tions inside the superconducting volume can be found [97], [101]. Analytical
solutions for simple cases such as a spherical superconductor in a quadrupole
field are available [102]. However, analytical solutions for complex shapes for
the particle and the magnetic field distribution are very hard to find. We will
not go into detail on the image method as this method has not been used for
the design or the simulation of the devices, but it deserves mention as it is
touched upon in Paper A.
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Finite element method

In this thesis, we have made extensive use of finite element method (FEM)
simulations to study, design, and understand different types of magnetic traps.
FEM is a necessary tool in order to account for asymmetries, extended vol-
umes, and complex geometries of both chip-based traps and superconducting
particles. Specifically, the openings of planar coils (Fig. 3.10), and the non-
negligible size of the superconducting particles with respect to the magnetic
trap (Fig. 3.6), lead to significant deviations from analytical models [37].

For this purpose, we developed a new FEM implementation of superconduc-
tivity based on the A-V formulation. What this means is that the magnetic
and electric fields are expressed as functions of an electric scalar potential (V)
and a magnetic vector potential A as

B=VxA (3.6)

L - dA

E=-VV+—. .
+— (3.7)

Thus, the dependent variables for which the Maxwell equations are solved
are the magnetic vector potential A and the electric scalar potential, i.e. the
voltage V. The choice of A-V formulation over other formulations such as
T-Q formulation (where V x T = J and Q is a scalar potential associated
with magnetic surface poles) or H formulation, that have other dependent
variables is that it is relatively simple to implement the Maxwell and London
equations in terms of A [103].

The equation we used to implement superconductivity is based on a sim-
plification of Eq. (2.18) for the supercurrent in which the phase of the wave
function # is neglected, which results in

. 1 -
J, = —WA, (3.8)
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Figure 3.2: Cut planes of the magnetic field distribution of a superconducting
sphere levitated inside a magnetic chip trap with 0.5 A running in the
coils. The zero of the coordinate system is the center of the bottom
coil.

where A\, = # is the London penetration depth, ng is the supercarrier

density, and e and m,. are the electron charge and mass, respectively.

Implementing Eq. (3.8) in the FEM software as an external contribution
to the current density in the superconducting domains allows to model said
domains as superconductors in the Meissner state. What this means is that
the models will compute a magnetic field distribution within the superconduc-
tor that will account for finite A;, and will also calculate the current density
distribution within the superconductor. A typical simulation of the magnetic
trap and the levitated particle is shown in Fig. 3.2.

In our simulations, the Maxwell equations are solved in the quasi-static
regime, so all time derivatives equal zero and thus play no role. That said, it
is possible to model superconductors in the frequency regime using the same
approach, which we demonstrated by simulating superconducting co-planar
waveguides in the microwave regime in Ref. [79].

We must also point out that this implementation of the Maxwell-London
equations provides accurate results only for type I superconductors in the
Meissner state and for type Il superconductors in magnetic fields B < Bc;.
For B > B.; magnetic flux vortices will start nucleating in the superconductor
and Eq. (3.8) is insufficient to capture the physics of the system.

Additionally, because our model does not account for the contributions of
the wave function’s phase [right-hand side of Eq. (2.19)], the implementation
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of Eq. (2.18) doesn’t account for fluxoid quantization.

However, we can account for flux quantization ad hoc by neglecting the
magnetic flux threading the superconducting material at the edge of a hole in
a superconductor, i.e., the magnetic flux threading the outermost part of the
superconductor, where the magnetic field penetration depth allows part of the
external magnetic field in the volume. This approximation is valid provided
that the dimensions of the superconductor with the hole are much larger than
A [104].

We implement flux quantization in our FEM models in an ad hoc manner
by defining the area of a hole in the superconductor over which Eq. (2.18)
is integrated. We impose an arbitrary amount of trapped flux (N®() and
an additional contribution to the current density in the ring such that the
constraint

N®y — Ppole =0 (3.9)

is fulfilled within the area of the hole in the superconductor. In this way,
quantized flux in a hole inside a superconductor can be modeled, which is
essential to understanding the behavior of levitated superconducting rings

37].

The output of the FEM simulations are the electric field (E), magnetic
field (B), and current density (J) distributions within the simulation box.
Knowing the magnetic field distribution inside and outside the particle (see
Fig. 3.2), allows us to calculate the magnetic force acting on the particle by

means of the Maxwell stress tensor T, as described in Section 2.5.

3.2 Fabrication

In the following, we will describe the fabrication process of superconduct-
ing particles, as well as the fabrication and assembly of the magnetic traps
produced during this thesis.
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Note that for all microfabrication processes, we have used undoped sili-
con wafers with [100] crystallographic orientation. This was done because
all superconducting materials we can deposit in our clean room facilities are
compatible with silicon substrates and because there is a wealth of knowledge
and expertise on silicon microfabrication.

We have used niobium as the superconducting material of choice for micro-
fabrication. The reasons for this are that niobium has a critical temperature
(of 9K) well above 4K, which was the base temperature of the first cryo-
stat used for levitation experiments. Further, niobium has one of the largest
critical current densities among superconductors (we have measured up to
50 GAm~2 for niobium wire-bonds compared to 1 GAm™2 for aluminium)
[105], [106], and it also has a very large first critical field (B.; =170mT)
which means it can be considered to be in the Meissner state up to rather
large fields [107].

Particles

Even though only near-spherical particles have been levitated in the experi-
ments shown in this thesis, two types of superconducting microparticles have
been produced. Flat rings and discs made of niobium via microfabrication,
and spherical lead particles via ultrasonic cavitation. Tin-lead spheres have
also been levitated, but they were purchased, not manufactured. In the fol-
lowing, we will explain the fabrication processes for each type of particle.

Microfabrication of disks and rings

The fabrication of flat microparticles starts with spin-coating a layer of pho-
tosensitive resist on top of a Silicon substrate. The resist is heated up to
180 °C for 5min in order to remove all remaining solvents in the resist. This
is known as "hard-baking" and it is done so that when the niobium is sputtered
on the resist, the solvent doesn’t produce bubbles under the deposited layer.
Then we sputter a niobium layer on top of the resist, see Fig. 3.3. After that,
another layer of resist is spin coated and patterned with a laser-writer lithog-
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Figure 3.3: Process flow for the fabrication of planar niobium particles.

raphy machine. The resist is developed, and the exposed niobium is removed
by reactive ion etching (RIE). At this point, the particles are standing on top
of a support made of resist, which is then removed by oxygen plasma. This
drops the particles on the Silicon substrate with no attachment other than
the surface interaction (see Section 2.4).

This process has the key advantage of being able to fabricate the particles
in situ, i.e., inside the magnetic traps, and leaving them detached from the
substrate for further manipulation (Fig. 3.5). Furthermore, one can fabricate
particles of arbitrary shapes, as long as they are planar, see Fig. 3.4. The
drawback is that due to their planarity, the contact surface between the par-
ticle and the substrate is much larger than that of a sphere with a plane, and
so the adhesion force is also much larger, which makes lifting them off the
substrate, and thus levitating them, harder.

Ultrasonic cavitation of microspheres

We produced lead microspheres through the process known as ultrasonic cavi-
tation [108]. In this method, a pellet of lead is placed inside a borax vial filled
with silicone oil, which has a boiling point of 390°C. This implies that this
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(a)

200um 200um
— —

Figure 3.4: Scanning electron microscope (SEM) pictures of arrays of planar nio-
bium particles of different sizes with the shape of (a) circular rings,
(c) ellipses, and (d) elliptical rings. (b) Magnified view of a circular
niobium ring. All the particles are 1 pm thick. All pictures have been
taken using a top view detector, that is to say, pictures (c) and (d) do
not show circular particles viewed at an angle, but actually elliptically
shaped particles.

process only works for materials with a melting temperature lower than this
boiling point. A flame is used to heat up the contents of the vial up to the
melting temperature of lead 330 °C, which makes the liquid lead precipitate
to the bottom of the vial. Then, the ultrasonic transducer is turned on for
10s, which makes the steel rod shake the liquids and disperses the liquid lead
into micro droplets that float in the silicone oil. After that, the flame is ex-
tinguished and the sudden drop in temperature causes the droplets to freeze.
This results in the vial being filled with lead micro powder, with particles of
many sizes and shapes, some of them almost completely spherical.

In order to separate the particles from the silicone oil, the dispersion is
diluted with hexane, centrifuged at 6000 rpm for 1 minute, and then further
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10pm.

Figure 3.5: SEM pictures of (a) niobium rings fabricated within planar magnetic
traps and (b) the same rings being picked and placed with a microma-
nipulator inside the SEM.

diluted with acetone and iso-propanol. The particles after rinsing are shown
in Fig. 3.6(b). Once the particles are clean, we cast some droplets of the
clean dispersion on a chip, and we can pick out individual spheres with a
micromanipulator under an optical microscope.

(a) (b)

Ultrasonic transducer

—— Borax vial

Steel rod
— Silicone oil

Lead pellet

Figure 3.6: (a) Schematic representation of the ultrasonic cavitation setup used
to produce lead microspheres (adapted from [108]) and (b) scanning
electron microscope picture of the resulting lead microspheres.
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 —

Figure 3.7: SEM pictures of several generations of planar traps in chronological
order. The cross-like trap structure in (d) has 500 windings in total.

Planar traps

The first generation of chip-based magnetic traps was based on planar coils.
This was done because the modeling of such structures predicted stable trap-
ping of superconducting particles [37]. While that was correct, we failed to
account for the strength of the Van der Waals interactions between the particle
and substrate (Section 2.4). The planar traps were able to move the particles,
but despite the number of windings [up to several hundred Fig. 3.7 (d)], they
were never capable of levitating them because they could not generate strong
enough magnetic fields.

Despite this, we managed to develop a very robust fabrication process,
which we later used for fabricating the two-chip traps and the niobium rings
and discs (see the following Subsection). The process [illustrated in Fig. 3.8]
starts with a 1 pm thick layer of niobium sputtered on a Silicon substrate. We
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Figure 3.8: Process flow for the fabrication of planar traps. The superconducting
coils of the two-chip traps are fabricated in the same way.
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Figure 3.9: Process flow for the fabrication of the holes in the top chips of the mag-
netic two-chip traps. The fabrication starts from step (4) in Fig. 3.8.

6) l Bosch process

(

would have preferred thicker layers of niobium to carry as much current as
possible, but thicker niobium layers detached from the silicon substrate due
to excessive amounts of stress in the deposited film.

The niobium layer is patterned by means of laser lithography and RIE. This
will result in a silicon chip with several niobium coils, see Fig. 3.10(b).

Two-chip traps

To levitate the superconducting particles, we have used two-chip stacks, each
containing planar coils of their own. The fabrication of the bottom chip is the
same as for the planar traps, shown in Fig. 3.8.
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Bottom Chip

Figure 3.10: Top view of (a) the top chip and (b) the bottom chip of a two-chip
trap.

To produce the top chips, we start with the same fabrication process as
the bottom chip and the planar traps. After that, a hole must be etched
within the inner radius of the trap coil through the entire substrate, so that
there is a volume within which we can place and levitate a microparticle.
The fabrication process for this is illustrated in Fig. 3.9. For this purpose,
an aluminium layer is sputtered on the device, and an opening is created in
the trap region via lithography and wet etching of the aluminium. Then the
device is etched using the Bosch process, which etches silicon anisotropically,
allowing us to etch a hole from top to bottom of the Silicon substrate. The
remaining aluminium is etched away, and the top chip is finished. A top view
of the resulting chip is shown in Fig. 3.10(a), where the black regions are holes
in the silicon substrate.

Vias

One of the limiting factors in how strong a magnetic field can be generated by a
planar coil is how many windings the coil can have. A planar coil configuration
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Figure 3.11: Process flow for the fabrication of vias on a planar coil. The process
starts after step (4) in Fig. 3.8.

without crossings implies that (i) there must be an opening in the coil and (ii)
that each new winding has to go around the first contact pad (see Fig. 3.10).

One way to avoid these issues is to introduce crossings in the form of vias,
which are interconnects going either above or below other structures on the
same chip. The fabrication process is shown in Fig. 3.11. Once a planar coil
has been fabricated, it is covered under a layer of silicon dioxide grown via
Atomic Layer Deposition (ALD). The silicon dioxide acts as an insulating
layer between the coil at the bottom and the interconnect at the top. It
is important that the layer is chemically grown with ALD because chemical
deposition (as opposed to physical deposition, such as sputtering) of materials
is conformal. This means that the layer grows on the top surfaces as well as
on the sidewalls, which will fully insulate the coil underneath.

If this insulating layer were sputtered, the top layers would be covered, but
not the entirety of the sidewalls due to the niobium structure being rather tall
(1 pm), which would lead to undesired electrical contacts.

