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Hybrid Quantum Machines
WILL ALL QUANTUM MACHINES BE HYBRID

All modern technology brings together a 
enormous range of different sub-technologies 
and by making them work together one can 
produce amazing functionality

Tomorrow’s quantum devices may also bring 
together different types of sub-systems in order 
to achieve an overall functionality not possible 
with a single sub-system alone.
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SUMMARY

Control of motional quality factor in magnetic levitation

Spinning up levitated magnetic spheres to ultra-fast speeds

What’s so interesting about levitated systems?

Can we levitate liquids? Shapes of levitated liquid drops

How to use magnetic forces to generate large superpositions



Two Stories

What’s so interesting about levitated systems?
WHY IS IT INTERESTING AND USEFUL?

Mechanical systems which are levitated in 
vacuum can have ultra-low damping and 
can be useful for:

• Ultra-precise sensors: gravimeters, 
gyroscopes, inertial sensors, sensors for 
dark matter, magnetometers, gravity 
waves…

• Fundamental Science: generate really 
interesting mechanical quantum states –
squeezed, Schrodinger Cats

• Gravity&Quantum : Massive systems –
can explore the interaction of gravity with 
quantum!

Spin entanglement witness of quantum 
gravity Bose, et al, Phys. Rev. 

Lett. (2017)

While small spherical particles can be trapped at high
frequency (∼300 kHz) [1,2], the near-isotropic nature of
their light scattering yields significant photon recoil heat-
ing, and their low mass is undesirable for the application of
GW detection. Larger diameter (∼10 μm) spherical par-
ticles have significant mass, but have only been realized
in subkilohertz-frequency trapping configurations [9,28].
The disclike geometry of high-aspect-ratio hexagonal
prisms allows the ideal combination of high mass, high
frequency, and low photon-recoil heating, and exhibits
a clear improvement over levitated spheres, both in the
regime when the sensor is dominated by thermal noise and
when the sensor is limited by photon recoil. While these
objects are of a lower mass than in our ideal design of LSD
[11], this work represents a significant step along the
technical roadmap and prepares us for trapping more
customized similar objects in the final detector.
Since the first experimental demonstration of cold

Brownian motion [29], solid-state laser refrigeration [30]
has proven to be an effective way of preventing detrimental
photothermal heating of optically levitated materials. In
addition, NaYF and other rare-earth-doped crystals have
been studied before in the context of optical vacuum
levitation [31,32] and have been shown to exhibit laser
refrigeration when trapped with light of an appropriate
wavelength. Previous experiments with both cubic (α) and
hexagonal (β) phases of NaYF have either been with low
mass subwavelength particles [32] or not optically levitated
in vacuum [33]. By choosing such a material for the sensor,
in the future laser refrigeration methods may enable higher
trapping intensity and higher trap frequencies for gravita-
tional wave searches approaching the several hundred
kilohertz frequency range. To produce multimicrometer-
scale high-aspect ratio particles relevant for GW detectors,
we recently developed a novel hydrothermal synthesis [34]
to drive growth of the hexagonal beta NaYF into thin, wide
plates that was not previously possible [30].
Finally, as a general tool for precision sensing experi-

ments, high aspect ratio trapped objects enable levitation of
a multimicron scale object with mechanical frequencies in
the tens of kilohertz, much higher than what is possible for
similar mass spherical objects at similar optical powers
[9,28], due to the subwavelength size of the object in the
optical axis. Additionally, β-NaYF has a density roughly
double that of SiO2, further increasing the mass of the
trapped particle. Because of common noise sources at lower
frequencies, for example from ground vibration or acoustic
noise, this is a useful experimental platform for measure-
ments, e.g., accelerometry, that would benefit from a sensor
with larger mass and higher bandwidth.
Experimental setup.—A top-view schematic of the

experimental setup is shown in Fig. 1(a). Two focused
counterpropagating linearly polarized Gaussian beams,
which are obtained from a 1550 nm laser via polariza-
tion-maintaining fiber-optic couplers and circulators, create

a standing-wave optical dipole trap. Yb-doped β-NaYF
hexagonal prisms are released from a glass substrate when
driven by a piezoelectric transducer under 2–12 mbar of N2

gas [35] and trapped in one of the antinodes of the standing
wave (total power at the trap P ≈ 475 mW, and beam waist

FIG. 1. (a) Setup. The hexagonal prism is trapped at the
conjoined foci of two 1550 nm counterpropagating linearly
polarized beams. Fiber-based detection is achieved through
homodynelike interference of light coupled back into the polari-
zation-maintaining fiber and the reference light out of the 95=5
coupler through a fiber photodetector (bandwidth of 1.6 GHz).
Scattered light is also detected through a series of three biased
photodiodes (PDs) and two quadrant photodetectors (QPDs)
viewing the prism from the side, bottom, and top diagonal
directions, as indicated. (b) Scanning electron beam micrograph
of a cluster of NaYF hexagonal prisms from the B2 sample.
(c) Optical micrograph of NaYF prism, adapted from Ref. [34].
(d) Spectral density of the motional signal at 2.2 mbar recorded
byone of theQPDdetectors for twodifferent size hexagonal prisms,
batch B1 (top P ¼ 475 mW) and B2 (bottom P ¼ 250 mW),
respectively, with dimensions as described in the text. Motion
corresponding to fiveprincipaldegreesoffreedom ðx; y; z; θx; θyÞof
the hexagon is visible, due to the nonperfectly orthogonal viewing
angle of the detector. Vertical lines indicate calculated frequencies
from a finite-element simulation for similar prisms, showing
qualitative agreement.

PHYSICAL REVIEW LETTERS 129, 053604 (2022)
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Optical Trapping of High-Aspect-Ratio 
NaYF Hexagonal Prisms for kHz-MHz 
Gravitational Wave Detectors

Geraci, et al, Phys. Rev. Lett. (2022)
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designed for both the force sensor and source masses to overcome 
the problem of double suppression. The geometries of the force 
sensor and the source masses are carefully optimized to maximize 
the produced ‘fifth force’ by employing numerical simulations (see 
Methods and Extended Data Figs. 1 and 2 for details). Moreover, we 
manage to generate a long-time coherent ‘fifth force’ (see Methods 
and Extended Data Fig. 3 for details), which can considerably 
improve the force detectability.

Figure 1a shows a schematic of our experiment. Eight thin films 
of polyimide, spaced equally on a rotating plate, are used as the 
source masses to generate a periodic chameleon field. The field then 
penetrates the vacuum chamber via the thin window and exerts a 
‘fifth force’ of frequency ωdri/2π on the force sensor suspended inside 
the chamber. The frequency ωdri/2π is eight times the frequency of 
the plate. The force sensor consists of a thin film of polyimide at 
the top, supported by a glass rod and a piece of pyrolytic graphite 
at the bottom. The pyrolytic graphite works as a supporter and is 
levitated in the magneto-gravitational trap via diamagnetic force 
(Supplementary Fig. 4). The thin film is used as a test mass, which is 
the part of the force sensor that can effectively feel the periodic ‘fifth 
force’. This is because the ‘fifth force’ below the thin film is screened 
by a magnetic shielding box that encloses the pyrolytic graphite. To 
enhance the detectability of the ‘fifth force’, we choose thin films 
with a large surface area and optimize their thickness as 12.5 μm, 
which is comparable to the Compton wavelength of the chameleon 
in the parameter space of interest. We take a glass rod long enough 

that the thin film is placed close to the source mass. In practical 
measurements, we set the frequency of the ‘fifth force’ ωdri/2π at the 
resonance frequency ω0/2π of the force sensor along the z direc-
tion. The motion of the force sensor is monitored optically17 (Fig. 
1a, inset). Finally, the magneto-gravitational trap is placed on a 
vibration-free stage in vacuum.

In addition to the chameleon ‘fifth force’, in practice, however, 
the detected forces may contain background contributions, such as 
magnetic or electrostatic forces, as well as the Newtonian gravity of 
the source masses. Therefore, to achieve a clean test of the chame-
leon field, it is important to mitigate these effects effectively. For the 
magnetic forces, we use a magnet shielding box that encloses the 
magneto-gravitational trap as well as the pyrolytic graphite. Only 
a small hole is left at the top, which allows the test mass to get out 
of the shielding box (Fig. 1b). We find that such a scheme works 
very well for suppressing the magnetic forces in our experiments 
(Supplementary Information and Supplementary Table 1). To shield 
from electrostatic forces, the vacuum chamber itself, indeed, is an 
ideal Faraday shielding cage, thanks to the design that the source 
masses on the rotating plate are separated outside the chamber 
(Supplementary Information and Supplementary Fig. 5). However, 
the chamber walls also hinder the ‘fifth force’ from passing through 
and acting on the test mass. Therefore, to mitigate this effect, there is a 
metallized low-strain silicon nitride window as thin as 0.5 μm, imme-
diately below the source masses at the top of the chamber (Fig. 1b).  
Finally, the thickness of the thin films used as the source masses 
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Fig. 1 | Schematic of experiment. a, The ‘fifth force’ of the chameleon field is generated by eight thin films (source masses) of polyimide with thickness of 
75!μm, spaced equally on a rotating plate. The force sensor consists of a piece of pyrolytic graphite, diamagnetically levitated in a magneto-gravitational 
trap and a 12.5-μm-thick film (test mass) of the same material as the source masses at the top supported by a glass rod. The magneto-gravitational trap is 
placed in a vacuum chamber with seismic noise isolation. The distance between the test mass and the source masses is 390!μm. The rotation of the source 
masses and the motion of the force sensor are monitored by optical systems, with the optical signals being detected by photodiode 1 and photodiode 2, 
respectively. The inset shows a schematic of the detection of the displacement of the force sensor. b, The rotating source masses generate a periodic ‘fifth 
force’ Fcham acting on the test mass. A thin electrical shielding window with thickness of 0.5!μm and a magnetic shield are used to screen the background 
electrostatic and magnetic forces. c, The field ϕ along the central z axis at two different rotation phases. The red and blue curves indicate the cases with 
and without a film of source mass above the test mass, respectively. The schematic is not to scale but for visibility.
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Experiments with levitated force sensor 
challenge theories of dark energy

Du, et al, Nat Phys (2022)

finished capacitor plates and between the plates and
grounded rings shielding the center plate from the end plates.
Then hemispherical cavities are machined into the pieces.
The mating surfaces of the two halves are machined to fit
tightly into each other and to align accurately along the axis
of the cylinder. Half of the center ring plate is on each piece.
The outer diameter of the assembly is machined into a cyl-
inder to fit into the cavity of the copper block on which the
coils are wound.

The two halves of a capacitor assembly, along with a
2.54 cm sphere in the upper half are shown in Fig. 5. Clear-
ance holes, countersunk for screw heads, are drilled through
the upper half of the ring plate for the bolts which secure the
assembly to the top of the cavity in the copper block !Fig. 1".
The lower half has similar clearance holes for bolts to attach
the lower half to the upper half. Copper rods, threaded at one
end, are screwed into blind tapped holes on the top of the
center plate and ring plate to serve as the center lead of rigid
coax cables. The outer conductor of these coaxes is formed
by holes drilled the length of the copper block. The copper
rods protrude through tubes soldered into the top of the cop-
per block. The rods are then sealed, vacuum tight, to the
block using Stycast 2850 epoxy. A third hole and rod
through the copper block forms the coax cable to the lower
plate which is connected by a lead between the end of the rod
and a terminal screwed into the center of the lower plate. The
sphere is placed in the lower half of the assembly before the
lower half is bolted in place.

A copper plate covers the bottom of the cavity and is
sealed vacuum tight with an indium ‘‘O’’ ring. An annealed
copper capillary tube is soldered into this plate to allow
evacuation of the cavity and backfilling with helium gas.
After backfilling the copper tube is pinched off. To further
ensure that the helium does not leak from the cavity the seam
of the pinch-off is covered with epoxy or soldered with in-
dium.

