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Abstract—Magnetically-levitated superconducting mi-
croparticles have been recently proposed as a promis-
ing platform for performing quantum experiments with
particles in the picogram regime. Here, we demonstrate
the superconducting technology to achieve chip-based
magnetic levitation of superconducting microparticles.
We simulate and fabricate a chip-based magnetic trap
capable of levitating superconducting particles with di-
ameters from 0.5 ym to 200 ym. The trap consists of two
stacked silicon chips, each patterned with a planar multi-
winding superconducting coil made of niobium. The two
coils generate a magnetic field resembling a quadrupole
near the trap center, in which we demonstrate trapping
of a spherical 50 ym diameter SnPb microparticle at
temperatures of 4 K and 40 mK.

Index Terms—magnetic levitation, superconducting
coils, superconducting devices, quantum technology, in-
tegrated devices, finite element method (FEM)

I. INTRODUCTION

Superconducting levitation is a well known phe-
nomenon and allows levitation of objects of vastly
different masses [1]. In the context of quantum exper-
iments with macroscopic objects [2], superconducting
levitation can enable a novel experimental platform
combining ultra-low mechanical dissipation of levi-
tated particles [3]-[6] with the capability to stably
trap micrometer-sized objects [7], [8]. Theoretical pro-
posals to realize macroscopic quantum superposition
states [9], as well as novel ultra-sensitive force and
acceleration sensors [10], [11], have recently been put
forward that exploit these unique features.

Recent experiments have shown initial steps in
this direction by levitating micro-magnets on top of
superconductors [12]-[16], diamagnetic particles in
strong magnetic fields [4], [17], [18], and supercon-
ducting microparticles in millimeter-sized supercon-
ducting magnetic traps [19], [20]. Levitating a super-
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conducting particle in a fully chip-based, microfabri-
cated trap is advantageous as it enables high magnetic
field gradients through miniaturization [21], [22] and
a straightforward integration of precisely positioned
superconducting circuits for read-out and quantum
control of the particle’s motion [7]-[10].

In our work, we demonstrate a fully chip-based
superconducting levitation platform. We discuss the
design, simulation, and fabrication of our trap, and we
use this trap in a proof-of-principle demonstration of
levitating a 50 um-diameter superconducting particle.
We base the design of our trap on recent theoretical
work in which different magnetic trap architectures
were analyzed [7], [8], [23]-[25].

II. CHIP-BASED SUPERCONDUCTING MAGNETIC
TRAP

A. Levitation requirements

In order to stably levitate a diamagnetic particle,
first, a three-dimensional magnetic field minimum is
required to confine it [24], [26]. The magnetic field dis-
tribution used to achieve such a confinement resembles
that of an anti-Helmholtz coil configuration. At the
levitation point, the magnetic force balances Earth’s
gravity. Second, to initially lift the particle off the
substrate, the magnetic lift force must also overcome
adhesive forces between the particle and the substrate.
From a simulation of our trap, we expect a lift force
of 19nN on a 50 ym-diameter superconducting sphere
in the Meissner state when we apply a current of
0.5 A through the coils. This force greatly exceeds the
particle’s weight (0.5nN) and is, for certain particle-
substrate interfaces, sufficient to overcome adhesive
forces in our experiments. Note that these forces can
be as large as 2 uN for a 50 um metal sphere separated
by 0.3nm from a flat surface [27].

B. Design and simulation of the magnetic trap

The chip-based trap (see Fig. 1) consists of two
multi-winding planar superconducting coils microfab-
ricated on two silicon chips, which are stacked on
top of each other. The coil separation is given by the
280 pm thickness of one silicon chip. Each coil has ten
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Fig. 1. Chip-based magnetic trap. (a) Schematic of the trap assembly, showing two 280 um thick silicon chips (top and bottom). The
trap coils are colored in blue (bottom) and black (top), and the particle is shown between the coils. The colored rectangles indicate the
orthogonal plane cuts used in Fig. 2. (b) False-color scanning electron microscope image of the top chip. The dark gray region is the hole
where a particle is placed, the light gray region is the surface of the top silicon chip, and the yellow lines show the windings of the top
coil. (c) Assembled two-chip magnetic trap. The bond pads on the chip (light blue) are wire-bonded using 25 ym diameter niobium wires
(black lines). The crosses are alignment markers used for etching the hole in panel (b).