Then the silicon dioxide layer is etched at the areas where the coil under-
neath has to be electrically connected. A new niobium layer is sputtered and
patterned to leave only a wire connecting those two areas, closing the circuit
of the coil. An actual via is shown in Fig. 3.12.

Despite the fact that the fabrication process worked, no vias have been
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= 10P ND layer
contacts

SiO, layer
openings

Figure 3.12: SEM pictures of a planar multiwinding coil. The entirety of the chip

52

is covered in silicon dioxide, except the areas marked in red and blue.
The red area indicates where the silicon dioxide has been etched away,
and the blue area indicates the second layer of niobium, which has
been patterned into a wire that connects the wire-bonding pad (big
square on the left) and the contact inside the multiwinding coil (inset
on the right). The insets show larger magnification pictures of the
vias.
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used in the devices shown to levitate particles in this thesis. The reasons
are twofold. First, while the designs could benefit from having vias in that
they would generate stronger magnetic field gradients, the benefit would be
marginal. Second, the ALD machine has proved unreliable in that it has been
idle in need of servicing for a longer time than it has been functional. Thus,
it was decided to not continue with this kind of trap.

Trap assembly

The magnetic trap is composed of two chips, each with several micro-fabricated
sets of niobium superconducting coils, see Fig. 3.10. The chips are manually
stacked on top of each other and aligned under an optical microscope. Once
a satisfactory alignment has been achieved, minute droplets of BF-6 glue are
applied with a micro-pipette to the corners of the bottom chip, and the sample
is left to dry.

After the two-chip trap is assembled it is glued to a sample holder that car-
ries niobium bonding pads, and the chip coils are wire-bonded to the contact
pads on the sample holder with 25 pm diameter niobium and aluminium wire
with a wedge-bonder (Fig. 3.13). In order to wire-bond with niobium wire,
the wire must first be softened by heating. This is done by applying 150 mA
of current to a 17 cm long piece of wire inside a vacuum chamber for five min-
utes [109]. This temporarily softens the wire, such that wire bonding with it
is possible up to a week after softening. Niobium is preferred for wire bonding
because it has both a larger critical current density and critical temperature
than aluminium (the material used by default), which allows us to operate
the trap without heat dissipation below the critical temperature of niobium

(9K).

Thus, the primary function of the niobium wire bonds is to carry the trap
current without heat dissipation, whereas the aluminium bonds serve as a
fail-safe in case the critical current of the niobium bonds is reached.
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Figure 3.13: Optical microscope pictures of an assembled two-chip trap with the
wire bonds between the two chips and the sample holder. (b) Picture
of the connections between a two-chip trap and a twisted pair of
superconducting wires used to provide electrical current to the coils
in the trap. (c) Picture of the copper sample holder with a wire-
bonded two-chip trap.

3.3 Setup and measurement techniques

Cryogenics

All the experiments presented in this thesis have been performed at cryogenic
temperatures. Two dry (i.e., liquid helium-free) cryostats were used during
this thesis. The first experiments were performed in a AttoDRY800 cryostat,
which uses a Gifford-Mac Mahon (GM) cooler, and can cool the experiment
down to 4.5 K. The later experiments were performed in a BlueFors LD250
dilution refrigerator, which uses a pulse tube cooler and a dilution refrigeration
unit, and can cool down the experiment down to 50 mK. The following sections
explain the working principle behind each cryostat.

Gifford-Mac Mahon cooler

A GM cooler is a cooling machine based on the Gifford-MacMahon cycle. This
cycle is based on isobaric compression and expansion of Helium gas at the
cold side of a container, represented in Fig. 3.14. In the first step of the cycle,
high-pressure Helium is pushed into the volume of the cooler. In the second
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step, the regenerator, which is a solid piece of porous material with a large
heat capacity, is displaced towards the hot side of the container, isobarically
expanding the gas near the cold end. Then, in the third step, a valve switches
the high-pressure helium for lower-pressure helium, isochorically reducing the
pressure, which causes the volume to cool. Finally, in the fourth step, the
regenerator is pushed back to the cold end, and the cycle repeats.

(@) P

FEEN—
EIEE|—

Figure 3.14: (a) Steps of the GM cycle illustrated in the GM cooler and (b) in a
P-V diagram.

V
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Current GM coolers can achieve temperatures as low as 2.5 K [110]. Com-
pared to pulse tube coolers with the same cooling power, GM coolers are
cheaper, and can operate with any orientation, but generate more vibrations,
and require more frequent maintenance.

Pulse tube cooler

A pulse tube cooler also provides cooling by using decompressing gas. A
compressor pushes high-pressure gas (typically 19 bar Helium) through a re-
generator. The regenerator is a piece of porous material within which the
high-pressure gas is forced into a large volume through many small constric-
tions, causing the gas to expand and cool down. The gas then exchanges heat
with the environment (the cryostat) and the now hotter gas is sent out, cooled
with a heat exchanger, and re-compressed by the compressor to start the cycle
anew.
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Figure 3.15: Schematic representation of a pulse tube cooler.

Pulse tube coolers have advantages over GM coolers; they can reach lower
temperatures (down to 2.2K [111]) and they produce fewer vibrations due
to them having no moving parts near the cold head (T¢o1q). However, they
still generate some vibrations due to the moving gas within the cold head.
Further, they are more expensive than GM coolers of the same cooling power,
and they can only operate vertically with the cold head facing downward when
operated at low frequencies (1-3 Hz) [112].

Dilution refrigeration

Dilution refrigerator (DR) systems are the only cooling machines that provide
continuous cooling power at temperatures below 300 mK and can achieve tem-
peratures <10 mK without moving parts. A DR uses the endothermic mixing
of the two isotopes of helium, 3-He and 4-He, to provide cooling. To use the
dilution refrigeration cooling cycle, one must first liquefy a 3-He and 4-He
mixture, so a temperature below 4.2 K must be reached by some other means.

Below 2.7 K, pure 4-He undergoes a phase transition from a normal fluid
to superfluid. Diluting the 4-He with 3-He decreases the superfluid transition
temperature, see Fig. 3.16. At temperatures lower than 0.8 K the 3-He/4-
He mixture will separate into two phases: a concentrated 3-He phase (with
normal 4-He) and a dilute 3-He phase (with superfluid 4-He). Near absolute
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Figure 3.16: Phase diagram of 4-He/3-He mixture, adapted from [113].

zero temperatures, the concentrated phase becomes pure 3-He, while the dilute
phase still contains 6.4% of 3-He. Because the energy of 3-He in the dilute
phase is larger than in the concentrated phase, energy is required to move
3-He atoms from the concentrated to the dilute phase. This energy is taken
from the environment in the vicinity of the helium mixture, which is where
the experiment is fixed (mixing chamber).

The implementation of this process is shown in Fig. 3.17. On the mixing
chamber of the dilution refrigerator sits a U-shape tube. One side of the tube
is pumped. Because the vapor pressure of 3-He is larger than that of 4-He, the
mixture on this side of the tube continuously loses 3-He. The evaporated 3-He
is pumped to the other side of the tube (concentrated phase) and dissolves in
the 4-He, absorbing heat.

Magnetic shielding

Because the particle motion is measured via the magnetic flux perturbations
it produces as it moves, the reduction of background magnetic fields and
magnetic noise is of great importance.

In order to reduce magnetic noise in the experiment, a multilayered combi-
nation of high permeability and superconducting shielding is employed. High
permeability materials (such as mu-metal and cryoperm) are materials with
very large relative magnetic permeability (u,). They can be used as mag-
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Figure 3.17: (a) Schematic view of a dilution unit and (b) a picture of a dilu-
tion unit of a Bluefors dilution refrigerator (figure from Bluefors User
Manual).

netic shields because they draw magnetic field lines inward to their volume
[Fig. 3.18(a)]. Superconducting materials also provide magnetic shielding
due to the fact that they expel magnetic fields from within their volume
[Fig. 3.18(b)]. If a basket is made from either of these materials, and a mag-
netic field is applied to them, the magnetic field within the basket B;, will be
lower than the field outside Bgy.

Note that mu-metal shields provide magnetic shielding from room temper-
ature, whereas superconducting shields provide magnetic shielding only below
their critical temperature.

The magnetic trap is placed within two baskets, the innermost made of
niobium and the outermost made of mu-metal Fig. 3.19 (a). These baskets
are wrapped with a lead basket with a lead cover, both of which are coated
with aluminium and mu-metal foil (Fig. 3.19 (b)). The mu-metal shields
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Figure 3.18: Cross-sections of FEM simulations of the magnetic field distribution
around (a) a mu-metal basket and (b) a superconducting basket under
a vertical homogeneous magnetic field.

the superconducting shields within it during cooldown. Once the niobium,
lead, and aluminium become superconducting, they provide further magnetic
shielding.

We note that our samples are not shielded by the superconducting shields
during cooldown, only the mu-metal tape. This is because the samples are
made of niobium, which has a larger 7, (9.1 K) than both aluminium and lead
(1.1K and 7.2K, respectively). That is to say, there is no superconducting
shielding of the magnetic traps until below 9.1 K.

In our experiments, we found that the basket arrangement [Fig. 3.19 (a,b)],
despite having a lid, shields the external magnetic field less than the alu-
minium cover around the still can [Fig. 3.19(c)]. This was tested by waving
a magnet outside the cryostat and checking whether the SQUID magnetome-
ter could detect the changing external magnetic field. Doing this test at 4 K
allows us to test the magnetic shielding of the niobium and lead baskets to-
gether, and by doing the test at 50 mK we test the magnetic shielding of all
magnetic shields, aluminium included.

How much magnetic insulation a magnetic shield provides is quantified with
the shielding factor (Bout/Bin). The shielding factor of a magnetic shield
shaped as an open-ended box is larger for boxes with a larger aspect ratio,
regardless of the size of the opening of the box [114]. The shielding factor
achieved in the experiment is hard to assess because we do not know the
magnetic field strength of the noise outside the magnetic shielding (unless
we run the experiment with no shielding). FEM simulations of the shields
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Figure 3.19: Magnetic shields shown from innermost to outermost, highlighted

within the white dashed lines. (a) The innermost magnetic shield
made of a Niobium basket inside a cryoperm basket on the sample
stage of the dilution refrigerator. The inset on the top right shows
a top view of the sample stage with a sample inside the magnetic
shield basket. (b) Intermediate magnetic shield made of layers of
lead, mu-metal, and aluminium that wraps around the entire sam-
ple stage. (c) Outermost magnetic shield made of aluminium foil
wrapping the entire still can. (d) Schematic representation of all the
magnetic shielding in the dilution refrigerator, not to scale.

predict shielding factors of the order of 10® for vertical magnetic fields and
10! for horizontal magnetic fields. In order to improve these factors, we must
either use more layers of magnetic shielding or, preferably, use deeper magnetic
shields with no openings except on the top.

Ideally speaking, we require a shielding factor such that any external mag-
netic fields generate flux signals lower than the noise floor of the SQUID (Sg¢)
(see Section 4.3).
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Particle motion detection

In the following, we describe the methods by which the motion of the levitated
particle has been measured, that is, optically and via inductive coupling to a
DC-SQUID magnetometer.

Optical detection was used initially as an unequivocal way to prove that
the particle levitates. However, optical detection of a levitated superconduct-
ing particle has two considerable drawbacks. First, the spatial resolution is
limited to that of the microscope used for imaging which will be diffraction
limited at best, with an ultimate resolution of half the wavelength of the light
used for imaging. One can use interferometric schemes to detect the particle
displacements to achieve much better spatial resolutions, but then we run into
the second drawback.

The superconducting particle will absorb any light with photon energy
larger than the superconducting gap, which is in the frequency range be-
tween microwaves and infrared (1 x 102 Hz). Any light more energetic than
that will break Cooper pairs in the particle, which will slowly become normal
conducting and fall down.

Thus, optical detection with a microscope is not well suited for precise
particle displacement detection, and interferometric measurements are well
suited only for fast measurements because of the properties of the particle
changing during the measurement.

Inductive coupling of the particle to a DC-SQUID magnetometer is a non-
destructive way to measure the particle position. Because the particle motion
disturbs the magnetic field of the trap, it generates changes in the magnetic
flux around it. Coupling this magnetic flux to a DC-SQUID magnetometer
allows for the detection of displacements that generate flux changes as low as
the noise floor of the magnetometer, provided no other sources of magnetic
flux are present.
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Optical detection

To detect the particle motion via optical means, we made use of a lens and a
mirror which were held on top of the magnetic trap inside the cryostat. The
lens was used to collect the image of the surface of the bottom chip, where
the particle is sitting during the cool-down. The collimated beam with the
image of the particle inside the trap is reflected by a tilted mirror towards a
set of windows on the vacuum cans of the cryostat.