The optimal signal-to-noise ratio for the bridge is ob-
tained by operating at about 1 kHz. Cables that run from

room temperature at the top of the Dewar to 4.2 K at the top
of the vacuum can are subjected to changing temperature
gradients as the liquid helium level changes and changing
pressure since the Dewar is vented to the atmosphere. Tests
at UCSD with a sphere rigidly clamped in the center position
indicated that this was a measurable source of noise in the
capacitance bridge. In order to eliminate this problem, the
UCSD gravimeters place the bridge transformer and a cryo-
genic preamplifier in the liquid helium on top of the vacuum
can !Fig. 4". In this way low impedances are presented to the
cables so that the signals are not effected by small changes of
the high capacitive impedances of the cables. The drive sig-
nal for the bridge is generated by the internal oscillator of a
lock-in amplifier and the output of the preamplifier is con-
nected to the input of the lock-in. This provides the signal-
to-noise advantage of the lock-in and the sign reversal of the
output with sphere position above or below null as required
for feedback. The normal range of force gradients used are
such that electronic noise from the bridge !as measured with
the clamped sphere" is much less than the signal generated
by mechanical noise with the sphere floating. The cryogenic
portion of the preamplifier is shown on the left side of the
circuit diagram of Fig. 4. The room temperature portion of
the circuit is shown on the right side of the diagram and is
placed on the top plate of the cryostat. Figure 6 is a photo-
graph of this plate, bolted to the flange of the Dewar. The
photo shows the box containing the preamplifier with cables
clamped by the lid, a second box that clamps additional
cables on the opposite side, the pumping line to evacuate the
vacuum can, the openings for the liquid helium transfer tube,
a vent tube, and a large opening in which a closed cycle
refrigerator is inserted !Sec. II F".

The gravimeter is operated in feedback so that the sphere
remains in a position that nulls the capacitance bridge. Feed-
back provides the usual advantages of increased linear dy-
namic range and rapid response relative to open loop opera-
tion. An additional advantage of holding the sphere in the
null position of the bridge is that the mechanical force from

FIG. 5. Photograph of the two halves of the capacitor plate assembly with a
sphere placed in the upper half. The top half is bolted to the top of the cavity
in the copper block of Fig. 1. The large clearance holes allow the bolt head
to touch the upper ground ring without touching the ring plate. The lower
half is then bolted to the upper half using the small threaded holes in the
upper half of the ring plate. The lower half of the assembly has clearance
holes through its ground ring.

FIG. 6. Photograph of the flange on top of the Dewar of the UCSD gravime-
ters showing the room temperature portion of the capacitance bridge pre-
amplifier, the pump out, and valve for the vacuum can, cables, and feed
throughs for all other wiring. The small openings are for the liquid helium
transfer tube, the magnet plug for applying the current to the levitating coils
during setup. The large opening at the center is for the closed cycle refrig-
erator placed as illustrated in Fig. 8.

4135Rev. Sci. Instrum., Vol. 70, No. 11, November 1999 Superconducting gravimeter

The superconducting gravimeter

J.M. Goodkind: Rev Sci Inst (1999)
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What’s so interesting about levitated systems?
WHY IS IT INTERESTING AND USEFUL?

How can we levitate nano-micro sized 
objects?

Many forms of trapping/levitation are active 
– they use active power/controls to trap the 
object

Magnetic levitation is passive – can levitate 
a diamagnetic object forever with no power! 
Possibly ultra-quiet? 

Types of Levitation
Radiation pressure

PRL 111, 183001 (2013) Op. Exp. 25, 
13799 (2017)

Macroscopic > μm Microscopic < μm

Heating Room temperature

Paul trap
Nat. Phys. 6, 943 (2010)

Meissner, flux pinning

2019, 

Optical tweezers

Nat. Phys. 9, 806 (2013)

Micro motion
Room temperatureCryogenic

Stable, no heating

Optomechanical Levitation

Large laser powers! PRL (2013) 

Optomechanical Optical 
Tweezers

Large laser powers! APL  (1976) 

Electrodynamic Trap

Micromotion, ZNA  (1953) 

Magnetic 
Levitation

A flying frog!
Berry & Geim, Eur. J. Phys. (1997)

Meissner RepulsionDiamagnetic Levitation

Diamagnetism!

! ∝ −∇ % ⋅ %
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SUMMARY

Control of motional quality factor in magnetic levitation

Spinning up levitated magnetic spheres to ultra-fast speeds

Automatically self-correcting qubits

How to engineer massive Schrodinger Katz?

James Downes, MQ, 
Australia

Shilu Tian, OIST, 
Japan

Priscila Romagnoli, OIST 
Japan

Ruvi Lecamwasam, OIST 
Japan

Appl. Phys. Lett. 122, 094102 (2023)

JT, OIST
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Diamagnetic levitation
WHAT CAN WE LEVITATE AND HOW DOES IT VIBRATE?

• Highly Oriented Pyrolytic Graphite has largest diamagnetic 
response at room temp [anisotropic]

• No Cryogenics required

• Can levitate stably over checkerboard magnet array

• Can model vibrational and torsional oscillation frequencies

Material χv [× 10−5 (SI units)]
Superconductor −105
Pyrolytic carbon −40.9
Bismuth −16.6
Mercury −2.9
Silver −2.6
Carbon 
(diamond) −2.1

Lead −1.8
Carbon 
(graphite) −1.6

Copper −1.0
Water −0.91

Magnetic Susceptibility

Vertical Force Density above the 
magnets

Bz magnetic field above the 
magnets

X. Chen et al, APL 116,(2020)
III. LEVITATION USING FOUR MAGNETS

We show simulations in this section corresponding to
the experiments as shown in Fig. 1. The current model and
the charge model are commonly used to simulate magnetic
fields.41 The current model is often used to find magnetic
fields near solenoids or cylindrical magnets.42,43 The charge
model has been used to simulate magnetic fields near rectan-
gular magnets.44,45 A good agreement between simulation
results using the charge model and experimental results has
been achieved.46 We calculate the magnetic field using the
charge model, where a magnet is modeled by a distribution
of magnetic charges, and charge distribution is used to obtain
the total magnetic field.41 We use a volume magnetization of
8! 105 A/m in our simulation, so that the magnetic field is
close to the experimental data of 0.3 T near the magnet.22

Figures 2(a)–2(c) show the magnetic fields at 0.5 mm above
the top surface of four interleaved magnets. The size of each
magnet is 5 mm! 5 mm! 5 mm. In Figs. 2(d)–2(f), we plot
the force distribution assuming infinitely small graphite par-
ticles. We use infinitely small particles so that we can visu-
ally observe the force distribution on every position. The

magnetic force is F ¼
Ð

VfdV. The force density f can be
expressed as28,47

f ¼ ðM $rÞB ¼ 1

2l0

rðvxB2
x þ vyB2

y þ vzB
2
z Þ; (1)

where M is the effective induced magnetization, B is the
magnetic flux density, l0 is the vacuum permeability, vx

and vy are equal to transverse magnetic susceptibility vk
¼ '0:85! 10'4,26,28 and vz is equal to perpendicular mag-
netic susceptibility v? ¼ '4:5! 10'4.26,28 The effective
induced magnetization with the magnetic susceptibility ten-
sor v in the presence of a static magnetic flux density B can
be expressed as28,48

M ¼ 1

l0

v $ B: (2)

From Fig. 2, we try to determine the stable condition for
a square graphite plate with a size of 2 mm! 2 mm! 0.2 mm
at different rotational angles u with respect to the four inter-
leaved magnets, as shown in Fig. 3(a). The torque for a
graphite plate in a magnetic field is49,50

s ¼
ð

V
M! BdV þ

ð

V
r! fdV; (3)

where r is the position vector and f is the force density from
Eq. (1). For a square graphite plate as shown in Fig. 3(a), the
first term in Eq. (3) is zero due to the symmetry of the mag-
netic field, so we only need to consider the second term in
order to find the stable condition. Figures 3(b) and 3(c) show
the force distribution of Fx and Fy, respectively, on a square
graphite plate with different rotational angles u, defined in
Fig. 3(a). The corresponding rotational direction due to Fx

and Fy is also marked on the figure. We can see that the
forces on graphite plates reach equilibrium when u is 0( or
45(. However, the condition with u¼ 45( shows stable levi-
tation even with a small rotational perturbation as shown in
Fig. 3, while u¼ 0( does not show stable levitation. We
show Figs. 2 and 3 in arbitrary units to illustrate the force

FIG. 1. (a) Graphite plate levitated by four magnets. (b) Graphite plate on a
supporting board above one magnet in air. Distance between the graphite
plate and magnet is marked on the figure. (c) A graphene flake after a mag-
netic field was applied. The elapse of time after a magnetic field was applied
is marked on the figure.

FIG. 2. Magnetic field distribution of (a) Bx, (b) By, and (c) Bz at 0.5 mm
above the top surface of four interleaved magnets. Force distribution of (d)
Fx, (e) Fy, and (f) Fz at 0.5 mm above the top surface of four interleaved
magnets. The parity is also marked above the four interleaved magnets.

FIG. 3. (a) Schematic illustration of a square graphite plate above the four
interleaved magnets. Force distribution of (b) Fx and (c) Fy for a square
graphite plate with different relative angles, u, with respect to the magnet
edge. The arrows indicate the rotation direction induced by Fx or Fy.

044302-2 Niu et al. J. Appl. Phys. 123, 044302 (2018)
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45(. However, the condition with u¼ 45( shows stable levi-
tation even with a small rotational perturbation as shown in
Fig. 3, while u¼ 0( does not show stable levitation. We
show Figs. 2 and 3 in arbitrary units to illustrate the force

FIG. 1. (a) Graphite plate levitated by four magnets. (b) Graphite plate on a
supporting board above one magnet in air. Distance between the graphite
plate and magnet is marked on the figure. (c) A graphene flake after a mag-
netic field was applied. The elapse of time after a magnetic field was applied
is marked on the figure.

FIG. 2. Magnetic field distribution of (a) Bx, (b) By, and (c) Bz at 0.5 mm
above the top surface of four interleaved magnets. Force distribution of (d)
Fx, (e) Fy, and (f) Fz at 0.5 mm above the top surface of four interleaved
magnets. The parity is also marked above the four interleaved magnets.

FIG. 3. (a) Schematic illustration of a square graphite plate above the four
interleaved magnets. Force distribution of (b) Fx and (c) Fy for a square
graphite plate with different relative angles, u, with respect to the magnet
edge. The arrows indicate the rotation direction induced by Fx or Fy.

044302-2 Niu et al. J. Appl. Phys. 123, 044302 (2018)
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Two Stories

Eddy damping – low Q
EDDY DAMPING IS A DRAG!

• Many highly diamagnetic materials are electrical conductors. Motion of a conductor 
in a magnetic field induces eddy currents and loss – graphite oscillation even in 
vacuum has low motional-Quality-factor.

• How to control this – engineer the eddy currents in the graphite and control the 
motional Q without loosing too much diamagnetic lift?

• One suggestion: composite- resin with micron sized graphite powder – reduces 
eddy currents but also reduces lift – does give high-Q !

Material χv [× 10−5 (SI units)]
Superconductor −105
Pyrolytic carbon −40.9
Bismuth −16.6
Mercury −2.9
Silver −2.6
Carbon 
(diamond) −2.1

Lead −1.8
Carbon 
(graphite) −1.6

Copper −1.0
Water −0.91

Magnetic Susceptibility

X. Chen et al, Adv Sci (2022)

www.advancedsciencenews.com www.advancedscience.com

Figure 1. a) Schematic of a diamagnetic plate levitating above 4 cubic Nd2Fe14B magnets with alternating magnetization. b) Schematic of the eddy
currents (red circular arrows) generated inside the graphite microparticles that are distributed in the composite. c) The relationship between the eddy
current damping force Fe and particle size d, for a spherical particle with electrical resistivity !r moving in a magnetic field (see Section S5,Supporting
Information, for details). d) An array of graphite-epoxy composite plates of different sizes levitating above magnets at room temperature and pressure.
e) Confocal microscopy image of the surface of the composite plate with particle size of 17.6 um and volume fraction of 0.21, showing the distribution
of the graphite particles (white) in the epoxy (black). f) Scanning electron microscopy image showing the size and morphology of the graphite particles.

object. Finally, we compare the performance of the realized dia-
magnetic composite resonator to state-of-the-art accelerometers
and show that it leads to one of the lowest acceleration noise fig-
ures achieved thus far in levitating sensors.