Fig. 2. Simulated magnetic field strength in the trap scaled by the current in the coils, along the (a) zy, (b) yz, and (c) zz planes. The
center of the bottom coil defines the origin of the coordinate system. The displacement of each cut plane from the origin is given at the
top of each panel. The equilibrium position of the levitated 50 um-diameter particle (black circle) is displaced from the origin along z due
to gravity and along x due to the openings of the superconducting coils. Blue and black lines in (a) mark the projection of the bottom and

top coil windings onto the zy slice, respectively.

windings with 2 ym spacing, and each winding has a
rectangular cross-section with 30 yum width and 1 ym
thickness. The coils are made of niobium and can carry
a maximal current of 0.9 A at 4K, limited by the criti-
cal current density of niobium (3- 10'° A/m? [28]). The
coil dimensions are chosen as a trade-off between the
magnetic field strength and the microfabrication yield:
Narrower windings with smaller spacing can allow
for a stronger magnetic field, due to the dependence
of critical current density [28] and current uniformity
[29], [30] on cross-section. However, millimeter-long
narrow wires frequently detach from the substrate or
break during assembly when their height to width ratio
exceeds about 0.5.

To simulate the particle in the trap, we account
for the three-dimensional geometry of the coils and
the particle. We do this because the sample is not
symmetric, thus, planar or rotationally symmetric two-
dimensional models fail to capture its behavior, and
also because the particle perturbs the trap field due
to field expulsion [23], [24], [31]. We calculate the
magnetic field distribution from finite element method
simulations using COMSOL Multiphysics [32]. The
simulations operate in the static regime and are based
on the A-V formulation of the Maxwell-London equa-
tions [33], for details see Ref. [24]. The simulations
yield the magnetic field (shown in Fig. 2), magnetic
force and supercurrents. We assume that the particle
is in the Meissner state and model it via the Maxwell-

London equations in A-V formulation [24]. This sit-
uation holds when the particle is cooled below its
critical temperature in zero field, and if the field near
the particle stays below the first critical field of the
material that the particle is made of, as is the case
in our experiment. The coils are made of a type-II
superconductor; we capture this in the model assum-
ing a nearly-perfectly diamagnetic material (relative
permeability 0.001) with a high electrical conductivity
for the coils, as described in Ref. [30]. Hence, our
model assumes that (i) the particle is in the Meissner
state, and (ii) that there is no trapped flux in the
levitated particle, inside the coil wire or inside the
coil windings. Trapped flux would affect the levitation
height, trap frequencies and mechanical dissipation.

Fig. 2 shows the trapping magnetic field, with a
three-dimensional field minimum between the coils.
The particle’s equilibrium position is slightly shifted
along the z axis due to gravity, and along the x axis
due to the openings of the coils.

The simulated magnetic field allows us to estimate
the trapped particle’s centre-of-mass (COM) motional
frequencies: We calculate the restoring force acting
on the particle when it is shifted by a small dis-
tance from its equilibrium position [24]. In this way,
we obtain motional frequencies for a 50 um particle,
(Wyy wy,w;) = 27 x (43 £ 4,64 £ 19,125 + 3)Hz
when 0.5 A current is passed through the coils (er-
ror is simulation uncertainty, see Ref. [24]). These
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frequencies are much lower than the frequencies of
typical micro- and nanomechanical resonators used
in quantum experiments [34]. As a consequence, if
the motional modes are in thermal states they will
have around 10° (107) phonons at 4 K (10 mK). Thus,
in order for the levitated particle to be in its COM
motional ground state additional cooling techniques,
such as feedback [5], [6] or sideband cooling [35],
[36], are required.