(a) Room T LED Cryostat
f=30MmM
Chromatic filter =

f=200mm et — e e -
r Mirror 1

¢ |
Camera £ fo1mm
f=30mm l ji l

Beam splitter

View ports

Figure 3.20: (a) Schematic of the optical detection setup, showing both the illumi-
nation and imaging paths of the light in red and black, respectively.
Drawing not to scale. (b) Picture of the setup with the cryostat open.

Outside the cryostat, the collimated light is focused on a CMOS camera by
an additional lens. To illuminate the particle, we used a white LED whose light
is first collimated by a lens and then focused on the back focal plane of the lens
inside the cryostat. This illumination scheme, known as Koéhler illumination,
creates a collimated light beam that illuminates the sample evenly over the
field of view [115]. The complete setup is illustrated in Fig. 3.20. In this way,
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we could record videos of the particle lifting off and levitating.

With a tracking algorithm, we could use the frames of the videos to track
the center of the particle and study the particle motion, provided that the
amplitude of the motion was large enough to be resolved by the microscope
(our microscope’s resolution was about 2 pm). This was done after recording
the videos because the tracking algorithm was not fast enough to track the
particle in real time.

SQUID-based detection

When levitating, the particle oscillates around the levitation point, which is
slightly below the point with the least magnetic field intensity due to grav-
ity. As the particle moves, it perturbs the magnetic field distribution inside
the trap due to magnetic field expulsion from within the particle. This field
perturbation changes the magnetic flux through the pick-up loops inside the
trap (Fig. 3.23(b)), which in turn will induce a current in the pick-up loops.

By connecting these pick-up loops to the input coil of a DC-SQUID mag-
netometer, we can transport the flux induced by the particle motion to the
SQUID sensor. These loops are wire-bonded to niobium pads on the sample
holder, and a twisted wire pair of enamel-coated 100 pm diameter Nb cables
connects the sample holder pads to the SQUID input coil (Fig. 3.21). In this
way, the voltage output of the SQUID sensor is directly proportional to the
flux induced by the particle in the pick-up loops and is given by

VFLL _ gzﬁ N RFMinput
out — ¥PPick-up )
MFinput(LPick—up + LParasitiC + Linput + LFin)

(3.10)

where Rr and Lg are the resistance and inductance of the feedback circuit,
respectively, Minpye is the mutual inductance between the SQUID input in-
ductance Linpyt and the SQUID, Lpjck-yp is the inductance of the pick-up loop,
Lparasitic 1s the parasitic inductance of the wire-bonds and twisted cable pairs
between the pick-up loop and the SQUID, Linput is the inductance of the flux
transfer circuit that is coupled to the feedback circuit, Mpinpyt is the mutual
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Figure 3.21: Circuit equivalent of the electronics used for the SQUID detection of
the levitated particle.

inductance between the Ly and the SQUID, and ¢pjck-up is the magnetic flux
threading the pick-up loop.

Lpick-up can either be simulated or calculated as [116]

Leieuw = HoR(0g(16R/w) — 2 + log(4) + 2n\2/wt),  (3.11)

where pg is the magnetic permeability of the vacuum, R is the inner radius of
the loop, and w and t are its width and thickness.

Lparasitic of the twisted Nb wire can be calculated as [117]

Mol 2s
L arasitic — In ) 3.12
e = 4001 (%) (3.12)

where s is the separation between the center of the twisted wires, d is the
diameter of the wire conductor, and [ is the length of the twisted wire pair.

Another important magnitude is how much of ¢pjck—_vp is transported to
the SQUID. This magnitude is called flux transfer efficiency ng.x and is given
by the ratio
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Min
Moy = 2SQUID._ put . (3.13)
¢Pick7up Linput + LParasitic + LPick—up + LFin

It is important to note that while the SQUID magnetometer is sensitive to
particle displacements, it does not measure the displacement of the levitated
particle, but rather, it measures the magnetic flux caused by the particle
displacement.

Assuming that the smallest possible signal one can measure is twice as
large as the noise floor of the sensor, then it is not possible to detect particle
displacements that produce flux signals with an amplitude lower than twice
the intrinsic noise floor of the SQUID, which is Sys ~ 1ndoHz % for the
sensors in our setup. For the pick-up loops in our devices, the magnetic flux
per unit of particle displacement is estimated to be n = 10 m$opm !, and the
flux transfer efficiency ngux = 3.1 - 1072 (see supplemental material in Paper
C). If we were limited by the noise floor of the sensor, the smallest detectable
particle displacement in our setup would be 2S44/(nMaux) =6.4 nm Hz 9°.

Particle motion control via feedback

Feedback control is a widely used technique in the field of systems control.
In a system controlled via feedback, the signal to control (the state of the
system) is compared to the desired reference signal (the desired state of the
signal) and the discrepancy is used to compute a corrective action (feedback)
that will bring the system to the desired state.

Typically, the output of a sensor measuring the state of an oscillator (what
we want to control) is fed to a device that computes a feedback signal. The
feedback signal is then fed to an actuator that will influence the state of the
resonator. The equation of motion of an oscillator under feedback is

m (% + Yoi + wiz) = Fa + Fa + Fha, (3.14)

where m is the mass of the oscillator, v is the damping, w is the resonance
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frequency, Fj is the fluctuation force driving the oscillator, F, is the feedback
force and Fy,, is the back-action force coming from the coupling between the
oscillator and the measurement device. In the following, we will neglect Fy,
due to it being negligible compared to Ff, and Fy in our experiments.

(b) (1)
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"n @ © @ "mn @ @ @

Figure 3.22: Schematic representations of (a) parametric and (b) direct feedback
cooling of a levitated particle for a single oscillation cycle. Figures
adapted from [118]. The figures show how the potential landscape
of the particle in the trap changes over time. The oscillation cycle
is divided into four parts, the particle moving away and toward the
levitation point from the left (1,2) and from the right (3,4). The
dashed line shows the potential well when there is no feedback.

In general terms, the feedback applied to a system can be classified into two
categories, depending on how the corrective action is applied. If the stiffness
of the potential well is modulated with a frequency 2wq the feedback is called
parametric [Fig. 3.22(a)], and the motion of the oscillator is given by

m{j+70jc+w(2)x 1 —Gsin?(wot+t9fb)]} = Fj, (3.15)

where G is a constant, commonly referred to as gain, that determines the
extent to which the potential is modulated, and g, is the phase difference
between the feedback and the oscillator position x.

If a force directly proportional to the velocity & of the resonator is applied,
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the feedback is called direct [Fig. 3.22(b)], and the equation of motion is given
by

m (& + y0d +wya) = Fa +m {ym [#(wot + Op) + 53(wot + 0)]},  (3.16)

where g, is the damping due to feedback and d4 is the noise in the feedback
signal.

In either case, whether the feedback will heat or cool the motion of the
oscillator depends on the phase fg,. A phase difference 0y, = —7 will cool
the motion [Fig. 3.22(b)], while 6y, = 5 will heat it. This is illustrated in

2
Fig. 3.23.

For parametric feedback cooling [Fig. 3.23(a)], the potential well is stiff-
ened when the particle is moving away from the levitation point and loosened
when it is moving towards it. This will prevent the particle from building up
momentum (velocity).

For direct feedback cooling [Fig. 3.23(b)], a force proportional to —% is ap-
plied to the particle, which effectively moves around the potential well by
shifting the trap minimum without changing the stiffness of the trap. Simi-
larly, this has the effect of preventing the particle from building up momentum
(velocity).

In the following, we will restrict ourselves to direct feedback, which is the
method used in the experiments in this thesis. Assuming that Fj in the system
under feedback is a thermal force Fiy that is a normally distributed random
force with mean zero and variance \/2mk:BT'y§, where kg is the Boltzmann
constant, and that the feedback to the system is direct, the steady state
temperature T of the oscillator is given by [119]

2 2
mwy Vi

Y0
T, =T
T v+ 4kB Yo+

where T' is the temperature of the environment, ~g, is the feedback rate, and

S (3.17)

Sy, =, 1S the detection noise spectral density, that is, the noise floor of the
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Figure 3.23: (a) Schematic representation of the feedback circuit used in the exper-
iments. The SQUID is assumed to be operated in FLL. (b) Colored
optical microscope picture of the top chip, showing the trap coil (or-
ange), the pickup coil (cyan), and the feedback coil (green) as colored
in (a).

detector used to measure z in m2 Hz ™ *.

Minimizing Ts with respect to vs, one obtains the optimal feedback rate

AvokpT
I B 3.18
V1o \/nw)g‘sv%n%n +7% — 0, (3.18)

which for small vy can be approximated to

4")/()kBT
opt _ EalA L i 1
Tib mwgsxnxn (3.19)

Substituting Eq. (3.19) in Eq. (3.17) we obtain the minimum achievable
temperature

(14+wsS2, ..)

kBTUJSSmnmn’YO .
o + 2/ KL ez To

Tsmin = T’yo (3’20)
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Neglecting the second term of the numerator and the first term of the de-
nominator, we obtain the more commonly used expression [120]

Amw3yoSe, 2, T
B

In the experiments in this thesis, the signal to control is the measured
particle displacement, the desired state is a particle displacement as small as
possible (i.e., minimum motional amplitude), and the feedback is an additional
magnetic force on the particle.

We have implemented a feedback circuit that allows us to control the mo-
tion of the particle via superconducting coils on the chip traps. A schematic
of the implementation is shown in Fig. 3.23(a). The output of the locked
SQUID magnetometer (VELL) which contains the information on the par-
ticle displacement, is sent to a Field Programmable Gate Array (FPGA, in
our case a Red Pitaya). The FPGA filters the signal with a band-pass filter
centered at the particle resonance wy, shifts the phase of the filtered signal by
O, and sends the resulting signal as a current to the feedback coil on the chip.
Depending on the value of 0f, the feedback will either increase or decrease the

amplitude of motion.
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CHAPTER 4

Results

In this section, we summarize the main results of this thesis. The first levi-
tation experiments were conducted at 4 K with planar superconducting coils
as magnetic traps. Initially, we were under the impression that a planar coil
should be able to trap a superconducting particle. While that is technically
true, we failed to account for the effect of adhesion forces, which the magnetic
forces generated by planar traps cannot overcome. The particles used for
these experiments were made of niobium or YBCO (Yttrium Barium Copper
Oxide). Their large critical temperatures and critical fields ensure that they
remained superconducting no matter their location on the trap coil.

After failing to stably levitate particles with such devices, two-chip mag-
netic traps were devised and the first levitation of superconducting particles
was observed. At this point in time, the experiments moved into a dilution
refrigerator and a python program was developed to track the particle motion
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with video recordings of the particle motion. This was definite proof of the
viability of the chip-based approach to magnetically levitate superconducting
microparticles.

The following experiments focused on detecting the particle motion via in-
ductive coupling to a superconducting coil with a DC-SQUID magnetometer.
The SQUID measurements gave a much more complete picture of the particle
motion because (i) it could measure the motion in all directions, and (ii) it
was much more sensitive than the microscope. The drawback was that we did
not get a direct measurement of the particle displacement, but rather of the
magnetic flux generated by the displacement. Furthermore, we observed clear
signs of nonlinear particle motion. The nonlinear behavior originated from
the large amplitudes of motion due to the mechanical coupling of the motion
of the particle to the mechanical vibrations of the cryostat, generated by the
pulse tube.

To convert the flux signal of the SQUID into particle displacement, we had
to understand whether the particle motion was nonlinear or whether our detec-
tion scheme with inductively coupled superconducting loops was responsible
for a nonlinear conversion of particle displacement to SQUID flux. It turned
out to be both. Later experiments focused on mitigating the nonlinearities
by reducing the amplitude of the particle motion, with the idea that for suf-
ficiently low amplitudes the nonlinearities would become negligible. This has
been done by decoupling the particle motion from vibrations in the cryostat
using cryogenic vibration isolation. This has allowed us to measure the free
evolution of the particle motion and perform ringdown measurements, which
give mechanical quality factors of up to 10°. The quality factor is much lower
than what would be expected for a levitated superconductor in the Meisser
state. In order to find the origin behind the low @) values, we make estimates
of the dissipation in the system due to the expected loss mechanisms.
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4.1 First attempts at magnetic levitation with
planar traps

In the very first experiments, we used the planar traps shown in Fig. 3.7
to levitate superconducting microparticles. We used niobium or YBCO mi-
croparticles from powders, as they were the materials with the largest critical
fields (0.4 T and exceeding 100 T, respectively [107], [121]). We obtained pow-
ders with particle sizes ranging from a few pm to several hundred pm.