2. Results

2.1. Diamagnetically Levitating Composites

To realize diamagnetically levitating resonators with high Qs, we
fabricate composite materials with distributed graphite micropar-
ticles by dispersing them in epoxy resin through mechanical mix-
ing, and then curing the resin in an oven (see Exprimental Sec-
tion and Section S1, Supporting Information). The fabrication
process enables a high degree of freedom in size of graphite par-
ticles and selection of resin composition. Due to the strong dia-
magnetic susceptibility of graphite, the composite levitates stably
above permanent Nd2Fe14B magnets arranged in a checkerboard
configuration with alternating magnetization (see Figure 1a). We
expect that the epoxy between the microparticles acts as an in-
sulator, confining eddy currents within the particles (Figure 1b),
and thus diminishing eddy current damping forces and increas-
ing Q.[15 ] Furthermore, since for a composite with particle size d
moving in a magnetic field, the eddy current damping force per
volume scales quadratically with particle size (Fe∝d2 see Figure 1c
and Section S5, Supporting Information[26 ]), we expect that by re-
ducing the microparticle size in the composite, high mechanical
Qs can be achieved while maintaining macroscopic mass. To ex-
perimentally investigate this effect, square graphite/epoxy com-
posite plates of different size with a constant 90 µm thickness

are prepared, as shown in Figure 1d. The successful levitation of
the composite plates with graphite volume fraction Vf of 21%, as
shown in Figure 1d, confirms that the diamagnetism of graphite
is maintained in the microparticles and that the diamagnetic
force remains strong enough to oppose the gravitational force,
even though the graphite particles have anisotropic magnetic sus-
ceptibilities and are randomly oriented inside the epoxy matrix.
In Figure 1e,f, we show microscopic images of the composite
and graphite microparticles from which we note that the parti-
cle sizes are distributed over a wide range (see the particle size
measurement in Section S2.1, Supporting Information). More-
over, we quantitatively analyze the particle distribution (see Sec-
tion S2.2, Supporting Information) and observe that the graphite
particles are randomly distributed inside the epoxy matrix.

2.2. Q-Factor Measurement

To probe the vibrations of the levitating plates, we use a Polytec
MSA400 Laser Doppler Vibrometer (LDV) and measure their out-
of-plane velocity in a vacuum chamber at a pressure of 0.1 mbar
(see Figure 2a and Experimental Section). We characterize the
spectral response of the levitating objects by driving them elec-
trostatically at different frequencies. Figure 2b shows the area-
averaged magnitude of the spectral response for a 1.8 × 1.8 ×
0.09 mm3 composite plate with 8.6 µm graphite particles. Three
plate resonance peaks can be identified in the spectral response,
which correspond to the two rotational modes at 29.7 Hz (Mode
1) and 31.4 Hz (Mode 2) and the translational rigid body mode
of vibration at 34.0 Hz (Mode 3). In this work, we focus on the Q
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Two Stories

Eddy damping – low Q
HOW TO ENGINEER THE EDDY DAMPING!

• Instead we follow route similar to how eddy currents are 
reduced in electrical transformers – physically interrupting 
the eddy currents.

• Interrupt the eddy currents by physically making tiny slots in 
the graphite slab

Laser Machining at 
OptoFab MQ Node

Design

Photo of 
machined 

graphite slab 
10mm square

Eddy currents 
in slotted 
slabs greatly 
reduced

Eddy current simulations [Comsol/Mathematica]



Two Stories

Measure Q of the levitated plate?
HOW TO CONFIRM THE IMPROVED DAMPING?

• Measure motion of plate (small mirror attached), using laser 
displacement interferometer – high vacuum – no pump vibrations 
using ion pump.

!(#) =

Q-factor increases



Two Stories

Measure Q of the levitated plate?
HOW TO CONFIRM THE IMPROVED DAMPING?

• Compare the Q-factor of the slotted plates with 
the solid plate with simulations done in 
Mathematica and COMSOL – very good 
agreement!

• Motional damping primarily due to eddy!

• Next – can we try some other diamagnetic 
materials to increase Q-factor and try 
feedback cooling?

Appl. Phys. Lett. 122, 094102 (2023)
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Four stories
SUMMARY

How to engineer massive Schrodinger Katz?
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Two Stories

Schrodinger Cats with massive objects

Ø Long time interest – what is the boundary between quantum and classical worlds
Ø Generation of macroscopic quantum states of massive objects in two spatial positions
Ø Can be useful for ultra-sensitive sensors
Ø Can also be useful to probe the links between the quantum world and gravity!

15

MOTIVATION

WITH MACROSCOPIC SUPERPOSITIONS OF MASSIVE OBJECTS

Ø Absolute gravimetry Ø Test quantum equivalence principle

M. Johnsson et al., Sci. Rep. 6, 37495 (2016) S. Bose et al., arXiv:2203.11628 (2022)

ØLink between Quantum & gravity

S. Bose et al., Phys. Rev. Lett. 119, 2402401 (2017) 
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Quantum superpositions – what has been achieved?

16

REALIZED SUPERPOSITION

Ø Schrodinger’s cat Ø Superposition realization using matter-wave interferometer in 
electrons, neutrons, ions, molecules…

https://en.wikipedia.org/wiki/Schr%C3%B6dinger%27s_cat#/

Entanglement of electromechanical 
drum modes, mass~70 pg

Superposition of particles with 
masses exceeding 25,000 Da

M. Arndt & K. Hornberger, Nature Physics, 10(4), 271 (2014)
M. Zawisky et al, Nucl. Instrum. Methods Phys. Res. 481(1-3), 406 (2002)
C. Monroe et al., Science 272, 1131 (1996)              M. Arndt et al., Nature 401, 480 (1999)
S. Eibenberger et al., Phys. Chem. Chem. Phys 15, 14696 (2013)
Y. Y. Fein et al. Nat. Phys. 15, 1242 (2019)               T. Kovachy et al. Nature 528, 530 (2015)
S. Kotler et al, Science 372, 622 (2021)
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Macroscopic superposition

17

SOME PROPOSALS TO GENERATE MASSIVE SUPERPOSITIONS

Ø Atom-particle coupling

M. Toroš et al., Phys. Rev. Research 3, 033218 (2021)

Z. Yin et al., Phys. Rev. A 88, 033614 (2013)

Ø Using NV-center diamond

B. D. Wood et al., Phys. Rev. A 105, 012824 (2022)
S. Bose & G. W. Morley, arXiv:1810.07045 (2018) 

M. Scala et al., Phys. Rev. Lett. 111, 180403 (2013)

C. Wan et al., Phys. Rev. Lett. 117, 143003 (2016）
R. J. Marshman et al., arXiv:2105.01094 (2021) O. Romero-Isart et al., New J. Phys. 12, 033015 (2010)

Ø Ion trap and 
magnetic field

A T M A. Rahman, New J. Phys. 21, 113011 (2019)

Ø Optical trap and cavity
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Macroscopic superposition

18

OUR PLANS

1. Superposition of Levitated Magnet

2. Superposition of Levitated Superconducting Flux Qubit

Ø Using Quantum flux qubit

I. Chiorescu et al., Science, 299(5614), 1869 (2003)

J. R. Friedman et al., Nature, 406(6791), 43 (2000)

We propose two schemes:

Large circulating current in quantum 
superpositions make quantum 
magnetic fields in superposition
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1. Superposition of Levitated Magnet

19

TRAPPED YIG SPHERE DISPLACED BY MAGNETIC FIELDS

Massive quantum superpositions using magneto-mechanics 5
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Figure 1. Schematic for the creation of superposition states of an optically levitated
magnetic YIG nanoparticle using superconducting flux qubits. In subfigure (b) we depict
the nanoparticle as a sphere which is trapped at the centre of the tightly focused optical trap
(yellow). The nearby flux qubits are shown as rings (orange), containing three Josephson
junctions. When no currents flow in these qubits the particle’s position is at the centre of the
optical trap (solid purple sphere). When both qubits are in the |0i state persistent currents flow
in opposite circularities (red blurred ring arrows), which gives a linearly varying magnetic field
shown in subfigure (a) in (red). This causes the nano-particle to be displaced to the right by a
small distance zeq (red blurred sphere). When the flux qubits are in the state |1i, the magnetic
field at the particle’s location is shown in subfigure (a) in (blue), displacing the nano-particle
to the left (blue blurred sphere). By exciting the flux qubits into a superposition state the nano-
particle is driven into a spatial superposition of extent �z.

be obtained by solving the equation,

1

4⇡2µ0
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z
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z=zeq

� zeq = 0, (3)

Counter-intuitively, from equation 3, we can see that the equilibrium position zeq is
independent of size of the YIG sphere but only on the density and remnant magnetization.

For small displacements the zeq can be analytically written as (see APPENDIX A),

zeq ⇠
3

4⇡2

⌘

(1 + ⌘2)5/2

NI

R2

Br

⇢⌫2
z

. (4)

• Consider Yttrium Iron Garnett (YIG), sphere trapped in 3D in a 
harmonic trap – can be MAGNETIC or OPTICAL trap

• YIG is a magnetic insulator – small remnant magnetization

• Position two ring flux qubits with oppositely circulating currents

• Magnetic field generated by Flux qubits form an anti-Helmholtz
B field is zero midway and is linear

• Magnetic Interaction between YIG and B field causes the YIG to shift 
it’s equilibrium to right by small distance

• Switch circulation of currents in Qubits and YIG shifts to the left

• Currents in Qubits can be in a superposition and thus YIG will be 
shifted into a superposition of two positions.
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Superposition of Levitated Magnet
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HOW LARGE A SPATIAL SUPERPOSITION CAN WE GENERATE?

Can evaluate the displacement in terms of the zero 
point motional width  !. Can reach 

The spatial size of the superposition is 
INDEPENDENT of the size of the YIG sphere!

Size of 
superposition

Motional Trap 
Freq
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Radius of Flux Qubits

Configs where &~10!
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Floating an entire Flux Qubit

21

MASSIVE SUPERPOSITIONS
• Use single magnet to levitate AN ENTIRE SUPERCONDUCTING FLUX QUBIT 

– Meissner levitation of the superconducting ring

• FQ can be driven inductively – no contact needed –Take care of backaction 
onto magnetic field

• Depending on currents flowing in FQ massive shifts in equilibrium height.

• Levitated ring is also stable in horizontal direction and to tilts

• Both setups could have very high motional Q factors!

log!" |%|

& [()]

+[
()

]

Magnet

Qubit

Analytic

Huge Shifts!

https://arxiv.org/abs/2307.14553

<latexit sha1_base64="x+xnuTUrU7RvgmCfB18zcrJ0klE=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqs5IqS6LunBZwT6gMw6ZNG1Dk8yQZIR26MqNv+LGhSJu/QZ3/o1pOwttPXDhcM693HtPGDOqtON8W7ml5ZXVtfx6YWNza3vH3t1rqCiRmNRxxCLZCpEijApS11Qz0oolQTxkpBkOriZ+84FIRSNxp4cx8TnqCdqlGGkjBfahd02YRnB0OgpST3I4ivnYU5RD17mvBHbRKTlTwEXiZqQIMtQC+8vrRDjhRGjMkFJt14m1nyKpKWZkXPASRWKEB6hH2oYKxIny0+kbY3hslA7sRtKU0HCq/p5IEVdqyEPTyZHuq3lvIv7ntRPdvfBTKuJEE4Fni7oJgzqCk0xgh0qCNRsagrCk5laI+0girE1yBROCO//yImmcldxKqXxbLlYvszjy4AAcgRPggnNQBTegBuoAg0fwDF7Bm/VkvVjv1sesNWdlM/vgD6zPH+qEmCI=</latexit>

�z/zzpm ⇠ 106



Two Stories

Four stories
SUMMARY

Levitation of Liquids and what shape do they take?