The magnetic trap can be used to levitate particles
of a huge range of diameters; the lower limit depends
on the London penetration depth, Az, and the upper
limit depends on the first critical field strength of
the particle, B.,, or is given by the geometry of the
trap. For example, SnPb particles with diameters from
500 nm to 220 pm could be levitated in our chip-based
trap (assuming Az, = 100nm and B., = 40mT [37],
[38], when using a trap current of 0.5 A).

Fig. 3. Scanning electron microscope images of superconducting
microspheres used in the experiments. (a) Lead microspheres pro-
duced by ultrasonic cavitation. (b) Commercially-available tin-lead
microspheres.

C. Fabrication

The chip trap is fabricated using conventional mi-
crofabrication techniques: The substrate is a double-
side-polished, 280 pum-thick, two-inch undoped silicon
wafer with (100) orientation. A 1 um-thick Nb layer is
deposited on the wafer by DC magnetron sputtering.
The wafer is then diced into 7mmx7 mm chips with
a Loadpoint Microace 3+ saw. The design for the
magnetic trap is transferred to the Nb layer using
electron beam lithography (Raith EBPG 5200) and
reactive ion etching (Oxford Plasmalab 100). We etch
a cylindrical hole into the top chip using the Bosch
process with an STS ICP deep silicon etch system.
The two chips are manually aligned using an optical
microscope, and glued together using cryogenic GE-
varnish. The top and bottom coils are electrically
connected by wire bonding with a 25 um diameter
niobium wire as described in Ref. [39]; this ensures
a superconducting connection between the coils at
temperatures below 9K. Finally, a single particle is
placed within the etched hole using a Signatone SE-
10T tungsten tip attached to a xyz translation stage.

III. SUPERCONDUCTING MICROPARTICLES

We use spherical microparticles made of lead (Pb)
or a tin-lead alloy (Sn63Pb37), shown in Fig. 3, since
lead and tin-lead have critical temperatures higher than
4K (6.4K and 7.0K, respectively). Additionally, they

Chromatic filter =

have relatively high first critical field strengths (40 mT
and 80 mT respectively [40]). We determined all these
values, except for the critical field of lead, using AC
magnetic susceptibility measurements.

The Pb microparticles are made in-house using
ultrasonic cavitation [41], which yields near-spherical
particles with a distribution of diameters between
0.5pm and 200 um. The tin-lead microspheres of
50 um diameter are commercially available (Easy-
Spheres).

IV. EXPERIMENTAL SETUP
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Fig. 4. Schematic of the setup in the dilution refrigerator. The
particle (black circle) levitates in the two-chip trap (not to scale)
and is imaged using a custom-made microscope with Kohler il-
lumination. The current supplied to the trap coils passes through
superconducting wiring from the 50K stage down to the sample
stage. The wires are thermalized at each stage using copper bobbins.
The two-chip trap is glued to a copper holder that sits within a multi-
layer magnetic shield.

The chip trap is placed in a dilution refrigerator,
which has a viewport that provides optical access to
the sample stage. We use a custom-made microscope
employing Kohler illumination to monitor the particle
on a CMOS camera.

The trap current is supplied by an external current
source, that passes through both pre-installed and
custom-made wiring, as shown in Fig. 4. It is crucial
to thermalize the wiring at each stage, to minimize
the heat load at the sample stage. Pre-installed copper
wires transport the current from room temperature to
the 50K stage, then a pre-installed superconducting
BSCCO tape transports the current to the 4K stage.
At the 4K stage the BSCCO tape terminates in gold-
plated copper connectors, to which we clamp a copper-
clad, formvar insulated, 190 ym twisted NbTi wire
pair, which transports the current to the sample stage.
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Fig. 5. Top view of a single 50 um diameter microsphere in the chip trap before (a), during (b,c) and after (d) levitation. The time t is
the time after current is applied to the trap coils. (a) The particle rests on the substrate when no current is applied to the trap. (b) The
particle levitates and has a large oscillation amplitude when a current of 0.5 A runs through the magnetic trap. The particle is seen as a
blur because the oscillation period of the particle’s motion is shorter than the camera’s exposure time. The white dotted lines are a guide
to the eye to identify the particle. (¢) The amplitude of the particle motion decreases until it is not resolved. The equilibrium position in
(b) and (c) are the same. (d) Particle position after levitation has ceased.