We placed the particles on top of the planar coils and cooled them down
to 4.5 K inside an attoDRY800 cryostat. During cooldown, we monitored
the particle with a custom-made optical microscope through windows in the
cryostat chamber and lenses and mirrors inside and outside the cryostat (see
Section 3.3).

Despite the many iterations of planar trap designs, the particles could only
be moved by turning on the current in the coil and applying a mechanical
excitation with a piezoelectric transducer (see Fig. 4.1) glued to the sample
holder with BF-6 glue. The coils alone were not able to move the particles.

After many attempts and almost as many planar trap designs, we concluded
that the magnetic force generated by a planar coil on the particle (of the order
of 100 pN) was not strong enough to overcome the adhesive forces between a
microparticle and the substrate. The adhesive forces (see Section 2.4) are
in fact dominant in such microscopic systems, being of the order of 100 nN,
overcoming both the weight of the particle (around 10 pN) and the magnetic
force of the trap by orders of magnitude.

Since this simple approach was not working, we had to take a step back to
think about different trap architectures. We concluded that for the magnetic
force of the trap to overcome the adhesive force between particle and substrate,
we would have to make non-planar, i.e. three-dimensional devices.
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YBCO cluster

YBCO cluster '

Figure 4.1: Microscope pictures of a planar trap with a YBCO cluster in one of
the trap sites (circles). When the trap is on, and we shake the sample
with a piezoelectric transducer, the particles slide from one trapping
site to another, but they do not levitate. The trapping sites are the
areas within the dashed lines.

4.2 Chip-based magnetic levitation of
superconducting microspheres at mK
temperatures

After a few iterations of design and simulation, we found that a two-chip stack
architecture with planar superconducting coils on the top of both chips was
capable of stable levitation while also being able to overcome the adhesion
force between the particle and the substrate. We developed a fabrication
process to be able to produce such traps, and then we put it to the test in the
same way as we did for the planar traps.

To demonstrate beyond reasonable doubt that a superconducting micropar-
ticle was levitating inside our chip trap, we used direct optical detection by
means of a microscope. The custom-made optical microscope allowed us to
look at the chip trap inside the cryostat to observe the particle lifting off the
ground and oscillating around the levitation point when the current in the
chip trap is turned on. The first levitation events were recorded in the at-
toDRYS800 cryostat, but the vast majority of the experiments were performed
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4.2 Chip-based magnetic levitation of superconducting microspheres at mK
temperatures

in a BlueFors LD250 dilution refrigerator, which was installed in the labora-
tory by this point in time. Thus, levitation was first demonstrated at 4.5 K
and then at 50 mK.
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Figure 4.2: (a) Top view of the levitating particle (black circle) inside the magnetic
trap. The concentric circles are the top and bottom coils and the hole in
the top chip. The inset in the top right shows the fitted particle contour
in green and the particle positions (red) measured over the duration
of the video. (b) Particle contour (green) resulting from processing (a)
with a particle tracking algorithm that fits an ellipse (green) to the
perimeter of the particle. (c) Ringdown of the particle motion in the
x and y directions. (d) Density plot of the measured particle positions
in the trap, where the origin of the coordinate system is the center of
the frame in (a) and the green contour is the one shown in (b).

To track the center-of-mass motion of the particle, we recorded videos of
the levitating particle with a high-speed 600 Hz camera (see videos here [122]),
which is more than twice as fast as the largest trap frequency expected from
our FEM model. We processed the videos with a python program that fits
the contour of the particle for each frame.

We should also mention that the vertical motion (which we call z) cannot
be resolved by the microscope, which has a resolution of above 2pum. The
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particle moving in the vertical direction makes it go in and out of the focal
plane, changing the observed particle radius. However, the depth of field of the
microscope was significantly larger than the COM amplitude in the vertical
direction, so the changes in radius could not be resolved.

We note that we never found higher harmonics of w, and w, in the optical
tracking data, which we did find when detecting the particle motion with a
SQUID. This is most likely due to the sensitivity of each detection method.
Since the microscope is rather close to the amplitude of the fundamental modes
in the steady state, we do not expect it to be able to resolve higher order modes
because they are expected to have lower amplitudes (see Section 2.5).

An example of a recorded frame and a fitted particle contour is shown in
Fig. 4.2(a) and (b). The center of the ellipse is taken as the center of the
particle.

When we turn on the current in the trap, the particle jumps from the
bottom chip to the levitation point (see the videos in [122]). For that to
happen, enough energy (in the form of work done by the magnetic trap) must
be provided to the particle to overcome the potential barrier of the adhesion
force with the substrate (Section 2.4). This energy, plus the potential energy
difference between the particle at the starting position and at the levitation
point, is converted to mechanical energy. As a consequence, the oscillation
amplitude of the particle when it starts levitating is large enough that it can
be resolved by the microscope’s camera.

This is shown in Fig. 4.2(c), where the particle displacement over 30s is
shown, and a typical ringdown curve is observed. At the end of the time
trace, the particle falls because light absorption destroys superconductivity in
the particle. This process can take between a few seconds and tens of seconds,
depending on the illumination power. We think this is the case because if we
do not use light, the particle levitates for days, and we can still see it when
we turn the light back on. Also, the particle falls faster the more illumination
power is used. However, we never tried to optimize this setup as it was a
means to demonstrate levitation, but not the detection method we wanted to
measure the particle motion.

The measured quality factors under illumination are of the order of 102.
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temperatures

These values are rather low, and it is not clear why. A possible explanation
is that the light absorbed by the particle creates large amounts of quasi-
particles. As the particles move within the magnetic trap, the changing mag-
netic field generates a dissipative quasi-particle current in the particle, which
would dampen the motion. But again, we never looked into this phenomenon
in detail because it was unrelated to the aim of the project.

Fig. 4.2(d) shows a density plot of the measured particle positions within
the frame over the same time trace. For early times i.e., large amplitudes,
the plot is reminiscent of a Lissajous curve, which shows the motion of two
harmonic oscillators in two dimensions. As time passes, the amplitude of
motion decreases and the measured positions accumulate at the center of the

trap.
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Figure 4.3: Power spectra of the x and y motion of the particle in blue and orange,
respectively.

The power spectra of the particle motion in z and y are obtained from
time traces of the COM motion of the particle, such as the ones shown in
Fig. 4.2(c). In Fig. 4.3 we see the resonance peaks of the particle in x and
y (not z). Note that the amplitude of the motion in x is ten times larger
than in y. This is because the coil openings, which are aligned with the x
direction, are the parts of the trap coil that provide the weakest magnetic
field confinement. This makes the particle confinement in the direction of the

openings weaker and the oscillation frequency lower.
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Chapter 4 Results

Optically detecting the particle motion allowed us (i) to demonstrate that
the two-chip magnetic traps were working, (ii) to confirm that the trap fre-
quencies were in the expected range of 10 to 100 Hz for the in-plane frequen-
cies, and it showed that (iii) the particle motion had to be measured without
illumination if we wanted the particle to levitate for extended periods of time.
These results have been published in Paper B.

4.3 Nonlinear motion of the levitated particle

In order to detect the particle motion without the illumination destroying
superconductivity, we have used a superconducting coil within the magnetic
trap [see Fig. 3.23(b)] to transport the magnetic flux generated by the particle
motion to a DC-SQUID magnetometer. We use the knowledge of the geometry
of the coils in the chip trap to calibrate the voltage output of the SQUID to
magnetic flux, as described in Section 3.3.

A typical time trace of the SQUID signal is shown as the gray trace of
Fig. 4.4(a). In order to identify the trap frequencies, we calculate the power
spectrum of the SQUID time trace and analyze the peaks. We can check which
of the peaks in the spectrum are trap frequencies by changing the current in
the trap. The COM frequencies of a superconducting sphere levitated in an
ideal magnetic quadrupole field are given by [102]

poNI [ 3
7:: ’L— 5 4.1
Wi =G 240p (4.1)

where g is the vacuum permeability, [ is the trap current, N is the number of

trap coil windings, R is the trap coil inner radius, p is the particle’s density and
¢ is a geometric factor. At the center of an ideal anti-Helmholtz configuration
2¢y = 2¢y = ¢, = 0.86. In our chip trap, ¢, = 0.04, (, = 0.06 and ¢, = 0.12.

Thus, a change in the trap current should cause a proportional change in
the trap frequencies, shown in Fig. 4.5.

Once the trap frequencies are identified, the recorded SQUID signal is post-
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Figure 4.4: (a) Time trace of the SQUID magnetometer calibrated to flux quanta.
The gray curve shows the output of the SQUID electronics, and the
colored curves show the same data filtered around the particle trap
frequencies. (b) Power spectrum of the curves in (a), where the vertical
lines show the frequencies predicted by FEM simulations (taken from
Paper C).
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Figure 4.5: Spectra of three SQUID time traces for different currents running in
the chip trap. The black curve shows the same power spectrum as
Fig. 4.4(b) with the fundamental frequencies colored in the same way,
and the lighter curves show the trap frequencies decreasing for descend-
ing trap currents.

processed with band-pass filters (one for each trap frequency) that allow us to
see the translational modes of the particle. These filtered signals are shown
as colored traces in Fig. 4.4(a).
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Figure 4.6: Frequency shift in (a) w, and (b) w, due to changes in the x-mode
amplitude, exemplifying mode nonlinearities and mode coupling in the
modes of the levitated particle, respectively (taken from Paper C).

Note that the amplitude of the motion in z, y, and z (Fig. 4.4(a)) is chang-
ing randomly over time. These changes in amplitude are due to vibrations
in the cryostat generated by the pulse tube propagating all the way to the
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4.8 Nonlinear motion of the levitated particle

chip trap, which results in a non-thermal fluctuation force driving the motion
of the particle. As a result, the amplitude of motion of the particle becomes
quite large (several micrometers) relative to the thermally driven motion cor-
responding to the sample temperature (10 pm for 50 mK). Because our chip
trap is asymmetric, it produces a potential landscape with anharmonicities
that contribute to the potential energy up to a few percent for a 24 pm radius
particle with amplitudes of pm (see Fig. 4.7). Therefore, the trap can only be
considered to be harmonic for motional amplitudes such that the energy of the
nonlinear terms in the mode 7 is much smaller than that of the harmonic term
(ar?, Bri < w?r?, see Section 2.5). For the parameters of the 2z motion in
our system (a, =3.6 x 1072 pNkg ' pm~2 and =10 pN kg™ pm—3) the mo-
tional amplitudes below which the cubic and quartic nonlinearities negligible
are 13.51m and 0.2 nm, respectively.
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Figure 4.7: Model of the potential energy landscape of a 48 um diameter particle
in the chip trap. (a-c) 2D slices of the total potential energy landscape
of the particle in the trap. (d-f) Anharmonic contributions to the
potential energy landscape (adapted from Paper C).

Because the particle motion is large (several pm), it reaches the regions of
the potential landscape where the anharmonic components are not negligible,
which causes it to display nonlinear behavior such as amplitude-dependent
frequency shifts and mode coupling (see Section 2.5 and Section 2.5). Both
phenomena are discussed in detail and shown to be well described by our
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model of the trap in Paper C. Examples of both nonlinear motion and mode
coupling are shown in Fig. 4.6 (a) and (b) respectively. In these measurements,
the amplitudes of the y and z motion are small and w, and w, are measured
for increasing x amplitude. The frequencies are being pulled for larger =
amplitudes in accordance to the theory in Section 2.5 and Section 2.5.

4.4 Nonlinear detection of the levitated particle

We have seen that the magnetic trap stiffness is nonlinear for large particle
amplitudes. Similarly, the amount of magnetic flux induced in the pick-up
loops has a nonlinear dependence on the particle position. In Fig. 4.8 (a)
we show a COMSOL simulation of the back action field of the particle when
levitated in a magnetic quadrupole field. We integrate the magnetic flux in
the pick-up loops to find the pick-up efficiency n as a function of the particle
position. Because the pick-up loops in our chip trap are connected in series,
the flux induced in the two pick-up loops adds up.