Isha Sanskriti, 
OIST

Daehee Kim, 
OIST

JT, OIST

On arxiv soon – help!



Two Stories

Why levitate liquids

Ø Super fun – interesting!
Ø Can simulate micro-gravity within the liquid – study novel fluid dynamics and surface tension
Ø Can be used as a sensor eg. density, magnetic susceptibility of fluids
Ø Can be used in hybrid devices eg. photonics, liquid optical resonators and lasers

23

MOTIVATION

LEVITATION OF LIQUIDS

ØLiquid Helium

Using superconducting Solenoid –
Weilert, Whitaker, Maris, Seidel, PRL 
(1996)

VOLUME 77, NUMBER 23 P HY S I CA L REV I EW LE T T ER S 2 DECEMBER 1996

by pumping on liquid contained in the lower part of the
cell so as to make it boil violently or by rapid cooling of
the experimental cell. Droplets in the mist agglomerate
to form a large drop within the trap. Another method
was to introduce liquid directly from a capillary which
ended at the edge of the trap. This technique had the
advantage that it was possible to introduce more than one
drop into the trap. We were able to maintain drops in the
trap indefinitely. The largest drops that could be levitated
had a diameter of approximately 2 cm.
The shape of a liquid-vapor interface in such a trap is

determined by Laplace’s equation ks ≠ Pliq, where k is
the curvature of the surface, s is the surface tension, Pliq
is the pressure of the liquid, and the pressure of the gas
has, for the moment, been ignored. It follows that the
height z of the surface at radius r satisfies the relation

zr 1 z3
r 1 rzrr

r s1 1 z2
r d3y2 s ≠

x

2
B2sr , zd 2 rgz 1 C , (2)

where C is a constant and zr and zrr are the first and
second derivatives of z with respect to r . This equation
gives the surface shape for levitated drops and also
describes the distortion of the surface of bulk liquid in
the cell due to the magnetic potential. In the present
apparatus we are able to view the drops only from above,
i.e., looking down along the axis of the magnet. Thus we
cannot determine the shape of a levitated drop in order
to compare it to theory. However, Eq. (2) does make
definite predictions for how the form of the surface should
change as the cell is filled with liquid from the bottom.
When the cell was filled from the bottom, a column of
liquid rose up from the bottom of the cell, where the liquid
was in contact with the cell walls. Upon filling the cell
further, the top of the tower would expand radially and
come into contact with the cell walls. This would result
in an annular bubble located at the potential maximum on
the cell wall seen in Fig. 1 at a height of 3 cm. These
observations are qualitatively consistent with predictions
based on Eq. (2).
When two drops were introduced into the trap, it

was frequently observed that the drops would come
into contact with each other at the potential minimum,
but would not coalesce. Drops were even seen to
bounce off one another before coming into steady contact.
Noncoalescence was observed between two drops with
approximately the same size and between small and large
drops. Sometimes groups of three or more drops were
observed in apparent contact. For a current of 118 A, two
drops in contact were positioned side by side, i.e., with
their centers at approximately the same height. This is to
be expected given the potential energy contours shown in
Fig. 1. At lower magnet currents the drops stacked one
above the other, and this could be understood in terms
of the change in shape of the potential energy contours
for this current. Drops were observed in contact for as

FIG. 2. Photograph of two drops in contact. The drops are
viewed from above. The capillary which produced the two
drops can be seen in contact with the drop on the right.

long as 3 min before coalescence occurred. Figure 2 is a
photograph of two drops in contact.
As far as we could tell from our observations, two drops

of equal size made contact over an area that was planar.
The shape of the drops was similar to that of a liquid drop
resting on a flat surface that the liquid does not wet. Thus
the contact angle between the drop surface and the plane
of contact was 180±. This implies that the total surface
energy per unit area within the contact plane was nearly
the same as the energy of two free drop surfaces.
We believe that the noncoalescence results from a

layer of vapor between the drops which keeps the liquid
surfaces from making direct contact with each other. But,
it appears that this vapor layer is maintained because
nonequilibrium conditions in the cell result in slow
evaporation from each drop. The phenomenon is similar
to the Leidenfrost effect [5] which is seen when water is
dropped onto a hot metal surface, or when liquid nitrogen
is spilled on the laboratory floor. Related observations
on organic liquids have been made by Derjaguin and
Prokhorov [6].
If an isolated spherical drop is placed in the cell and

the temperature lowered, evaporation will take place at
an equal rate everywhere on the surface of the drop. If
another drop is nearby the evaporated vapor will have to
escape from the region directly between the drops, and
there will be a build up of pressure DP in this region. The
two drops will approach each other until either contact is
made or the pressure rise is sufficient to prevent further
approach [Fig. 3(a)]. Assuming that the liquid and gas

4841

Using superconducting Solenoid, 
evaporation and WGM  – Brown, 
Wang, Namazi, Harris, Uysal, Harris, 
PRL (2023)

ØAqueous

Nature © Macmillan Publishers Ltd 1998
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succeeded in levitating water, but in the
lower fields of an ordinary 10 T supercon-
ducting magnet. To achieve this we make
use of gravitational and magnetically
induced buoyancy forces in the host para-
magnetic atmosphere (pressurized air or
oxygen), rather than simply the diamagnet-
ic force on the levitating object, to balance
the gravitational force. This permits the
magnetic levitation in air of paramagnetic
as well as diamagnetic substances, which
was widely believed to be impossible3. The
physics underlying this effect is essentially
the same as that of magnetohydrostatic ore
separation, where a ferromagnetic fluid is
used4. Because our process can levitate sub-
tances at a stable position in an atmosphere,
we have named it ‘magneto-Archimedes
levitation’.

The presence of air inevitably contri-
butes a small buoyancy force, due both to
its weight (Archimedes’ principle) and to
the magnetic force that pulls the slightly
paramagnetic air towards the centre of the
magnet where the field is strongest. In the
earlier experiments1,2, the buoyancy forces
on the levitating objects are likely to have

been small (~4% under the experimental
conditions given) compared with the dia-
magnetic forces, and were not considered
explicitly. But by increasing the pressure of
the host atmosphere, these buoyancy forces
can be amplified to the point where they
dominate.

Including the Archimedes buoyant
forces due to atmosphere of density !a and
magnetic volume susceptibility "a, the con-
dition of stable levitation for water or a sub-
stance with !w and "w is

#(!w#!a)g$[("w#"a)/%0]B dB/dz&0

where g is the acceleration due to gravity, %0

is the permeability of vacuum, B is the field
intensity and z is the vertical position. The
weight of air is still small relative to that of
water, for instance at 60 atm. But more
important is the ratio '"a/"w', initially
~0.042 but then boosted to ~2.5 at 60 atm.
Besides, " is negative for water but positive
for air, thereby adding up in the second
term to a net enhancement of ~3.5. The
magnet can then be weaker by this factor,
reducing the field requirements to the range
achievable by an ordinary superconducting
magnet such as that used in the present
experiment, of which the maximum
B dB/dz = 420 T2 m#1. As the paramagnetic
susceptibility of the air is due to oxygen gas
in the air, we could use pure oxygen gas to
reduce the pressure required to 12 atm. 

The demonstration was made with a set-
up as shown in Fig. 1, using a cryo-cooler-
operated 10 T magnet of 100 mm bore at
room temperature (Sumitomo Heavy
Industries; HF-10-100VHT). Distilled
water, initially stored in the upper contain-
er, was injected through a stainless capillary
into the glass tube vessel. After a water
droplet had formed at the lower tip of the
capillary, which was initially located at the
height of the maximum 'B dB/dz', the
inserted container system was slowly
retracted upwards as a whole so that the
droplet was detached from the capillary.

For about the next minute the droplet
repeated a complex bouncing motion, after
which it stabilized to a free-standing spheri-
cal form. It was then possible to drip fur-
ther water from above, one droplet after
another, to enlarge the water ball to a vol-

scientific correspondence
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Making water levitate

The levitation in air of water, other diamag-
netic substances1 and even living organ-
isms2 was recently achieved by using the
extremely strong magnetic field provided by
a Bitter-type hybrid magnet. We too have

Figure 1 Set-up for the ‘magneto-Archimedes levi-
tation’ of water in a pressurized oxygen atmos-
phere, !a&1.21 kg m#3, "a&$0.379(10#6 for air and
!a& 1.33 kg m#3, "a&$1.80(10#6 for oxygen; "w&

#9.03(10#6 at 20 °C and 1 atm, all in SI units.

Figure 2 A levitating ball of aqueous CuSO4 solution with "w&$0.48(10#6 in SI units.

were designed to match the highly con-
served region of helix 1 and/or helix 3 of the
homeodomain of HOX genes4–8. Thus, the
absence of certain types of HOX gene seems
unlikely to be an artefact.

Previous phylogenetic results9,10 implied
that, at an early stage in the evolution of the
HOX cluster, there was a three-gene cluster
consisting of an Abdominal-B-like gene,
an ancestor of the medial genes, and an
ancestor of the anterior genes labial and
proboscipedia. Our results support a similar
hypothesis, although they are consis-
tent with the early presence of both
anterior genes.

Our results do not support the zootype
concept. Cnidarians appear to lack ortho-
logues of several of the genes in the HOX
clusters of Drosophila and vertebrates.
Instead, these Drosophila and vertebrate
genes form a monophyletic group, suggest-
ing that they arose following the origination
of Cnidaria. The zootype pattern of HOX
gene expression is shared by a group within
the metazoans, but it does not seem to pro-
vide “a morphological criterion for what an
animal is”1.
Daniel E. Martínez
Department of Biology, Pomona College,
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Using superconducting Solenoid, 
Making water levitate – Ikezoe, Hirota, 
Nakagawa, Kitazawa, Nature (1998)

Seems to require very 
strong magnetic fields 
and gradients!

<latexit sha1_base64="phLjcEw+DAa3YB71Xb4t1oumR+8=">AAACE3icbZDLTgIxFIY7XhFvoy7dNBITNARmCF5WhuDGJSbcEgZJpxRoaGcmbccEB97Bja/ixoXGuHXjzrexwCwU/JMmX/5zTk7P7waMSmVZ38bS8srq2npiI7m5tb2za+7t16QfCkyq2Ge+aLhIEkY9UlVUMdIIBEHcZaTuDq4n9fo9EZL6XkUNA9LiqOfRLsVIaattno5KTiYdOYLDzriUi+HhZHQFzyzLyUyNyl0+x8dtM2VlrangItgxpECsctv8cjo+DjnxFGZIyqZtBaoVIaEoZmScdEJJAoQHqEeaGj3EiWxF05vG8Fg7Hdj1hX6eglP390SEuJRD7upOjlRfztcm5n+1Zqi6l62IekGoiIdni7ohg8qHk4BghwqCFRtqQFhQ/VeI+0ggrHSMSR2CPX/yItTyWfs8W7gtpIqlOI4EOARHIA1scAGK4AaUQRVg8AiewSt4M56MF+Pd+Ji1LhnxzAH4I+PzB4qonBI=</latexit>

|B (dB/dz)| > 500T2/m

Can we find a way to 
magnetically levitate with 
lower magnetic fields?
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Why levitate solids and liquids

Ø Magneto-Archimedes Levitation of solids and liquids
Ø Float diamagnetic objects in a paramagnetic liquid

Increased lift due to larger magnetic susceptibility 
contrast and buoyancy

Ø Can be used as a very sensitive measurement of density
and magnetic susceptibility of small quantities of particles

24

MAGLEV APPLICATION IN CHEMISTRY, BIOLOGY AND MAT SCI

gas of 10 atm as the surroundings, water can be levitated
with an ordinal superconducting magnet with a field of 10T
in which B · dB/dz is about 400T2/m.2, 3)

A stable levitation position in magneto-Archimedes levita-
tion is determined by the ratio of the difference of the mag-
netic susceptibilities to that of the densities between the ob-
jected material and its surroundings. Therefore, different
substances levitated in the field have different equilibrium
positions. Even if some materials were levitated accidentally
in the same position under certain conditions, it would be
possible to change the stable point and to separate the ma-
terials by changing the properties of the surroundings. This
appears to be a novel and useful way to separate the mate-
rials. The potential of this magneto-Archimedes separation
was evaluated through the following experiments.