At the sample stage, the NbTi wire is clamped to bulky
Nb bond pads on the sample holder. At either end
where the NbTi cable is clamped, the insulation and
the cladding are removed to ensure a superconducting
connection. The NbTi wire is wound and glued with
GE-varnish around copper bobbins, which are attached
to different stages for thermalization, as shown in
Fig. 4. The chip trap contains microfabricated Nb bond
pads [see Fig. 1(c)], which are electrically connected
to the bulky Nb bond pads on the sample holder via
25 pm-diameter Nb wire bonds.

The sample is magnetically shielded (Fig. 4) by two
open-top baskets made of layers of superconducting
and ferromagnetic material: the sample holder lies
within a shield made of niobium and Cryoperm®, and
the entire sample stage lies within a shield made of
lead, aluminium and mu-metal®.

V. DEMONSTRATION OF MAGNETIC LEVITATION

In Fig. 5 we show images of a SnPb particle in
the magnetic trap at a temperature of 4K (see also
video material [42]). When we apply sufficient current
to the trap, the particle levitates. This is evidenced
by a sudden change of the particle position from
its initial rest position [Fig. 5(a)], additionally the
particle becomes blurred because of its oscillatory
motion about the trap center [Fig. 5(b)]. The motional
amplitude is strongly damped after 1s [Fig. 5(c)].
After about 10s the continuous illumination causes
superconductivity to break and as a result the particle
falls down [Fig. 5(d)]. When we do not shine light
on the particle, we can levitate it for several days. We
observe similar levitation results when using pure lead
microparticles and also when the trap is operated at
40mK (see also video material [42]).

We extract the particle’s motional frequencies from
an analysis of the levitation video. To this end, we
determine the time-dependent particle center by fitting
an ellipse to the particle images and identify the
center position of the ellipse with the position of
the particle in the zy plane. A Fourier transform
of this time-dependent position yields the data in
Fig. 6. We can clearly identify two dominant frequency
components and attribute these to the COM motional
modes along the z and y direction, (wg,w,) = 27 X

(32 + 1.6, 60 £ 1.8) Hz, respectively. The frequencies
are in good agreement with the simulation results of
(Wg, wy) = 21 x (43£4,64£19) Hz. We attribute the
small discrepancy to the spatial misalignment between
the bottom and top coils, as is visible in Fig. 5.

7 0.2
2.0 - < =
0.15
’§1.5 'E\
- 0.5
%10 E
0.5 w 0.05
L AL A 00

20 40 60 80
Frequency (Hz)

100 120 140

Fig. 6. Frequency spectrum of the particle’s motion at a trap current
of 0.5 A, along the = and y directions, extracted from analyzing the
camera videos.

VI. CONCLUSION AND OUTLOOK

We have presented the design, simulation and fabri-
cation of a chip-based superconducting magnetic trap
for levitating superconducting microparticles of diam-
eters between 0.5 ym and 200 pm. We have demon-
strated stable levitation of 50 pm-diameter supercon-
ducting particles in this trap at temperatures of 4K
and 40 mK. In the future, we will lower the particle’s
motional dissipation rate by using a DC-SQUID mag-
netometer to detect the particle motion non-invasively
and by improving the magnetic field shielding. These
are crucial steps to eventually bring the particle’s COM
motion into the quantum regime.

Note that in an independent recent experiment,
chip-based superconducting magnetic levitation of a
superconducting microparticle has also been realized
[43].
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