The flux response has a linear and a quadratic component with respect to
particle displacements in all directions, but only the response to displacement
along z is predominantly linear. The nonlinearity in the detection doesn’t
cause any issues beyond giving many peaks for higher harmonics of the modes,
especially for x, which is shown in detail in Paper C. Similarly to the an-
harmonicities in the trap potential, motional amplitudes of sub-pm would
make the quadratic nonlinearity in the pick-up efficiency negligible as well,
provided that the equilibrium point for x and y is shifted away from the re-
gions with high curvature, which is the case in our system (z.q =—21p1m and

Yoq =3.31m).
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Figure 4.8: (a) FEM simulation of the back action field of a superconducting sphere
inside a magnetic quadrupole trap between two pick-up loops. The
field lines are shown as red lines, and the vertical component of the
magnetic field is potted in the areas contained within the pick-up loops.
Magnetic flux in the top and bottom loops induced by the particle

displacement in the (b) z, (¢) y, and (d) z directions (taken from
Paper C).
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4.5 Towards linear motion with cryogenic vibration
isolation

Ultimately, we want to decrease the amplitude of the particle motion, and
to do that we need to isolate the experiment from vibrations coming from
the cryostat and the laboratory. To isolate the sample from vibrations, we
have implemented a simple elastic pendulum setup in the dilution refrigerator,
from which the experimental stage hangs (see Fig. 4.9). The sample stage is
also attached to the mixing stage of the cryostat with un-braided copper
strands to thermalize the sample to mK temperatures. The copper strands
have been annealed at 800°C in an argon atmosphere to soften the copper,
which weakens the mechanical link between the sample and mixing stages
while keeping the thermal link. Lead particles were levitated in the same chip
trap, with the same amount of magnetic isolation. The only difference between
the two measurements, other than the vibration isolation, is the radius of the
particles (24pum and 31pm for rigid and isolated, respectively) and that a
three times longer Nb twisted wire pair had to be used to connect the SQUID
to the sample when using vibration isolation.

The vibration isolation has reduced the noise floor of the SQUID signal
Spoe, from 54md)0Hz_0'5 to 3.1md)0Hz_0'5. In principle, there is no reason
why reducing vibrations would reduce the magnetic noise. However, a coil
moving within an inhomogeneous magnetic field will see an oscillating mag-
netic field. If this contributes to the magnetic noise, one should expect a
reduction of the amplitude of the motion to decrease the magnetic flux noise
as well. The decrease of the flux noise floor (24.6dB) is rather similar to
the decrease in the amplitude of the particle motion z motion [37.5dB, see
Fig. 4.10(a)]. In this calculation, we have accounted for the larger parasitic in-
ductance that comes from using longer twisted wire pairs to reach the sample
from the SQUID sensor when using the vibration isolation stage. Both esti-
mates are relatively close to both the expected and measured (at room temper-
ature) mechanical attenuation of the vibration isolation stage(approximately
50dB). The estimated attenuation for each case is rather close, which is a
good indication that it originates from the vibration isolation.

Interestingly, the w, peak hasn’t been found after the experiment has been
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Figure 4.9: (a) Schematic representation and (b) picture of the sample stage with
vibration isolation, which is hanging from three elastic pendula at-
tached to the 4 K stage for mechanical isolation, as well as from un-
braided copper braids attached to the mixing stage for thermalization.
(¢) The transfer function of the vertical displacement for the vibration
isolation stage with respect to the 4 K stage is measured with a geo-
phone in gray and predicted by the model in a dashed black line.
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isolated from vibrations. We can calculate the smallest detectable ampli-
tude for any given mode by multiplying the smallest detectable magnetic flux
(S, e, in dpoHz ") (see Section 3.3) by the square toot of its linewidth
and dividing it by its pick-up efficiency n, which becomes

Vi
i

Note that we do not account for ng,x here because the data we are using for

r, = S¢n¢n. (4.2)

this calculation is given in flux at the pick-up loop, not at the SQUID.

With the pick-up efficiency for the x motion 7, = 50m$pepm~—! and assum-
ing a similar quality factor to the y mode of 5 - 10* we obtain the smallest
detectable displacement in x motion r, =4.5 pm. For the rigid stage, we can
obtain the x amplitude by integrating the peak area and converting it to me-
ters dividing it by n,:mgux to obtain an x amplitude of 22.8 pm, which differs
from r, by 14 dB. Thus, if we consider a similar decrease in amplitude for the
x motion as for the z motion (37.5dB), it is expected that the x signal would
be below the noise floor.

Similarly, we can calculate the amplitude of the y mode for the rigid and
isolated setups and obtain amplitudes of 12.6 ym and 0.1 pm, respectively,
which give an attenuation of 41 dB, still within the expected range. We would
expect the attenuation in z and y to be similar, because of the pendulum
symmetry, which would suggest an x amplitude of 0.2 um, well below the
noise floor for the x motion (r, =4.5 pm).

Further evidence that the vibration isolation works as intended is that it
has allowed us to observe ring-downs of the w, and w, modes for the first
time, shown in Fig. 4.10(b). These measurements have given the most reliable
estimate of the quality factor yet, and indicate that the role of the amplitude
fluctuations on particle motion due to cryostat vibrations has decreased.
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Figure 4.10: (a) Effect of vibration isolation in the SQUID signal, showing a de-

crease in the noise floor as well as in the particle motional amplitude
when comparing a 24 pm radius sphere levitated on a setup rigidly
attached to the mixing stage and a 31 pm radius sphere levitated on
the vibration isolated stage, using the same magnetic trap. Note that
the w; peak is not found in the measurement with a vibration-isolated
stage. (b) Ring-down measurements of the w, and w. peaks of the
31 pm radius sphere levitated on the vibration isolated stage.
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4.6 Feedback control of the COM motion

To further decrease the amplitude of motion of the particle, we intend to use
feedback to cool the COM motion [36], [54], [68], [119], [120] with the aim of
cooling the mechanical mode to the ground state in future experiments [28],
[29], [32], [33]. Using the SQUID measurement of the particle displacement,
feedback electronics, and further coils in our chip trap, we can demonstrate the
feasibility of controlling the particle motion via feedback with superconduct-
ing coils on the chip (see Section 3.3). To provide feedback to the levitated
particle, we send the SQUID signal to an FPGA (Red Pitaya) which filters
it with a band-pass filter around the w, mode and generates a phase-shifted
version of the filtered signal. The phase-shifted signal is attenuated by —30dB
and sent back to one of the superconducting coils on the chip trap.

We have attempted both parametric and direct feedback. Unfortunately,
in our attempts at parametric feedback, no significant heating or cooling was
observed.

Direct feedback did prove effective, but with a considerable caveat. Because
when we apply direct feedback in our setup, the SQUID sensor sees both the
signal of the particle and that of the feedback (at the same frequency), the
particle signal and feedback signal could not be separated. Thus, to identify
the effect of the feedback, we had to send feedback for a few seconds and after
that measure the amplitude of motion. We repeated this process for different
phase shifts until the appropriate phase shifts for cooling and heating were
found. Fig. 4.11 shows time traces of the SQUID signal after one minute
of feedback heating (red) and cooling (blue) as well as when no feedback
(yellow) has been applied. The amplitude of motion changed significantly
for the heating, and slightly for cooling, as well as there being a frequency
shift due to the nonlinearities in the trap [Fig. 4.11(b)]. Note that these
experiments were performed before the installation of the vibration isolation.

Why the cooling wasn’t very effective isn’t clear, but a likely explanation
is that the mechanical vibrations that randomly drive the particle and excite
its motion also change its phase, which makes the feedback cooling more
ineffective over time.

88



4.7 Dissipation mechanisms

(b)

—~
Q
N

— a4l ' ' ' ' ' .~ 10° —Heating
2 ' i : < No feedback
3 URP! T NP WIS T —Cooling
5 TN NI Né 101
Q )
) w ‘
o 2!
3 ' " 102}
0 10 20 30 40 50 60 10 102
Time (s) Frequency (Hz)

Figure 4.11: (a) Amplitude of the SQUID signal when the COM motion of the
levitated particle in the z direction is heated, provided no feedback,
and when it is cooled. (b) The corresponding power spectra of the
time traces in (a), showing the difference in peak height and the
frequency shifts, caused by nonlinearities of the magnetic trap and
coupling between the modes.

Thus, we showed that we can control the particle motion with coils on the
chips. However, in order to do so effectively, the particle needs to be decoupled
from mechanical vibrations in the cryostat and the magnetic flux noise must
be decreased to effectively cool the motion.

4.7 Dissipation mechanisms

The levitated particles in our experiments have shown mechanical quality
factors between 10%—10°. These values are far from the upper bound predicted
for levitated superconductors, as they have been shown to have mechanical
quality factors up to 107 [71] and are expected to reach quality factors of
the order of 10® — 10% [34], [41]. In the following, we make estimates of
the dissipation due to eddy current damping and gas collisions. We argue
that these mechanisms do not explain the quality factors measured in our
experiments, and we discuss the possibility of surface-induced dissipation.
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Eddy current dissipation

There are two ways in which a superconductor levitated in a magnetic field
can generate eddy currents. First, simply by moving in the magnetic field, the
magnetic field expulsion of the particle will generate an oscillating magnetic
flux in the surrounding space that will induce eddy currents in any nearby
conductors. Second, if the particle traps flux, the motion of the particle will
be equivalent to a moving magnetic dipole moment, which will also induce
eddy currents.

Eddy currents due to field expulsion

We will start the estimation by assuming that a superconducting particle is
levitating within a quadrupole magnetic field, and it is also levitating above
a square block of copper of side a = 1.4 cm and thickness A =5mm (which is
our sample holder, see Fig. 3.13), which is a distance d =414 pm away from
the levitation point (300 pm from the silicon substrate thickness and 114 pm
from the levitation height). The motion of the magnetic particle perturbs
the magnetic field of the trap due to field expulsion, and thus, generates an
oscillating magnetic flux. We estimate the amplitude of this flux by using
Equation 11 from [123]

481 pgm
z2) = ————X
6 =
dR> R? ROR2 (—4d? + R? R3R?
. P§u§+z ppu( Zpu)_ ppu§ : (43)
(d? + R3,)2 (d2+ R2,)” (42 + R2,)?

where I is the current in the magnetic trap (assuming that an anti-Helmholtz
coil generates the quadrupole field that is the magnetic trap), Riwap is the
inner radius of the trap coil, R, is the radius of the levitated particle, and
R, is the radius of the loop (which we call pickup loop) within which the
magnetic flux is calculated. Henceforth, we will assume that the copper block
is circular, with the radius of the block being the circumscribed circle within
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Figure 4.12: (a) Schematic representation of a particle levitated in a quadrupole
field above a copper block, within which the oscillating magnetic flux
is calculated. (b) Quality factor due to eddy current damping for
a piece of copper with an increasingly large lateral dimension [ and
distance d for a given thickness h =5 mm.

the square block Ry, = a [see Fig. 4.12(a)].

Eq. (4.3) gives the magnetic flux within a loop as a function of particle
displacement assuming the loop is concentric with the levitating particle, and
at a vertical distance d from the same particle. Taking the derivative with
respect to particle displacement from the trap center in the vertical direction
z gives

B 48Tpom | Rba® (—4d* + a?) R3a? (4.4)
25V5R%,, (d? + a2)? (d2+a2)? | '

5 =0

This change of magnetic flux will induce eddy currents in the copper sam-
ple holder below the particle. These eddy currents will run around the center
of the copper piece (assuming that’s where the particle levitates). The in-
duced voltage driving these currents can be calculated using the induction
law (Eq. (4.5)), using dt = 27 /w

_ 99 _
L=

w

AV o =

5¢ 5o f. (4.5)
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Then, the dissipated power is Py = AV?/R, with R being the resistance
experienced by the eddy current. The resistance of an infinitesimally thin disk
(using cylindrical coordinates) is

R = pcu2ma/(dadh), (4.6)

where pc,, is the resistivity of copper (at cryogenic temperatures), a is the
radius of the disk and A is the thickness of the disk. Thus, the volume integral
of AV?/R in cylindrical coordinates can be calculated as a surface integral
over the radius and thickness of an infinitesimally thin and narrow disk:

[ @ef) LR (60f)°
Piiee = /V gy = /O da /d an' (A7)

The mechanical energy of the levitated particle is E,, = mw?dz?, and so
the dissipation rate of the eddy currents becomes

Y= Pdiss/Ema (48)

which for the values in our setup (Table 4.1) becomes 276 x 10~7 Hz. Note
that both P, and E,, are proportional to dz2, so the dissipation due to eddy
currents is not amplitude dependent.

|| Parameter | Value |
T 50 mK
w 27119 Hz
Pparticle 11250 kg m73
PCu 1x1078Qm
I 1.06 A
Rirap 150 pm
d 414 pm
a 14 mm
h 5 mm

Table 4.1: Parameters used for the formulae of our estimates, extracted from our
experimental setup.
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Similarly, we get an amplitude-independent quality factor

E,, E,w
Q= = :
Ediss Pdiss

which equals 2 - 10® for the values in our experiment (Table 4.1).

(4.9)

The dependence of the eddy current damping on the lateral dimension of
the block and the separation between the particle and the top of the copper
block is shown in Fig. 4.12(b), where the dimensions of our experiment are in

the bottom left corner.

These quality factors are much larger than the ones observed in our exper-
iments. Thus, eddy current damping due to field expulsion does not seem to
be the dominant dissipation mechanism.