Experimental

The magnets used in this study were two cryo-cooler-operated
superconducting magnets (Sumitomo Heavy Industries; HF-
10-100VHT and HF-12-100VHT). Both of them have a room-
temperature bore with a diameter of 100mm and an axis that
is parallel to the gravitational force. One of them can gen-
erate a 10 T magnetic field at the center, and the maximum
B · dB/dz is 420T2/m (HF-10-100VHT); on the other hand,
the other can generate 12T, and the maximum B · dB/dz is
560T2/m (HF-12-100VHT).

We carried out two kinds of separation experiments. The
first was the separation of sodium chloride (NaCl) and potas-
sium chloride (KCl) grains in a pressurized-oxygen atmo-
sphere. Their volume magnetic susceptibilities and densi-
ties were χNaCl = −1.406 × 10−5 (in SI unit) and ρNaCl =
2.164 × 103 kg/m3 for NaCl and χKCl = −1.250 × 10−5 and
ρKCl = 1.988 × 103 kg/m3 for KCl, respectively. To levitate
these substances, the oxygen-medium gas must be pressur-
ized higher than in the case of water because the density of
a solid substance is usually greater than that of water. For
this experiment, a 10 T superconducting magnet was used.
Oxygen gas was introduced into a glass tube into which a
powder mixture of NaCl and KCl had been previously placed
and pressurized to 32 atm. When placed into a magnet bore,
the glass tube was shaken lightly to separate the particles.
After that, the position of levitation was observed.

The second experiment was the separation of colored-glass
particles in a solution of manganese chloride. In glass, color
is usually given by doping with impurities. Therefore, glasses
with different colors should be different in density and in
magnetic susceptibility. Furthermore, they should be sepa-
rated by means of magneto-Archimedes separation. In our
experiment, four colors of glass particles (red, blue, yel-
low, and black) were used (Satake Glass Co., Ltd.). The
densities and magnetic susceptibilities of the particles were
measured using a pycnometer and a SQUID (Quantum De-
sign, MPMS-5), respectively, and the results were as fol-
lows: red: χ = −13.3 × 10−6, ρ = 2.546 × 103 kg/m3,
yellow: χ = −9.27 × 10−6, ρ = 3.208 × 103 kg/m3, blue:
χ = −2.20 × 10−6, ρ = 3.171 × 103 kg/m3, and black:
χ = +317 × 10−6, ρ = 3.199 × 103 kg/m3. For this exper-
iment, a 12T magnet was used. The glass fragments were
riddled with a 1×1 mm2 mesh in advance, and smaller parti-
cles were used. Each of the glass-particle aggregates of about
0.2 grams was put into a cylinder filled with a 6.0wt% MnCl2

aqueous solution (χ = +81.4×10−6, ρ = 1.052×103 kg/m3).
The bottom of the cylinder was then set at the maximum
point of |B ·dB/dz|. As the magnetic field was increased, the
behavior of the glass particles was observed.

Results and discussion

Figure 1 is a photograph of levitated KCl and NaCl grains by
magneto-Archimedes levitation. After introducing the glass
tube that contains the mixture of KCl and NaCl into the bore,
two clusters of powders immediately formed and were stably
floated in mid-air. The upper and lower clusters consisted of
KCl and NaCl, respectively. This figure clearly shows that
the two diamagnetic substances were separated as expected.

Photographs of the magneto-Archimedes separation of col-
ored glass particles taken under several magnetic fields are
shown in Fig. 2. At the beginning, under a zero field, all the
colored glass particles were in the bottom of the cylinder, as
shown in Fig. 2 (a). With the increase of the field, the glass
particles gradually floated in the solution. When the field in
the center exceeded 8 T, the red particles floated (Fig. 2 (b)).
After that, the yellow and blue particles floated in succes-
sion between 9.0 and 9.5 T (Fig. 2 (c)). Even under 12 T, the
black particles did not levitate because their paramagnetic
susceptibility was too large. The value B · dB/dz required
for the levitation of red, yellow, and blue particles was 205,
298, and 325T2/m, respectively. These values were in good
agreement with the calculated ones. A comparison between
(c) and (d) in Fig. 2 indicates that the distance between the
glass flocks was different, i.e., the distance was larger in (c)
than in (d). This is due to the difference of spatial distribu-
tion of B · dB/dz. Around the maximum point of B · dB/dz,
z = 113mm, B ·dB/dz varied gently compared with a higher
region. Therefore, the resolution of magneto-Archimedes sep-
aration became high in this area.

In the experiment of KCl and NaCl separation, the ratio of
∆χ for KCl to that for NaCl was 1.00 : 1.02, and the ratio
of ∆ρ for KCl to that for NaCl was 1.00 : 1.09. By consid-
ering this and the resulting position of levitation, it is pos-
sible to say that the difference in the equilibrium positions
of the two substances is mainly the result of the difference
in density rather than that in magnetic susceptibility. On
the other hand, in the experiment involving the separation
of colored glass, the order of the required absolute value of
B · dB/dz corresponds to that of magnetic susceptibilities.
Judging from the results in this case, we can say that the
equilibrium position is mainly determined by the magnetic
susceptibility. In magneto-Archimedes separation, the fac-

Fig. 1. Picture of NaCl and KCl powders levitated at different posi-
tions by magneto-Archimedes separation. The pressure of oxygen
gas was 32 atm.
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within all three arenas in the magnet bore, owing to the
spatial variation of the magnetic field. The effective
gravity acting on water inside the 0 g* tube was zero at
the levitation point, rising to approximately 5 × 10-2 g at
the walls of the arena (Figure 1C and Additional file 1,
Figure S3). We use the term 0 g* only as a convenient
label for the arena and the tube in which it was
contained.
A fourth arena, labelled 1 g (i.e. without *), was placed

in an incubator well away from the solenoid, where the
magnetic field of the solenoid is small compared to the
Earth’s magnetic field. Video images of the flies in each
container were recorded using CCD cameras; white LED
lighting on a 12 hour photoperiod cycle provided illumi-
nation for the videos.
There have been reports that static high magnetic

fields (several Tesla fields with no levitation) can pro-
duce effects on bacteria [29], plants [30,31], mammals
[32], flies [33] and the development of frog eggs [34]. By
performing experiments simultaneously at 0 g*, 1 g* and
2 g* and in the control outside the magnet (1 g), we
were able to distinguish unambiguously between the

effects on the flies of altering their net effective weight,
and any other effects of the high magnetic field.

Biological experiments
To maximise the output of our magnet experimental
time we performed three experiments under different
environmental conditions inside the magnet, which, for
convenience, we refer to by the duration of the experi-
ment (’short-term’, ‘medium-term’, ‘long-term’).
1) “Short-term” (1 day) experiment
Virgin females were mated overnight with an excess of
young males. Male and female 1-2 day old Oregon R
Drosophila melanogaster flies were both exposed to dia-
magnetic levitation for the following 26 hours at 14°C.
During this time, their behaviour was monitored using
CCD cameras. After exposure to the magnetic field, the
eggs laid inside the magnet were counted and were
allowed to hatch in order to monitor the normality of
the developmental process of eggs formed during levita-
tion conditions. Both males and females were homoge-
nised separately to study their gene expression profiles
by microarray analysis. Our choice of 14°C for the bore
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Figure 1 Effective gravity along the magnet bore and arena container properties. A) Side view of an arena contained within a transparent
plastic tube. The flies were constrained to the volume indicated by the red rectangle, between a cellophane disc (retained by two black o-rings
visible in the picture) and a semi-solid culture medium (off-white material at bottom of tube). B) Effective gravity acting on water within the 0
g* tube. The colour indicates the magnitude of the effective gravity (ms-2). Arrows show the magnitude and direction of the effective gravity.
The residual gravity on the flies (within the red rectangle) is less than 5 × 10-2 g. C) Effective gravity acting on water on the solenoid axis, Γ, as a
function of vertical position, z. The centre of the solenoid is at z = 0 mm. The arenas were placed between the pairs of horizontal red lines
shown on the plot.
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Two Stories

Magneto-Archimedes MagLev of liquids

Ø Magneto-Archimedes Levitation of liquids
Ø Uses strong permanent magnets
Ø Uses diamagnetic organic liquids which do not mix in aqueous solvents
Ø Uses paramagnetic salt aqueous solutions to increase contrast
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EXAMPLES OF MAGLEV OF LIQUIDS

ratios of cross-linked polymeric materials in solvents. We chose
cross-linked polydimethylsiloxane as a model material for this
demonstration. In a previous study, we characterized the
swelling behavior of PDMS in a variety of organic solvents (in
the context of developing PDMS-based microfluidic devices).33

Because the MagLev technique (as we describe in this
study) uses an aqueous MnCl2 solution to levitate samples; the
solvents used to swell PDMS samples should not dissolve in
the aqueous solutions. Among the 39 solvents we characterized
in the previous study,33 we chose in this study the following
three hydrophobic solvents for a demonstration: chloroform,
chlorobenzene, and toluene. The use of water-miscible solvents
will require the same compatibility of solubility of the sample
(PDMS soaked with solvents) and the suspension medium
(e.g., using hydrophobic Gd chelate dissolved in hydrophobic
solvents) for which we did not demonstrate in this study.

■ RESULTS AND DISCUSSION
Calibration. We used hydrophobic organic liquids to

calibrate the device: (i) They have known densities. Solubility
of water in hydrophobic solvents we used in this study has a
negligible influence on the density of the solvents. For instance,
the solubility of water in chlorobenzene is 0.3 mol % at room
temperature,34 and the dissolved water only causes a change in
its density less than 0.01%. We have previously evaluated the
stability in levitation height of five hydrophobic solvents in an
aqueous MnCl2 solution, and found no apparent change in h
over at least 30 min.13 (ii) They can be used as small drops
(1−2 mm in diameter), a characteristic that facilitates accurate
localization of the centroid (in comparison to the ∼4 mm,
often irregular-shaped standard glass beads that we have
commonly used in previous studies13). (iii) They are
commercially available. Figure 3 shows the levitation of five
drops (added sequentially using a pipettor) of known densities
in the same cuvette containing an aqueous solution of 0.5 M
MnCl2. The levitation heights of the drops did not change over
30 min we tested the stability of these levitating drops. We
obtained, as expected, linear calibration curves (R2 > 0.999).
Range of Densities That Can Be Measured. We

levitated objects (Figure 4) using a concentrated aqueous
solution of 3.0 M DyCl3 that ranged from a bubble of air (ρ ≈
0 g/cm3) to zirconium silicate (ρ ≈ 3.7 g/cm3). The combined
use of a concentrated paramagnetic salt DyCl3 with a high
magnetic susceptibility (DyCl3 5.5 × 10−7 m3/mol vs MnCl2
1.83 × 10−7 m3/mol)35 and a steep gradient in magnetic field
strength (∼43 T/m in “axial MagLev” vs ∼17 T/m in
“standard MagLev”) led to a wider accessible range of densities
(from ∼0 to ∼3.7 g/cm3) than the range reported previously
(∼0.8 to ∼3 g/cm3) using aqueous media of MnCl2 and the
“standard MagLev” device.13 “Tilted MagLev”, a variant of
“standard MagLev” in which the device is tilted with respect to
the vector of gravity, and the sample partially rests on the wall
of the sample container while levitating along the central axis
of the device, can measure the entire range of densities
observed in matter at ambient conditions (from ∼0 to ∼23 g/
cm3);14 this study, however, demonstrated a range that was
expanded beyond that of previous studies using the “standard
MagLev” device, but was experimentally much more
convenient, and avoided some of the potential problems of
“tilted MagLev” (e.g., the samples rest on the walls of the
sample container).
Simple Procedures To Add and Retrieve Samples.