Eddy currents due to flux trapping
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Figure 4.13: Particle frequencies measured of a 48 h time period. The arrows in-
dicate the times when discrete frequency jumps occur (taken from
paper C).

When measuring the particle motion over extended periods of time, we see
discrete jumps in the frequencies of the particle (Fig. 4.13). All the frequencies
change (either they all increase or decrease) simultaneously, and the changes
seem to occur at random times. It is not clear what is causing these jumps,
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but a likely cause would be changing amounts of flux trapped in the particle.
The particle would then be able to exchange energy with the environment
through the magnetic flux trapped inside it, inducing eddy currents in nearby
metals as a moving magnet would, and thus cause dissipation. Assuming that
the 24 pnm lead spheres trap the entirety of the magnetic field of the earth in
their cross-section (no magnetic shielding), the particle would trap

¢trapped = éearth : A)Cross—section = N¢07 (410)

where N = 43 and /fcross_section = mR,. We will now consider the levitated
particle to have a magnetic moment of

Mtrapped = {07 07 Bearth}% gﬂ'RP - {07 07 Nqu}%nga (411)
which we take to point vertically (in z) because that will cause the most
magnetic flux perpendicular to the copper sample holder surface, and cause

the most damping.

Then the magnetic vector potential of this magnetic moment is

NR,9
3rrd

& T X Mtrapped
47 r3

gtrapped = = {y, -, 0} (412)

where 7 = {x,y, z} is the position at which fftrapped is calculated, and N is the
amount of flux quanta. Integrating the magnetic flux in the circle inscribed in
the square of the sample holder and taking the derivative with respect to the
vertical displacement of the particle, we obtain an equation for the amount of
magnetic flux per unit of particle displacement similar to Eq. (4.4),

6 — —
5¢trapped - g Btrapped : dAsample-holder -

5 — g 2N¢0T2Rp
5 Atrapped : dlsample-holder - _6Zm (413)
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Figure 4.14: (a) Schematic representation of the magnetic moment in the levi-
tated particle due to trapped magnetic flux generating an oscillating
magnetic field on the sample holder. (b) Quality factor due to eddy
current damping caused by the trapped flux in the copper sample
holder with an increasingly large lateral dimension [ and distance d.

We can now perform the same calculation as in Section 4.7 and obtain the
quality factor due to the eddy current losses caused by the moving trapped
flux. The resulting quality factors for different sample holder shapes are shown
in Fig. 4.14(b), for N = 43 and a sample holder thickness of 5mm. The
bottom-left corner of the plot shows the Q for the sample holder dimensions
used in the experiments, for which we obtain 10'°, which is certainly not a
limiting mechanism for the quality factor.

Gas collisions

Collisions between the levitating particle and the remaining gas molecules
inside the cryostat will dampen the motion of the particle by [124]

2
. 47TRpa,rticleP 4.14
Veas = (4.14)
MparticleVgas

where Rparticle and Mparticle are the radius and the mass of the levitated
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Figure 4.15: Quality factor due to gas collisions for a spherical particle at different
pressures and particle radii.

particle, P is the pressure in the vacuum chamber, and Tgas = +/3kpT/m is
the mean velocity of the gas molecules, with m being the mass of one molecule.

In our cryostat, the temperature near the sample (T¢o14) is 50 mK and the
pressure at the pressure gauge (Pyarm) is 5 x 107% mbar, which operates at
room temperature (Tyarm =300K). We know that the pressure P near the
particle will be lower than this, because the temperature near the pressure
gauge is significantly larger than near the sample, so according to the ideal
gas law, the pressure near the sample must be lower as well. Additionally,
at cryogenic temperatures gases condense and solidify, further reducing the
pressure, which is known as cryopumping. Assuming that the gas near the
sample is predominantly helium and that the pressure is very low, we can
estimate the temperature near the sample using the Weber-Schmidt model
for the thermomolecular effect [125]

Tcold

Pcold - Pwarm 5 (415)

Twarm

which relates the temperatures and pressures within a volume that has a hot
and a cold region.

Using P = P..1q, and a 24 nm radius lead sphere, the damping rate becomes
Vgas = 2m-8 X 10~ Hz, which for our working frequency w =119Hz gives a
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quality factor of Qgas = 10°. Thus, the quality factor of the levitated particle
is not limited by gas collisions in our system.

Surface losses

It is necessary to mention that the idea of losses due to magnetic interactions
between fluctuating surface magnetization and the levitated particle has re-
cently been proposed [126], although, to my knowledge, there is no published
work on tackling this calculation. Admittedly, the levitated particle is rather
close to the chip surfaces, even while levitating. If surface defects such as mag-
netic two-level systems interacted with the particle or with the magnetic trap,
it is conceivable that they might cause losses when present in large enough
concentrations, even at frequencies of the order of 100 Hz.

4.8 Towards ground state cooling
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Figure 4.16: (a) SQUID signal of a 24 ym radius lead particle levitated on a sample
stage that is rigidly fixed to the cryostat. (b) SQUID signal of a 31 pm
radius lead particle levitated on a sample stage that is mechanically
isolated from the cryostat by an elastic pendulum. The data is taken
from Fig. 4.10(a).

Cooling the mechanical motion of the particle to the ground state implies
that the root mean square (rms) amplitude of the particle (xyms = /(x?)) is
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similar to the amplitude of the mode when driven by zero-point fluctuations
(24pf). Assuming a harmonic potential for low amplitudes of motion, we can
write the mechanical energy as F,, = (n + 1/2) hw, with n being the phonon
occupation of the mechanical mode. Thus, we can write the rms amplitude of
the particle driven by zero-point fluctuations (n = 0) as

h
Lzpf = m, (416)

where m is the mass of the particle and w is the frequency of the mode. For a
particle such as the one used in Paper C (24 pm radius and p =11250kg m=3),
m =6.5-10""kg and w = 27-119 Hz in the vertical direction (z). This gives
a Typt = 10~'* m, which has an effective temperature of

hw
Tt = — =5-10"K, (4.17)
kg

where kg is the Boltzmann constant.

Similarly, we can calculate what the thermally driven amplitude of motion
(z¢n) would be when working at 7' =50 mK. We use the equipartition theorem
to establish E,, = %kBT, so that we can write

kT

W’ (4.18)

Tth =
where kg = 1.38 - 10723 JK~!, and we obtain z, = 6.1-10" m.

Using the pick-up efficiency (1), we can relate the SQUID signal to the
particle displacement, and estimate what the x., of the particle is for the
three translational modes. The average displacement in the z motion for a
24 m radius lead particle with no vibration isolation is x%gld = 9.8.107%m
(or an effective temperature T,g = 2.2-10°K). This is obtained by integrating
the area under the peak in Fig. 4.16(a) and using the pickup efficiency (n =

0.6 popm 1) to convert from flux to displacement (see Paper C).

Similarly, the amplitude for a 31 pm particle levitated using the very same
magnetic trap on a vibration isolation system inside the fridge can be ex-
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Figure 4.17: Phonon occupation and effective temperature of the z COM mode
as a function of the feedback cooling rate for the experiment when
attached to the fridge rigidly (blue), with vibration isolation (red)
and in the hypothetical case of thermally driven COM motion and
sensitivity limited by the SQUID noise floor (green). The solid black
lines indicate an effective temperature of 50 mK (top) and the effective
temperature of the motion when driven by zero-point fluctuations
(bottom). The quality factors used for each case are 10° (blue), 10°
(red), and 107 (green).

tracted from Fig. 4.16(b). We use this amplitude (21598t = 1.01-10~"m) to

rms

calculate the mechanical energy Ey, = Zw? (xisrﬁlsated)z and then calculate the

corresponding amplitude for a 24 pm radius particle with the same mechanical
energy (zisolated — 1.30 . 10~"m and TE'%°d = 4.4 - 10°K). This is done to
account for the differences in mass and frequency so that we can make a valid

comparison between the two measurements.

To put these numbers into perspective, the ratio between x'gld and yisolated

is 37.5dB, and the ratios between xiirﬁisd, and x¢, and x,,¢ are 104dB and
180 dB, respectively. These numbers indicate the amount of cooling required
so that the amplitude of the COM motion of the levitated particle is below the
thermally driven motional amplitude and the amplitude of the ground state

of motion, respectively.
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To find out whether feedback can be used to cool down the particle motion
to the ground state, we need to estimate the signal strength of the particle
motion and how that compares to the noise floor of the SQUID. We can
calculate the signal strength of a certain amplitude of motion on the SQUID
as

S(j)Od)O _ TrmsT] nﬂux,

ﬁ
where 7 is the linewidth of the mode, which is in the order of 27-0.1 Hz for the
rigidly attached setup, and ngux = 3.1-1072 is the flux transfer efficiency from
the pick-up loop to the SQUID. Thus, we obtain Sg,¢,,, = 2.5- 10~ %¢oHz0°
and Spyp,, , = 8.3+ 10710¢gHz ",

(4.19)

The noise floor of the SQUID in our experimental setup is Sg,4, = 54 -
1073¢poHz~*° and its ultimate limit is Sy 6, = 0.9 - 107 %¢oHz %" at 100 Hz.
Neither thermally driven motion nor zero-point fluctuations are detectable
via inductive coupling to a SQUID in the rigidly attached setup, and if we
reached the noise floor of the SQUID only the thermally driven motion might
be detected, but not zero-point fluctuations.

In Fig. 4.17 we show the attainable phonon occupation for the 24 pm lead
sphere under direct feedback cooling as a function of the feedback cooling rate,
calculated with Eq. (3.17). For these estimates, we used the noise floor and
quality factors measured for the rigid and vibration-isolated setups, as well as
for the ideal case in which we have thermally driven motion and our detection
sensitivity is limited by the noise floor of the SQUID.

In order to reach the ground state, we would have to reduce the magnetic
noise in the system by 90dB to reach the noise floor of the SQUID, and then
increase either the pickup efficiency or the quality factor of the mechanical
mode to ensure that the signal of the zero-point fluctuations is larger than
the noise floor. In the following, we show what steps can be taken in this
direction.
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(a) Schematic representation of a levitated superconducting particle
in a quadrupole field, with a pick-up coil concentric with the particle
and the field. (b) Surface plot of the pickup efficiency n for differ-
ent pick-up loop radii and vertical separation with the particle. (c)
Phonon occupation vs feedback rate using a pick-up coil with 100
windings, with a pitch of 1 pm and an inner radius of 50 pm, to cool
down a levitated particle with Q= 107 using a SQUID magnetome-
ter with a sensitivity limited by its intrinsic noise and with the same
input inductance as the pick-up loop.
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Increasing the inductive coupling

A possible route that can be taken to cool the particle motion further is to
increase the pickup efficiency, n. The inductive coupling between the particle
motion and the pickup loop changes by several orders of magnitude depending
on how close the pickup loop is to the particle. If we take the dimensions of our
experiments for this estimate (24 um radius particle), for the case of a pickup
loop concentric to the particle we can obtain 7 from Eq. (4.4) as simply

= 00 _ _8Lnor | FgRy, (A€ + Ry By Ry, (4.20)
_ _ - 7| - .
ox 25\/5Rt2rap (dz + R}%u) 2 (dz + R}%u) 2

Fig. 4.18 shows 7 as a function of the radius of the pickup loop R, and the
vertical separation between it and the particle d. If one could place a pickup
loop near the levitation height d = 0, with an inner radius of 50 pm and e.g.
100 windings 0.5 pm wide, separated by 0.5 pm, the coil would extend until
150 pm away from the particle center, where 7 is above 1 ¢opm 1. This pick-
up geometry would result in an effective coupling of 1.7 - 102 pgpum ", which
is three orders of magnitude larger than in the current devices.

Such a coil would have a very large inductance, which would dramatically
reduce the flux transfer efficiency from the pickup loop to the SQUID (see
Eq. (3.13)). For this approach to be viable, we would require a mutual induc-
tance between SQUID and the input circuit of the same order as this pickup
loop. A spiral coil with the characteristics mentioned above would have an in-
ductance of 2.1 nH, which could be very efficiently coupled to the commercially
available SQUID sensor with the largest input inductance (1.8 pH).

Such a pick-up loop arrangement would be achieved by using a third chip
in between the current top and bottom chips that make up the trap, or by
fabricating the pick-up loop on top of a spacer layer on top of the bottom
chip.

With such a coil arrangement, a SQUID sensor with a well-matched input
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Figure 4.19: Effect of the particle size on the phonon occupation vs feedback cool-
ing rate.

inductance, and a mechanical quality factor of 107 such as the one obtained in
Ref. [71] for a similar experiment, the COM motion cooled down to a phonon
occupation of 16 via direct feedback cooling Fig. 4.18(c).