The “axial” configuration conveniently enables simple exper-

imental protocols to add and retrieve samples from the
container. We demonstrated the simple procedures by
levitating “sticky” samples (a drop of viscous liquid
polydimethylsiloxane prepolymer and a plug of Vaseline gel,
Figure 5), a type of sample that is inconveniently measured
using the “standard MagLev” and “tilted MagLev” devices (as
the samples tend to stick to the walls of the container, and also
to the liquid−air interface). The “axial” configuration also
readily enables simple procedures to retrieve a targeted fraction
of a sample (e.g., from a collection of particles).
We placed a test tube filled with a paramagnetic medium in

the MagLev device and dropped in the “sticky” samples from
its top; the sample entered the medium by gravity and levitated
in it (nearly instantaneously for mm-sized samples, Figure 5).
Retrieving a sample from the container placed in the

MagLev device is straightforward due to its axial configuration.
As a demonstration, we used a simple procedure and the
device to improve the precision (that is the spread of densities)
of the density standards (polyethylene particles, ∼200 μm in
diameter and 1.13 g/cm3 in nominal density, provided by the
vendor).36 We inserted a glass Pasteur pipet with its tip bent
∼90° using flame from the top to the sample container (a test

Figure 3. Calibration of the device using water-insoluble organic
liquids. (A) A string of drops (∼3 μL) of organic liquids were
sequentially added and levitated in an aqueous solution of 0.5 M
MnCl2 in a square cuvette. (B) Calibration curves using aqueous
MnCl2 solutions. We placed a ruler with millimeter marks next to the
cuvette (we read to ±0.1 mm), and used a digital camera to take a
photo of the drops. Levitation height h is the distance between the
centroid of the drop and the upper surface of the bottom magnet (see
Figure 2A for an illustration of h). Organic liquids used to calibrate
the solution of 3.0 M MnCl2 are cyclohexane (ρ = 0.779 g/cm3),
fluorobenzene (ρ = 1.024 g/cm3), dichloromethane (ρ = 1.325 g/
cm3), 1,1,2-trichlorotrifluoroethane (ρ = 1.57 g/cm3), and FC40 (ρ =
1.85 g/cm3). The equations for the linear fits are h = −61.5ρ + 71.9
(R2 = 0.9997) for 0.5 M MnCl2, and h = −11.4ρ + 21.9 (R2 = 0.9999)
for 3.0 M MnCl2. All densities are reported values by sigma.com. The
data are plotted as mean ± standard deviation (N = 7 for all
measurements). The error bars are much smaller than the size of the
symbols and, thus, are invisible on the plot.
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vThe magnetic force changes the stationary height of these diamagnetic 
particles/droplets 

vDroplets can deform in shape –
How do they deform in response to the magnetic forces?

vDeformation SMALL or LARGE?
vCan we use this deformation for something useful ? MAGNETOMETRY!

LET US STUDY THE STATIC SHAPE DEFORMATION OF MAGNETICALLY
TRAPPED DROPLETS

ratios of cross-linked polymeric materials in solvents. We chose
cross-linked polydimethylsiloxane as a model material for this
demonstration. In a previous study, we characterized the
swelling behavior of PDMS in a variety of organic solvents (in
the context of developing PDMS-based microfluidic devices).33

Because the MagLev technique (as we describe in this
study) uses an aqueous MnCl2 solution to levitate samples; the
solvents used to swell PDMS samples should not dissolve in
the aqueous solutions. Among the 39 solvents we characterized
in the previous study,33 we chose in this study the following
three hydrophobic solvents for a demonstration: chloroform,
chlorobenzene, and toluene. The use of water-miscible solvents
will require the same compatibility of solubility of the sample
(PDMS soaked with solvents) and the suspension medium
(e.g., using hydrophobic Gd chelate dissolved in hydrophobic
solvents) for which we did not demonstrate in this study.

■ RESULTS AND DISCUSSION
Calibration. We used hydrophobic organic liquids to

calibrate the device: (i) They have known densities. Solubility
of water in hydrophobic solvents we used in this study has a
negligible influence on the density of the solvents. For instance,
the solubility of water in chlorobenzene is 0.3 mol % at room
temperature,34 and the dissolved water only causes a change in
its density less than 0.01%. We have previously evaluated the
stability in levitation height of five hydrophobic solvents in an
aqueous MnCl2 solution, and found no apparent change in h
over at least 30 min.13 (ii) They can be used as small drops
(1−2 mm in diameter), a characteristic that facilitates accurate
localization of the centroid (in comparison to the ∼4 mm,
often irregular-shaped standard glass beads that we have
commonly used in previous studies13). (iii) They are
commercially available. Figure 3 shows the levitation of five
drops (added sequentially using a pipettor) of known densities
in the same cuvette containing an aqueous solution of 0.5 M
MnCl2. The levitation heights of the drops did not change over
30 min we tested the stability of these levitating drops. We
obtained, as expected, linear calibration curves (R2 > 0.999).
Range of Densities That Can Be Measured. We

levitated objects (Figure 4) using a concentrated aqueous
solution of 3.0 M DyCl3 that ranged from a bubble of air (ρ ≈
0 g/cm3) to zirconium silicate (ρ ≈ 3.7 g/cm3). The combined
use of a concentrated paramagnetic salt DyCl3 with a high
magnetic susceptibility (DyCl3 5.5 × 10−7 m3/mol vs MnCl2
1.83 × 10−7 m3/mol)35 and a steep gradient in magnetic field
strength (∼43 T/m in “axial MagLev” vs ∼17 T/m in
“standard MagLev”) led to a wider accessible range of densities
(from ∼0 to ∼3.7 g/cm3) than the range reported previously
(∼0.8 to ∼3 g/cm3) using aqueous media of MnCl2 and the
“standard MagLev” device.13 “Tilted MagLev”, a variant of
“standard MagLev” in which the device is tilted with respect to
the vector of gravity, and the sample partially rests on the wall
of the sample container while levitating along the central axis
of the device, can measure the entire range of densities
observed in matter at ambient conditions (from ∼0 to ∼23 g/
cm3);14 this study, however, demonstrated a range that was
expanded beyond that of previous studies using the “standard
MagLev” device, but was experimentally much more
convenient, and avoided some of the potential problems of
“tilted MagLev” (e.g., the samples rest on the walls of the
sample container).
Simple Procedures To Add and Retrieve Samples.

The “axial” configuration conveniently enables simple exper-

imental protocols to add and retrieve samples from the
container. We demonstrated the simple procedures by
levitating “sticky” samples (a drop of viscous liquid
polydimethylsiloxane prepolymer and a plug of Vaseline gel,
Figure 5), a type of sample that is inconveniently measured
using the “standard MagLev” and “tilted MagLev” devices (as
the samples tend to stick to the walls of the container, and also
to the liquid−air interface). The “axial” configuration also
readily enables simple procedures to retrieve a targeted fraction
of a sample (e.g., from a collection of particles).
We placed a test tube filled with a paramagnetic medium in

the MagLev device and dropped in the “sticky” samples from
its top; the sample entered the medium by gravity and levitated
in it (nearly instantaneously for mm-sized samples, Figure 5).
Retrieving a sample from the container placed in the

MagLev device is straightforward due to its axial configuration.
As a demonstration, we used a simple procedure and the
device to improve the precision (that is the spread of densities)
of the density standards (polyethylene particles, ∼200 μm in
diameter and 1.13 g/cm3 in nominal density, provided by the
vendor).36 We inserted a glass Pasteur pipet with its tip bent
∼90° using flame from the top to the sample container (a test

Figure 3. Calibration of the device using water-insoluble organic
liquids. (A) A string of drops (∼3 μL) of organic liquids were
sequentially added and levitated in an aqueous solution of 0.5 M
MnCl2 in a square cuvette. (B) Calibration curves using aqueous
MnCl2 solutions. We placed a ruler with millimeter marks next to the
cuvette (we read to ±0.1 mm), and used a digital camera to take a
photo of the drops. Levitation height h is the distance between the
centroid of the drop and the upper surface of the bottom magnet (see
Figure 2A for an illustration of h). Organic liquids used to calibrate
the solution of 3.0 M MnCl2 are cyclohexane (ρ = 0.779 g/cm3),
fluorobenzene (ρ = 1.024 g/cm3), dichloromethane (ρ = 1.325 g/
cm3), 1,1,2-trichlorotrifluoroethane (ρ = 1.57 g/cm3), and FC40 (ρ =
1.85 g/cm3). The equations for the linear fits are h = −61.5ρ + 71.9
(R2 = 0.9997) for 0.5 M MnCl2, and h = −11.4ρ + 21.9 (R2 = 0.9999)
for 3.0 M MnCl2. All densities are reported values by sigma.com. The
data are plotted as mean ± standard deviation (N = 7 for all
measurements). The error bars are much smaller than the size of the
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How to magnetically trap and squish!
EXPERIMENT

vConsider ”Axial” design for Magneto-Archimedes levitation –
opposing strong magnetic fields  from strong ring magnets

vDroplet of diamagnetic organic immiscible SAMPLE fluid 
trapped at a certain height in a cuvette of paramagnetic 
MEDIUM fluid
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Two Stories

How to magnetically trap and squish!
EXPERIMENT

v Consider ”Axial” design for Magneto-Archimedes levitation – opposing 
strong magnetic fields  from strong ring magnets

v Droplet of diamagnetic organic immiscible SAMPLE fluid trapped at a 
certain height in a cuvette of paramagnetic MEDIUM fluid

v How does the static shape of the droplet change as we bring the 
magnets closer together?
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I. THE PHYSICS OF THE MAGNETO-FLUIDIC TRAP

For describing the physics of trapping, we considered an
infinitesimal element of the diamagnetic fluid of volume V ,
located at position~r. We can express the total net force density
it experiences as1, ~F(~r)/V ⌘ ~f = �~—u(~r), and the potential
density u(~r) is given as

u(~r) = (rs �rm)gz� 1
2µ0

(cs � cm)|~B(~r)|2 , (S1)

where (rs,cs), is the (density [kg/m3], volume magnetic sus-
ceptibility [unit-less]), of the sample (also called the droplet
fluid), while (rm,cm) is that of the surrounding medium
(or paramagnetic fluid). The diamagnetic sample fluid, 3-
chlorotoluene, has known values of rs and cs and was used
as received from the suppliers. For the paramagnetic medium,
MnCl2 ·4H2O, the density and magnetic susceptibility will
vary depending on the prepared molar concentration of dis-
solved paramagnetic salts in an aqueous solution. The mag-
netic field ~B(~r) [T] is generated by two opposing ring mag-
nets whose inter-magnet separation is d [m], and z [m] is the
z�component of~r, the height of the infinitesimal volume ele-
ment above the top surface of the bottom magnet. We take the
origin of the axes as the axial center of the top surface of the
bottom ring magnet.

We can estimate the equilibrium height, h, of the levitated
droplet by solving

fz(~r = (0,0,z = h)) = 0, ) d
dz

u(~r = {0,0,z})

����
z=h

= 0 .

(S2)
This approximation is justified when the droplet volume is
infinitesimal so that

R
V fz(~r) ⇡ 0. In our case, the droplet

size is comparable to the inter-magnetic separation d, and we
find that the magnetic potential around the droplet is non-
Gaussian. Therefore, we can use the following to obtain a
more precise estimation of the equilibrium droplet height, h,
by solving

Fz(~r = (0,0,z = h)) = 0, ) d
dz

✓Z

V (z,r)
u(~r)dV

◆����
z=h

= 0 .