The effect of particle size

Several important parameters depend on the particle size, which is a relatively
simple parameter to change in the experiment by simply using different par-
ticles. If we take look at Eq. (3.21), we will see that the minimum achievable
effective temperature for a mechanical mode under direct feedback cooling has
the following dependence on the radius of the particle

Amw2oS. T

Smin ~ 77277f21uXkB
The parameters in Eq. (4.21) scale with the particle radius as: m o Rg

and 1 ox —R3 + R5 (see Eq. (4.20)). This dependence means that Tj o

Ry /2 4 Ry, 5/ ?. that is, we can reach lower temperatures with larger particles.
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The signal-to-noise ratio also scales favorably for larger particle radii. We
can take Eq. (4.19), which gives the flux signal of the particle on the SQUID
for a given motional amplitude, and divide it by the noise floor of the SQUID

rms ux k T ux
SNR = Dol JOB7 Wi (4.22)
V560n mw= /7y
and because of the dependencies of m and 7 on particle radius we obtain

SNR x RI?;/ >4 Rf;/ 2, meaning that the larger the radius of the particle the
better the signal can be the detected.

However, we must keep in mind that these estimates assume that ) and w
are unaffected by changes in ;. The latter is a reasonable assumption, since
w = y/k/m and both the trap stiffness and the mass of the particle scale as
Rg. However, whether this holds for @) is not known yet. It seems possible
that the quality factor might decrease for larger objects because of a larger
amount of interactions with the environment. That said, in Ref. [45] particles
with up to 50 um radius have been shown to have quality factors of 107, so
maybe the effect is small enough to be of no concern.

If we assume a pickup loop near the levitation height d = 0, with an inner
radius of 150 pm and 100 windings each 0.5 pm wide, separated by 0.5 pm,
a Q = 107, a detection noise limited by the SQUID, and that the particle
motion is thermally driven we can calculate the achievable temperatures for
particles with increasing radius (Fig. 4.19). We can show that, in principle,
ground state cooling is achievable for particles of 200 pm diameter or larger
with the current magnetic traps, provided that the aforementioned technical
improvements can be made.

Decreasing damping

Because we see evidence of flux trapping in our levitated particles, it is con-
ceivable that the dissipation mechanism limiting the quality factor is trapped
flux exchanging energy with the environment. However, this will only happen
if (i) the particle is a type II superconductor or (ii) if there are defects in the
particle where the flux can be trapped via flux quantization. This first pos-
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sibility can be eliminated by levitating type I superconductors (which we do)
and the second can be reduced by annealing the microparticles to eliminate
crystal defects.

Figure 4.20: Scanning electron microscope pictures of lead microparticles (a) be-
fore and (b) after being heated at 300 °C in a nitrogen atmosphere.
Note that the crystallographic facets are observable on the surface of
the particles after heating, especially for the smaller particles (in the
inset).

Fig. 4.20 shows evidence that monocrystalline lead microparticles could
be produced by warming up the particles to near their melting temperature
(330°C) in an inert (nitrogen) atmosphere and letting them cool down slowly.
This lets the atoms in the microparticle rearrange into more thermodynami-
cally favorable configurations, where the most favorable is a monocrystal.

Another way to increase the quality factor of the mechanical modes is to
completely remove any non-superconducting metallic parts from the vicinity
of the particle, which has been shown to give quality factors of up to 107 [42],
[45]. In Fig. 4.9(b) a plastic sample stage (in white) with a sapphire piece on
top is hanging at the bottom of the sample stage. Additionally, a new sample
holder made of glass, STYCAST glue, and niobium and titanium pieces has
been produced to levitate a particle with no non-superconducting metals in
its immediate vicinity. Glass and the STYCAST are electrical insulators but
good thermal conductors, and niobium and titanium are superconductors at
mK temperatures. The assembly is shown in Fig. 4.21.
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Figure 4.21: Picture of a glass sample holder with Niobium contact pads and ti-
tanium screws with a wire-bonded two-chip trap. The cube on the
top right is a piezoelectric transducer used to shake the sample if the
magnetic force is insufficient to lift the particle.

Decreasing noise

To decrease the rather large noise floor in our SQUID spectra to the noise
floor of the SQUID magnetometer, anything that could generate a change in
magnetic flux on either the SQUID sensor or the pickup loops in the trap
must be removed or its effect mitigated. Magnetic flux in a loop can be
changed in many ways, but the three main contributors to the flux changes
are (i) magnetic fields generated by electrical currents from the electrical grid
in the laboratory or within the cryostat mainly but not limited to 50 Hz and
multiples, (ii) current noise from the equipment used in the experiments such
as the current source used to feed the magnetic trap, and (iii) mechanical
vibrations because a loop moving in an inhomogeneous field will experience a
changing magnetic flux.

The first contribution cannot be eliminated, but it can be mitigated using
further magnetic shielding. We had a 12cm deep and 18.5 cm diameter nio-
bium cylinder with the bottom end closed built via spot welding to enclose
the whole sample space, which should provide magnetic shielding of the sam-
ple from 9 K. The shield and its magnetic field distributions under a vertical
and a horizontal field are shown in Fig. 4.22, which have shielding factors of
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|B| (a.u)

Figure 4.22: (a) Niobium cylinder with one end closed and one end open, meant to
encase the whole sample stage. Magnetic field distributions around
the cylinder when under (b) a horizontal and (c) a vertical magnetic
field. The shielding factor is calculated 1cm away from the bottom
of the cylinder, where the sample would be.

9.4 - 102 and 8.5, respectively. On top of this, another two magnetic shields
will cover the sample. A tin-plated copper cylinder hanging from the mix-
ing stage provides shielding below 3.4 K (7. of tin), and a mu-metal shield
hanging from the room temperature vacuum can provides magnetic shielding
from room temperature. The addition of these shields with significantly larger
depths should increase the shielding factor by at least two orders of magnitude
for lateral fields and five orders of magnitude for vertical fields.

The second contribution (current noise) can be eliminated by using persis-
tent currents. A persistent current is a current trapped in a superconducting
loop. They have no intrinsic noise, and they seem to have effectively infinite
lifetimes [127]. In order to create a persistent current, one needs to be able
to break the superconductivity somewhere in the superconducting loop. This
is done with persistent current switches (PCS), which either heat the super-
conductor above the critical temperature, generate a magnetic field above the
critical field of the superconductor, or even mechanically break contact [67],
[128]. In our experiment, we have placed a superconducting short made of
190 pm diameter twisted NbTi wire in the superconducting cabling within the
cryostat. When sending a current to the magnetic trap, and breaking super-
conductivity in the short by turning on the heater, the supercurrent flows
through the magnetic trap alone. Then, the heater is turned off and the short
is left to cool down. When the short becomes superconducting, it will trap
the current running in the magnetic trap within the superconducting loop
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formed by the trap and the short (see Fig. 4.23). The current supply to the
trap can then be turned off and the superconducting loop will induce the
same amount of current that was provided by the power source to maintain
the same amount of magnetic flux threading the superconducting loop (of the
trap plus the short).

Magnetic trap Switch

e

Y A

Dilution refrigerator

Figure 4.23: Schematic view of the persistent current switch, consisting of a re-
sistor in thermal contact with the superconducting short (gray) in
the high current line that feeds current to the magnetic trap, as im-
plemented in our experimental setup. Current flows through the su-
perconducting short only when it has been trapped by the persistent
current switch.

The drawback with using a persistent current switch is that to make a
superconducting short additional superconducting wiring must be introduced
in the cryostat, which makes the magnetic trap more susceptible to magnetic
noise via the additional wire length.

The third contribution (vibrations), can be mitigated via further vibration
isolation stages. A two-stage (i.e. double elastic pendulum) system has been
built and is to be tested in future experiments. We expect an improvement
of three orders of magnitude in the mechanical attenuation of the cryostat
vibrations (see Fig. 4.24).
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Figure 4.24: Transfer functions of the single-stage vibration isolation as measured
and predicted by the model and of the two-stage system that will be
employed in future experiments.
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Conclusions and outlook

This thesis was concerned with chip-based magnetic levitation of supercon-
ducting microparticles.

We have developed analytical and FEM models for chip-based magnetic
traps. These models have been used to design magnetic traps based on mi-
croscale superconducting coils and accurately model the COM motion of levi-
tated superconducting particles. Further, we have developed microfabrication
processes to manufacture chip-based magnetic traps, as well as superconduct-
ing microparticles in the form of rings, discs, and spheres.

We have succeeded at magnetically levitating superconducting 50 pm spheres
made of Pb and SnPb at 4 K and 50 mK, in magnetic traps based on two-chip
stacks of superconducting planar coils. Furthermore, we have shown that the
COM motion can be detected optically and via SQUID magnetometry. The
levitation is stable over days when using magnetic means of detection. The
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measured COM frequencies (between 30-150 Hz), as well as their dependence
on trap current, temperature, and density of the particle material, are in good
agreement with our model of the system. Further, our model explains the ob-
served nonlinear particle motion due to the anharmonicity of the magnetic
trap and nonlinear pick-up efficiencies.

We have demonstrated that the COM motion can be controlled via direct
feedback, by applying a magnetic force on the particle through additional
integrated coils on the chip trap. We have discussed the prospects of bringing
the particle motion to the ground state using direct feedback cooling, and
what steps should be taken to move in this direction. In principle, technical
improvements to the current devices would allow ground-state cooling of the
particle motion via direct feedback.

We have identified mechanical vibrations driving the particle motion and
magnetic noise as the limiting factors of the experiment. Implementing a vi-
bration isolation system in the form of an elastic pendulum has attenuated
mechanical vibrations of the cryostat by approximately 40dB. The vibra-
tion isolation has made ring-down measurements possible, which give quality
factors as large as 10°. The limiting quality factors for several conceivable
dissipation mechanisms have been estimated, but none seem to explain the
quality factors measured in the experiments.

In future experiments, vibration isolation via multi-stage systems (i.e. sev-
eral elastic pendula) will reduce random excitations of the particle motion by
cryostat vibrations by up to 95dB. The experimental setup will be placed
within several layers of large magnetic shields, both mu-metal and super-
conducting. Additionally, a superconducting switch will be used to power the
magnetic trap with a persistent current, which will eliminate the current noise
in the trap.

Reducing the noise in the system will allow us to cool down the particle
motion using feedback more effectively. In the future, the implementation
of the feedback will change from direct feedback to optimal cooling with a
Kalman filter [28].

A further improvement to the experimental setup is to exchange all non-
superconducting metallic pieces within the magnetic shield with electrical in-

112



sulators with large thermal conductivity. This will remove the possibility
of dissipating energy via eddy currents, which should increase the mechanical
quality factor of the particle. We will use ceramic materials, such as aluminum
nitride and sapphire, which are electrical insulators, and good thermal con-
ductors, which can be machined on a computerized numerical control milling
machine.

There is also room for improvement for both the magnetic trap and the
superconducting particles. Further miniaturization of the magnetic traps is
within reach by employing flip-chip technology and superconducting vias. In
this way, the dimensions of the superconducting trap can be reduced by at
least one order of magnitude, increasing the magnetic field gradient and, thus,
bringing the trap frequencies up to the kHz regime. Furthermore, hollow
particles with a superconducting shell can be employed to reduce the effective
mass of the levitated object by two orders of magnitude, which would further
increase the trap frequencies by another order of magnitude to tens of kHz.

Thermal annealing of the particles would reduce the crystallographic de-
fects, and ideally create a monocrystal. This would eliminate flux trapping
sites from the superconductor, eliminating flux-related dissipation mecha-
nisms.