(S3)
where V (z,r) denotes a spherical integration volume of radius
r, the droplet radius, where the sphere is centered at the po-
sition ~r = {0,0,z}. As an example, we show the potential
density u(r,z⇤), in Fig. S1, where we set z⇤ = z�h.

To evaluate the equilibrium shape of the droplet when it
is levitating in the potential density u(~r), we will also require
the value of the interfacial tension (IFT), g [N/m], between the
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magnet_dims=[38.6,19.1,30.9]
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Contours at .5 J/m^3
Z* is centered at the equilibrium height.
Red disc is the schematic of the bubble.
'/Users/jasontwamley/Dropbox/My Mac (MacBook-Pro)/Documents/Research/ResearchProjects/MagTrapping/Daehee/Figs for paper/Fig Potential Contour/potential_plot'

FIG. S1. Example potential density plot. We graph the Archimedean
Magnetic potential density given in Eq. (S1), in axial coordinates,
which includes the effects of the magnetic, gravitational, and buoy-
ancy forces. We observe a minimum that traps the diamagnetic
droplet in space. Here the magnet separation is set as d = 7mm,
with the droplet volume Vdrop = 10 µL, and radius r ⇠ 1.33mm,
with a 3M concentration of the paramagnetic medium. Solving
Eq. (S3) yields a levitation height of h ⇠ 5.25mm, and we choose
z⇤ = z � h to center the plot at this height. The contours are spaced
by Du = 0.5 [J/m3]. The red disc indicates the approximate posi-
tion and dimensions of the diamagnetic droplet. Although the poten-
tial exhibits significant oblateness, the deformation of the droplet to-
wards these contours is resisted by the high interfacial tension. In this
example, we have chosen: magnet dimensions [OD, ID, H]: [38.6,
19.1, 30.9] mm, the magnetization of the magnets are assumed to be
identical M ⇠ 1.32T. The droplet fluid is considered to be pure 3-
chlorotoluene, and the medium fluid is a 3M concentration of aque-
ous MnCl2 · 4H2O, with the associated physical properties as listed
in [Table S2, SI].

droplet fluid and the medium fluid. We will see that the small
changes in g ⇠ ±2 mN/m result in changes in the droplet’s ec-
centricity by a few parts in a hundred. However, if the change
in g ⇠ ±30 mN/m, the change in eccentricity can be a few
parts in ten.

II. DETAILS OF THE EXPERIMENTAL SETUP

We consider the setup depicted in Fig. S2, which is sim-
ilar to that in2, consisting of two opposed NdFeB (N40 -
Neomag) ring magnets with dimensions 38.6mm (outer di-
ameter) ⇥19.1mm (inner diameter) ⇥30.9mm (height), sur-
rounding a rectangular quartz cuvette containing a paramag-
netic solution of MnCl2 · 4H2O, prepared with various con-
centrations. A fixed-volume droplet of diamagnetic liquid
(3-chlorotoluene) was inserted into the paramagnetic medium
and was trapped by a combination of buoyancy and magnetic
forces. As shown in Fig. S2(c), we can adjust the position
of the upper magnet and, in particular, the inter-magnet sep-
aration d via a robust micrometer stage. This stage has to

Potential Energy of the trap – Red Ball is the droplet – for intermagnet
separation of 7 mm
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I. THE PHYSICS OF THE MAGNETO-FLUIDIC TRAP

For describing the physics of trapping, we considered an
infinitesimal element of the diamagnetic fluid of volume V ,
located at position~r. We can express the total net force density
it experiences as1, ~F(~r)/V ⌘ ~f = �~—u(~r), and the potential
density u(~r) is given as

u(~r) = (rs �rm)gz� 1
2µ0

(cs � cm)|~B(~r)|2 , (S1)

where (rs,cs), is the (density [kg/m3], volume magnetic sus-
ceptibility [unit-less]), of the sample (also called the droplet
fluid), while (rm,cm) is that of the surrounding medium
(or paramagnetic fluid). The diamagnetic sample fluid, 3-
chlorotoluene, has known values of rs and cs and was used
as received from the suppliers. For the paramagnetic medium,
MnCl2 ·4H2O, the density and magnetic susceptibility will
vary depending on the prepared molar concentration of dis-
solved paramagnetic salts in an aqueous solution. The mag-
netic field ~B(~r) [T] is generated by two opposing ring mag-
nets whose inter-magnet separation is d [m], and z [m] is the
z�component of~r, the height of the infinitesimal volume ele-
ment above the top surface of the bottom magnet. We take the
origin of the axes as the axial center of the top surface of the
bottom ring magnet.

We can estimate the equilibrium height, h, of the levitated
droplet by solving

fz(~r = (0,0,z = h)) = 0, ) d
dz

u(~r = {0,0,z})

����
z=h

= 0 .

(S2)
This approximation is justified when the droplet volume is
infinitesimal so that

R
V fz(~r) ⇡ 0. In our case, the droplet

size is comparable to the inter-magnetic separation d, and we
find that the magnetic potential around the droplet is non-
Gaussian. Therefore, we can use the following to obtain a
more precise estimation of the equilibrium droplet height, h,
by solving

Fz(~r = (0,0,z = h)) = 0, ) d
dz
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V (z,r)
u(~r)dV

◆����
z=h

= 0 .

(S3)
where V (z,r) denotes a spherical integration volume of radius
r, the droplet radius, where the sphere is centered at the po-
sition ~r = {0,0,z}. As an example, we show the potential
density u(r,z⇤), in Fig. S1, where we set z⇤ = z�h.

To evaluate the equilibrium shape of the droplet when it
is levitating in the potential density u(~r), we will also require
the value of the interfacial tension (IFT), g [N/m], between the
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FIG. S1. Example potential density plot. We graph the Archimedean
Magnetic potential density given in Eq. (S1), in axial coordinates,
which includes the effects of the magnetic, gravitational, and buoy-
ancy forces. We observe a minimum that traps the diamagnetic
droplet in space. Here the magnet separation is set as d = 7mm,
with the droplet volume Vdrop = 10 µL, and radius r ⇠ 1.33mm,
with a 3M concentration of the paramagnetic medium. Solving
Eq. (S3) yields a levitation height of h ⇠ 5.25mm, and we choose
z⇤ = z � h to center the plot at this height. The contours are spaced
by Du = 0.5 [J/m3]. The red disc indicates the approximate posi-
tion and dimensions of the diamagnetic droplet. Although the poten-
tial exhibits significant oblateness, the deformation of the droplet to-
wards these contours is resisted by the high interfacial tension. In this
example, we have chosen: magnet dimensions [OD, ID, H]: [38.6,
19.1, 30.9] mm, the magnetization of the magnets are assumed to be
identical M ⇠ 1.32T. The droplet fluid is considered to be pure 3-
chlorotoluene, and the medium fluid is a 3M concentration of aque-
ous MnCl2 · 4H2O, with the associated physical properties as listed
in [Table S2, SI].

droplet fluid and the medium fluid. We will see that the small
changes in g ⇠ ±2 mN/m result in changes in the droplet’s ec-
centricity by a few parts in a hundred. However, if the change
in g ⇠ ±30 mN/m, the change in eccentricity can be a few
parts in ten.

II. DETAILS OF THE EXPERIMENTAL SETUP

We consider the setup depicted in Fig. S2, which is sim-
ilar to that in2, consisting of two opposed NdFeB (N40 -
Neomag) ring magnets with dimensions 38.6mm (outer di-
ameter) ⇥19.1mm (inner diameter) ⇥30.9mm (height), sur-
rounding a rectangular quartz cuvette containing a paramag-
netic solution of MnCl2 · 4H2O, prepared with various con-
centrations. A fixed-volume droplet of diamagnetic liquid
(3-chlorotoluene) was inserted into the paramagnetic medium
and was trapped by a combination of buoyancy and magnetic
forces. As shown in Fig. S2(c), we can adjust the position
of the upper magnet and, in particular, the inter-magnet sep-
aration d via a robust micrometer stage. This stage has to

5
Before After

FIG. S5. Comparison between simulation and experimental data of
levitation height. The green bars are the experimentally measured
levitation heights (with error), as measured from the top surface of
the bottom magnet and the center of the droplet. The numerical pre-
diction (solid red line) uses the method described in the text where
we calculate the total force on the droplet by integrating the force
density over the volume of the droplet and where the magnetic sus-
ceptibilities are based on the literature values for the Curie-Weiss
law.

with the help of a syringe needle inside the other liquid held
in a cuvette, and the shape of the liquid pendant drop was
captured by a camera (see Fig. S6 for a photo of the pendant
drop). The experiment also required the values of the densi-
ties of both liquids, the diameter of the syringe needle used to
make the pendant droplet, and the working temperature. For
this experiment, the density of pure 3-chlorotoluene is pro-
vided by the manufacturer, and the density of MnCl2·4H2O
was calculated by the formula reported below in Section IV.
For the KRUSS EasyDrop System, when the drop type "pen-
dant drop" is selected, the image is analyzed by the Young-
Laplace method, which is inbuilt into the system software,
and the value of interfacial tension is reported. The input
parameters for obtaining the IFT value were the following;
In our setup, we had: needle diameter = 0.70 mm, and tem-
perature T = 25 �C. Before measuring the IFT between our
desired liquids i.e. aqueous solution of MnCl2·4H2O and 3-
chlorotoluene, we tested our measurement setup by measur-
ing the surface tension of water in the air. This was found
to be gH2O = 69.60±0.03mN/m, which is comparable to the
literature value.6

Then we performed measurements for the value of the IFT,
gCT/MnCl2 , between a 3 M aqueous solution of MnCl2·4H2O
and pure 3-chlorotoluene which was observed to be 45.62
mN/m and 44.84mN/m. We calculated the mean value of

FIG. S6. Pendant drop image for the measurement of the Interfacial
Tension (IFT), between 3M aqueous solution of MnCl2·4H2O and
3-chlorotoluene.

gCT/MnCl2 and it was found to be 45.23 ± 0.55mN/m. This
value was later in simulations of the droplet shape in section
Section X.

IX. SETUP TO RECORD AND ESTIMATE THE
DROPLET SHAPE

Next, we performed experiments and image analysis us-
ing Mathematica to determine the eccentricity of the droplet
with varying inter-magnet separation d. A digital microscope
was used to take close-up photos of the levitated droplet. The
lighting conditions were adjusted to capture photos where the
droplet edge exhibited high contrast with its background. We
will give more details below.

A microscope (Dino-lite Edge 3.0) was mounted on the
breadboard behind the ring magnet setup on a V-shaped holder
on a post. This permitted microscope movement vertically as
well as horizontally while performing the experiments. Two
side light sources illuminated the levitated droplet. To achieve
high droplet edge contrast in the images, we placed a black
square piece of hardboard with a circular central white spot
(2 cm in diameter), which is placed in the background behind
the droplet as seen by the microscope. This leads to an image
where the background and the droplet interior are white, but
the droplet edge is dark. This results in a high-contrast image
of the edge of the droplet. The microscope was positioned
so that its objective was as close as possible to the levitated
droplet. As the inter-magnet separation distance was changed,
several microscope images of the droplet were taken. Dif-
ferent from measuring the droplet height, an absolute length
scale calibration of the images is not required as an overall

Measure droplet height as 
we vary the magnet 

separation and compare 
with theory –

NO FITTED 
PARAMETERS!
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I. THE PHYSICS OF THE MAGNETO-FLUIDIC TRAP

For describing the physics of trapping, we considered an
infinitesimal element of the diamagnetic fluid of volume V ,
located at position~r. We can express the total net force density
it experiences as1, ~F(~r)/V ⌘ ~f = �~—u(~r), and the potential
density u(~r) is given as

u(~r) = (rs �rm)gz� 1
2µ0

(cs � cm)|~B(~r)|2 , (S1)

where (rs,cs), is the (density [kg/m3], volume magnetic sus-
ceptibility [unit-less]), of the sample (also called the droplet
fluid), while (rm,cm) is that of the surrounding medium
(or paramagnetic fluid). The diamagnetic sample fluid, 3-
chlorotoluene, has known values of rs and cs and was used
as received from the suppliers. For the paramagnetic medium,
MnCl2 ·4H2O, the density and magnetic susceptibility will
vary depending on the prepared molar concentration of dis-
solved paramagnetic salts in an aqueous solution. The mag-
netic field ~B(~r) [T] is generated by two opposing ring mag-
nets whose inter-magnet separation is d [m], and z [m] is the
z�component of~r, the height of the infinitesimal volume ele-
ment above the top surface of the bottom magnet. We take the
origin of the axes as the axial center of the top surface of the
bottom ring magnet.