Sensing of minute forces could be performed in future experiments with
smaller superconducting microparticles made of light materials such as alu-
minium. If a 1 pm diameter aluminium sphere was levitated in one of our cur-
rent devices at 50 mK with a mechanical Q = 107 and thermally driven motion,
the force noise of the mechanical motion would be Spp = \/4kpTm~y =5.4 x
1022 N Hz | which is on par with the state-of-the-art (1.2x10~2° N Hz ")
[61]-[64]. If the particle motion were cooled to the ground state, the sensi-
tivity would become Spp = AkgTm~y =1.8 x 1072 NHz %°. Similarly,
a b0pm diameter lead sphere levitated in one of our current devices with
a mechanical Q = 107 and thermally driven motion, the acceleration noise
would be Sgg = Spr/m =1.9 x 10719¢gHz " and if it were cooled to the
ground state Sgg =5.8 x 10714 gHz %5, which is beyond the state-of-the-art
(1 x 1072 gHz%®) [15], [59], [60]. This latter value is the most significant
because we have seen that ground-state cooling levitated particles of this size
are in principle possible via technical improvements.
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The COM motion of levitated particles can be coupled to superconducting
quantum circuits other than SQUID magnetometers. Future experiments will
have the pick-up loop transport the flux signal of the particle motion to a
flux-tunable superconducting resonator, thus coupling the particle motion to
a superconducting, flux-tunable, nonlinear microwave cavity. The advantage
of such a system is that the coupling between the microwave cavity and the
particle motion can be enhanced by increasing the number of microwave pho-
tons in the cavity, as well as by tuning its intrinsic flux non-linearity with
external magnetic fields [72]-[76]. A strong coupling between the microwave
cavity and the particle motion would enable the generation of squeezed me-
chanical states, which could be used for even more precise detection of forces
and accelerations [35]. It would also allow for the generation of massive non-
classical mechanical states, such as Fock states [17] or cat states [18], and even
matter-wave interferometry experiments [46].
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Appendix

6.1 Fabrication recipes

Substrate preparation

When starting fabrication with a new wafer or a sample that has a protective
layer of resist on top.

e 1165 Remover bath 80 °C for 5 min
e IPA bath 2min
e Rinse in water with a water gun and blow dry with Ny gun

To avoid dielectric loss, the native oxide layer of the substrate must be
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removed.

e Dip in 2% HF for 30s

» Rinse in water in a Quick Dump Rinsing (QDR) bath and blow dry with
Ny

Nb deposition

With no heating or cooling, use the cold mount and sputter at room temper-
ature. To sputter Nb, use the following parameters in the DCA metal cluster:
200 W source power, 12 pbar chamber pressure, 80 sccm of Argon flow.

The deposition rate (typically 0.7 nm/s) changes as the niobium target is con-
sumed and should be measured after two months of regular use.

In the recipe file, modify the following as needed:
e Pre-sputter for 60s to stabilize the flow of material.
e Sputter time for half of the desired thickness.

The wait for 1min for the film stress to relax, and repeat the recipe to
sputter the remaining half of the desired thickness.

Electron Beam Lithography (EBL)

Exposing negative resist will give you a resist pattern with the same shape
as the design file, since the electron beam will interlink the polymer and the
developer will dissolve any resist not exposed.

Similarly, exposing positive resist will give you a resist pattern that is the
complementary shape of the design file, since the electron beam will break
down the polymer and the developer will dissolve resist that has been exposed.
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Positive Resist

Direct pattern transfer
e Dry on a hotplate 110°C 1min to remove water

o Chemical vapour deposition of HMDS (hexamethyldisilazane), used as
a primer for resist adhesion

e Spin coat UV5 resist 3000 rpm, which gives a 800 nm thick resist layer
o Bake resist on hotplate 130 °C 2 min

o Expose the design with 351C/cm?, 12nA beam with 300 pm aperture
at 1kV acceleration voltage.
These setting assume that Proximity Effect Correction (PEC) has been
performed in the design using the BEAMER, software.

o Post-bake resist on hotplate 130°C 1.5 min
e Develop resist in MF-CD-26 developer bath for 1 min while stirring

e Etch in O 50 W 50 mTorr 250 scem 40s to remove undeveloped resist
(de-scumming)

Lift-off
e Dry on a hotplate 110 °C 1 min to remove water

o Chemical vapour deposition of HMDS (hexamethyldisilazane), used as
a primer for resist adhesion

e Spin coat Copolymer EL10 resist 5000 rpm, which gives a 300 nm thick
resist layer

e Bake resist on hotplate 130°C 2 min

e Spin coat PMMA A4 resist 3000 rpm, which gives a 220 nm thick resist
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layer
Bake resist on hotplate 130 °C 5 min

Expose the design with 372 1C/cm?, 325 nA beam with 400 pm aperture
at 1kV acceleration voltage.

These setting assume that Proximity Effect Correction (PEC) has been
performed in the design using the BEAMER software.

Develop in IPA:DI-water 93:7 for 5 min

Etch in Oy 50 W 50 mTorr 250 sccm 40s to remove undeveloped resist
(de-scumming)

Negative Resist
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Dry on a hotplate 110 °C 1 min to remove water

Chemical vapor deposition of HMDS (hexamethyldisilazane), used as a
primer for resist adhesion

Spin coat UVN2300-0.5 resist 3000 rpm, which gives a 700 nm thick resist
layer

Bake resist on hotplate 110°C 1 min

Expose the design with 2211C/cm?, 10nA beam with 300 pm aperture
at 1kV acceleration voltage.

These settings assume that Proximity Effect Correction (PEC) has been
performed in the design using the BEAMER software.

Post-bake resist on hotplate 110 °C 1 min
Develop resist in MF-CD-26 developer bath for 1 min while stirring

Etch in Oy 50 W 50 mTorr 250 scem 40s to remove undeveloped resist
(de-scumming)



6.1 Fabrication recipes

Laser lithography

Positive resist

Direct pattern transfer

Dry on a hotplate 110°C 1 min to remove water

e Spin coat S1813 resist 3000 rpm, which gives a 1.3 pm thick resist layer
e Bake resist on hotplate 110 °C 1 min

o Expose the design with focus/intensity /transmission settings of —40,/90/100
These settings drift quite a lot in time and between designs. Hence a
dose study should be performed before exposing a design for the first
time.

e Develop resist in MF-CD-26 developer bath for 1 min while stirring

e Etch in Oy 50 W 50mTorr 250 sccm 40s to remove undeveloped resist
(de-scumming)

Lift-off

e Dry on a hotplate 110°C 1 min to remove water
e Spin coat LOR3A resist 4000 rpm, which gives a 300 nm thick resist layer

e Spin coat S1805 resist 3000 rpm, which gives a 500 nm thick resist layer
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Etching
Reactive lon Etching (RIE) of Nb

The etch rate is approx. 125 nm/min. However, it is dependent on the exposed
area, so the larger the area of Nb that is exposed, the slower the etch rate and
vice versa. Furthermore, the etch rate also changes as the process chamber
is opened and exposed to the atmosphere. It will therefore change after any
major tool maintenance has been performed.

For chips:

e« 50 W platen power (also called CCP for Capacitive Couple Power),
50 W Inductively coupled plasma (ICP), 20 mTorr chamber pressure,
20:20 sccm Ar : SiCly flow.

For wafers:

o 50 W platen power (also called CCP for Capacitive Couple Power), 50 W
ICP, 20 mTorr chamber pressure, 20:20 sccm Ar : NF3 flow.

RIE of Si and SiO,

e« 50 W platen power (also called CCP for Capacitive Couple Power),
20 mTorr chamber pressure, 20:40 sccm Ar : NF3 flow.

Deep Si etch (Bosch Process)

In order to etch through a silicon substrate, one can use the Bosch process,
which is an etch process developed to etch through several hundreds of mi-
crometers of silicon.

e Deposit a 25 nm thick Al203 layer with ALD at 125°C to conformally
coat the substrate
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e Sputter a 300 nm thick Al layer on top of the Al1203
e Spin coat S1813 at 3000rpm
o Bake resist at 110°C on a hot plate for 1 min

o Expose in DWL laser writer with 15/85/100 focus/intensity /transmission,

or in MLA laser writer with 130 mJ cm 2

e Develop in MF-CD-26 for 1 min to develop S1813. Add at least 4 min
to the development time to wet-etch the Al layer under the resist, to
transfer the resist pattern to the aluminium layer.

e Etch in Oy 50 W 50mTorr 250 sccm 40s to remove undeveloped resist
(de-scumming)

e Use RIE etch of Si and SiO5 for 30s to remove native oxide from the
substrate (optional)

o Use fast Bosch Process recipe (12:8s etch:passivation per cycle) and
apply 450 cycles to etch through 300 pm

6.2 Levitation with magnet traps

This device architecture was the result of lateral thinking and thus breaks
with the theme of superconducting coils. However, they were the first devices
to levitate superconducting particles and merit mention because of this.

6.3 Multiplex traps

Because the magnetic traps are small, many of them can be fabricated in the
same chip using the same superconducting coils. In Fig. 6.2 we show a chip
trap with two trap sites. The number of trap sites a chip can have is limited
by the available area on the silicon chip.
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BI (T)

Figure 6.1: (a) Schematic representation of the magnet trap, showing two
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millimeter-sized ring magnets with opposing magnetization. (b) A
YBCO cluster levitating inside a magnet trap, on top of a chip with
niobium structures that acts only as a carrier for the particle. Mag-
netic field distributions of the (c) vertical and (d) horizontal cut planes
at the levitation point between the magnets.



6.3 Multiplex traps

Furthermore, a dual trap can be used to implement a gradiometric pick-up.
If two pick-up loops, one in each trap site, are connected gradiometrically
the flux generated by the trap in the pick-up loops is subtracted. When a
particle is levitated only on one site, the pick-up loop will see the entirety of
the flux generated by the particle motion, whereas the magnetic flux of the
trap is cancelled out. This cancellation will be total (i.e. no background) if
the two trap sites and pick-up loops are identical. This will be true down
to the precision of the fabrication process because both the trap and pick-up
coils would be fabricated simultaneously.
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Bottom Chip

Figure 6.2: Two-chip trap with multiple trap sites. (a) Bottom and (b) top chips
of a two-chip trap with two trap sites, the pictures below show the trap
regions under larger magnification.
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Summary of included papers

This chapter provides a summary of the included papers.

7.1 Paper A

Marti Gutierrez Latorre, Joachim Hofer, Matthias Rudolph, Witlef
Wieczorek

Chip-based superconducting traps for levitation of micrometer-sized par-
ticles in the Meissner state

Superconducting Science and Technology,

vol. 33, no. 10, pp. 105002-105017, Aug. 2020

©DOI: 10.1088/1361-6668 /abat6el .
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Chapter 7 Summary of included papers

We show the design and fabrication of different magnetic chip-trap architec-
tures. We analyzed the trap properties in detail using analytical [100], [102],
[129] and FEM modeling [103], [130]-[132]. The FEM modeling is based on
the A-V formulation of the Maxwell-London equations and is applicable to su-
perconductors in the Meissner state. We show that magnetic trap properties,
like trap stability and frequency, can significantly differ from idealized, analyt-
ical models due to the breaking of symmetry by coil openings, demagnetizing
effects, and flux quantization. We found that a chip-based Anti-Helmholtz
Coil (AHC) trap is capable of levitating micrometer-sized particles of spher-
ical, cylindrical, and ring shape with trap frequencies well above 10 kHz for
a current density of 10'*A/m? in the trap wires. Further, we confirmed nu-
merically that read-out of the motion of the levitated particle using a pick-up
loop in its vicinity [34], [66] should lead to clearly detectable signals using
presently available SQUID technology [133]-[135]. We concluded that the
analyzed chip-based superconducting traps are a viable approach for future
quantum experiments that aim at levitating superconducting particles in the
Meissner state [34], [41], [46].

7.2 Paper B

Marti Gutierrez Latorre, Achintya Paradkar, David Hambraeus,
Gerard Higgins, Witlef Wieczorek

A Chip-Based Superconducting Magnetic Trap for Levitating Supercon-
ducting Microparticles

Published in Transactions on Applied Superconductivity,

vol. 32, no. 4, pp. 1800305, Feb. 2022.

©DOI: 10.1109/TASC.2022.3147730 .

We present the design, simulation, and fabrication of a chip-based super-
conducting magnetic trap for levitating superconducting microparticles of di-
ameters between 0.5 pm and 200 pm. We demonstrated stable levitation of
50 pm diameter superconducting particles in this trap at temperatures of 4 K
and 40 mK via direct observation of the levitated particle inside a dilution
refrigerator with an optical microscope.
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7.8 Paper C

7.3 Paper C

Marti Gutierrez Latorre, Gerard Higgins, Achintya Paradkar, Thilo
Bauch, Witlef Wieczorek

Superconducting microsphere magnetically levitated in an anharmonic
potential

Publisehd in ArXiv,

Oct. 2022.

©DOI: 10.48550/arXiv.2210.13451 .

Magnetically levitated superconducting microparticles offer a promising path
to quantum experiments with picogram to microgram objects. In this work,
we levitate a 700ng ~ 107 amu superconducting microsphere in a magnetic
chip trap in which detection is integrated. We measure the particle’s center-
of-mass motion using a DC-SQUID magnetometer. The trap frequencies are
continuously tunable between 30 and 160 Hz and the particle remains stably
trapped over days in a dilution refrigerator environment. We characterize
motional-amplitude-dependent frequency shifts, which arise from trap anhar-
monicities, namely Duffing nonlinearities and mode couplings. We explain
this nonlinear behavior using finite element modelling of the chip-based trap
potential. This work constitutes a first step towards quantum experiments
and ultrasensitive inertial sensors with magnetically levitated superconduct-
ing microparticles.
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