We can estimate the equilibrium height, h, of the levitated
droplet by solving

fz(~r = (0,0,z = h)) = 0, ) d
dz

u(~r = {0,0,z})

����
z=h

= 0 .

(S2)
This approximation is justified when the droplet volume is
infinitesimal so that

R
V fz(~r) ⇡ 0. In our case, the droplet

size is comparable to the inter-magnetic separation d, and we
find that the magnetic potential around the droplet is non-
Gaussian. Therefore, we can use the following to obtain a
more precise estimation of the equilibrium droplet height, h,
by solving

Fz(~r = (0,0,z = h)) = 0, ) d
dz
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V (z,r)
u(~r)dV

◆����
z=h

= 0 .

(S3)
where V (z,r) denotes a spherical integration volume of radius
r, the droplet radius, where the sphere is centered at the po-
sition ~r = {0,0,z}. As an example, we show the potential
density u(r,z⇤), in Fig. S1, where we set z⇤ = z�h.

To evaluate the equilibrium shape of the droplet when it
is levitating in the potential density u(~r), we will also require
the value of the interfacial tension (IFT), g [N/m], between the
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magnet_dims=[38.6,19.1,30.9]
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Contours at .5 J/m^3
Z* is centered at the equilibrium height.
Red disc is the schematic of the bubble.
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FIG. S1. Example potential density plot. We graph the Archimedean
Magnetic potential density given in Eq. (S1), in axial coordinates,
which includes the effects of the magnetic, gravitational, and buoy-
ancy forces. We observe a minimum that traps the diamagnetic
droplet in space. Here the magnet separation is set as d = 7mm,
with the droplet volume Vdrop = 10 µL, and radius r ⇠ 1.33mm,
with a 3M concentration of the paramagnetic medium. Solving
Eq. (S3) yields a levitation height of h ⇠ 5.25mm, and we choose
z⇤ = z � h to center the plot at this height. The contours are spaced
by Du = 0.5 [J/m3]. The red disc indicates the approximate posi-
tion and dimensions of the diamagnetic droplet. Although the poten-
tial exhibits significant oblateness, the deformation of the droplet to-
wards these contours is resisted by the high interfacial tension. In this
example, we have chosen: magnet dimensions [OD, ID, H]: [38.6,
19.1, 30.9] mm, the magnetization of the magnets are assumed to be
identical M ⇠ 1.32T. The droplet fluid is considered to be pure 3-
chlorotoluene, and the medium fluid is a 3M concentration of aque-
ous MnCl2 · 4H2O, with the associated physical properties as listed
in [Table S2, SI].

droplet fluid and the medium fluid. We will see that the small
changes in g ⇠ ±2 mN/m result in changes in the droplet’s ec-
centricity by a few parts in a hundred. However, if the change
in g ⇠ ±30 mN/m, the change in eccentricity can be a few
parts in ten.

II. DETAILS OF THE EXPERIMENTAL SETUP

We consider the setup depicted in Fig. S2, which is sim-
ilar to that in2, consisting of two opposed NdFeB (N40 -
Neomag) ring magnets with dimensions 38.6mm (outer di-
ameter) ⇥19.1mm (inner diameter) ⇥30.9mm (height), sur-
rounding a rectangular quartz cuvette containing a paramag-
netic solution of MnCl2 · 4H2O, prepared with various con-
centrations. A fixed-volume droplet of diamagnetic liquid
(3-chlorotoluene) was inserted into the paramagnetic medium
and was trapped by a combination of buoyancy and magnetic
forces. As shown in Fig. S2(c), we can adjust the position
of the upper magnet and, in particular, the inter-magnet sep-
aration d via a robust micrometer stage. This stage has to
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Two Stories

Application as a Gradiometer?
COMPARE AND APPLICATION AS A MAGNETIC GRADIOMETER

v Experiments and theory ok match
v Measuring shape of the droplet needs to 

improve

v Can use the eccentricity of the droplet as a 
gauge of the local magnetic fields and gradients 
– can find for low surface tensions – 1 mN/m –
may be able to sense magnetic field gradients 
as small as 

Supplementary Material for Shape deformation of magnetically levitated
fluid droplets

I. Sanskriti⇤, D. Kim, and J. Twamley
Quantum Machines Unit, Okinawa Institute of Science and Technology Graduate University, Onna, Okinawa 904-0495, Japan

(*Electronic mail: isha.sanskriti1@oist.jp)

I. THE PHYSICS OF THE MAGNETO-FLUIDIC TRAP

For describing the physics of trapping, we considered an
infinitesimal element of the diamagnetic fluid of volume V ,
located at position~r. We can express the total net force density
it experiences as1, ~F(~r)/V ⌘ ~f = �~—u(~r), and the potential
density u(~r) is given as

u(~r) = (rs �rm)gz� 1
2µ0

(cs � cm)|~B(~r)|2 , (S1)

where (rs,cs), is the (density [kg/m3], volume magnetic sus-
ceptibility [unit-less]), of the sample (also called the droplet
fluid), while (rm,cm) is that of the surrounding medium
(or paramagnetic fluid). The diamagnetic sample fluid, 3-
chlorotoluene, has known values of rs and cs and was used
as received from the suppliers. For the paramagnetic medium,
MnCl2 ·4H2O, the density and magnetic susceptibility will
vary depending on the prepared molar concentration of dis-
solved paramagnetic salts in an aqueous solution. The mag-
netic field ~B(~r) [T] is generated by two opposing ring mag-
nets whose inter-magnet separation is d [m], and z [m] is the
z�component of~r, the height of the infinitesimal volume ele-
ment above the top surface of the bottom magnet. We take the
origin of the axes as the axial center of the top surface of the
bottom ring magnet.

We can estimate the equilibrium height, h, of the levitated
droplet by solving

fz(~r = (0,0,z = h)) = 0, ) d
dz

u(~r = {0,0,z})

����
z=h

= 0 .

(S2)
This approximation is justified when the droplet volume is
infinitesimal so that

R
V fz(~r) ⇡ 0. In our case, the droplet

size is comparable to the inter-magnetic separation d, and we
find that the magnetic potential around the droplet is non-
Gaussian. Therefore, we can use the following to obtain a
more precise estimation of the equilibrium droplet height, h,
by solving

Fz(~r = (0,0,z = h)) = 0, ) d
dz

✓Z

V (z,r)
u(~r)dV

◆����
z=h

= 0 .

(S3)
where V (z,r) denotes a spherical integration volume of radius
r, the droplet radius, where the sphere is centered at the po-
sition ~r = {0,0,z}. As an example, we show the potential
density u(r,z⇤), in Fig. S1, where we set z⇤ = z�h.

To evaluate the equilibrium shape of the droplet when it
is levitating in the potential density u(~r), we will also require
the value of the interfacial tension (IFT), g [N/m], between the

! [mm]

%∗
[m
m]

! [J/m3]

d=7mm, concentration =3 mol, vol of drop=10 microL
Chlototoluene
magnet_dims=[38.6,19.1,30.9]
magnetization=1320
Bubble rad=1.33mm
Contours at .5 J/m^3
Z* is centered at the equilibrium height.
Red disc is the schematic of the bubble.
'/Users/jasontwamley/Dropbox/My Mac (MacBook-Pro)/Documents/Research/ResearchProjects/MagTrapping/Daehee/Figs for paper/Fig Potential Contour/potential_plot'

FIG. S1. Example potential density plot. We graph the Archimedean
Magnetic potential density given in Eq. (S1), in axial coordinates,
which includes the effects of the magnetic, gravitational, and buoy-
ancy forces. We observe a minimum that traps the diamagnetic
droplet in space. Here the magnet separation is set as d = 7mm,
with the droplet volume Vdrop = 10 µL, and radius r ⇠ 1.33mm,
with a 3M concentration of the paramagnetic medium. Solving
Eq. (S3) yields a levitation height of h ⇠ 5.25mm, and we choose
z⇤ = z � h to center the plot at this height. The contours are spaced
by Du = 0.5 [J/m3]. The red disc indicates the approximate posi-
tion and dimensions of the diamagnetic droplet. Although the poten-
tial exhibits significant oblateness, the deformation of the droplet to-
wards these contours is resisted by the high interfacial tension. In this
example, we have chosen: magnet dimensions [OD, ID, H]: [38.6,
19.1, 30.9] mm, the magnetization of the magnets are assumed to be
identical M ⇠ 1.32T. The droplet fluid is considered to be pure 3-
chlorotoluene, and the medium fluid is a 3M concentration of aque-
ous MnCl2 · 4H2O, with the associated physical properties as listed
in [Table S2, SI].

droplet fluid and the medium fluid. We will see that the small
changes in g ⇠ ±2 mN/m result in changes in the droplet’s ec-
centricity by a few parts in a hundred. However, if the change
in g ⇠ ±30 mN/m, the change in eccentricity can be a few
parts in ten.

II. DETAILS OF THE EXPERIMENTAL SETUP

We consider the setup depicted in Fig. S2, which is sim-
ilar to that in2, consisting of two opposed NdFeB (N40 -
Neomag) ring magnets with dimensions 38.6mm (outer di-
ameter) ⇥19.1mm (inner diameter) ⇥30.9mm (height), sur-
rounding a rectangular quartz cuvette containing a paramag-
netic solution of MnCl2 · 4H2O, prepared with various con-
centrations. A fixed-volume droplet of diamagnetic liquid
(3-chlorotoluene) was inserted into the paramagnetic medium
and was trapped by a combination of buoyancy and magnetic
forces. As shown in Fig. S2(c), we can adjust the position
of the upper magnet and, in particular, the inter-magnet sep-
aration d via a robust micrometer stage. This stage has to
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u 6= 0

FIG. S12. Caption next page.

FIG. S12. (Previous page.) Studies to determine and control the nu-
merical error in estimating the eccentricity within the numerical sim-
ulations. We adopt a type of "annealing" schedule to relax the droplet
shape to the ground state, which involves periods of iteration (where
the surface mesh changes shape), and refinement (where the surface
mesh is refined), aiming to achieve a preset level of error in the final
value of the eccentricity. We plotted the evolving eccentricity dur-
ing this annealing schedule using Surface Evolver for a droplet with
surface tension g = 45mN/m through different stages of iteration
and refinement, where a distinct background color shading represents
each stage. The droplet is evolved using six successive mesh refine-
ments, with each refinement triggered by a convergence threshold of
de  10�4 to ensure adequate convergence before a refinement step.
To validate the algorithm’s performance (top panel), we tested a free
droplet with zero external potential where the droplet’s true ground
state shape is a sphere with zero eccentricity (labeled as u = 0). How-
ever, the numerical anneal goes towards, but does not exactly reach,
the true value of e = 0. According to our set annealing schedule, af-
ter the sixth refinement, once the convergence threshold is met, the
simulated annealing ends. The resulting final eccentricity value was
e = 0.011 instead of zero, indicating an error de = 0.011. We assume
that this error level is attained for cases when u 6= 0, if the identical
annealing schedule is followed. The (lower panel) depicts the evolu-
tion of e for a droplet levitated under u 6= 0 conditions using the same
annealing schedule, with all other parameters identical to those used
in Fig. S9 except for d = 9 mm and g = 45mN/m. We observed a
much faster convergence rate than the u = 0 case, but assume that at
the end of this annealing schedule, our estimated error in the eccen-
tricity is bounded above by de = 0.011.
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FIG. S13. Comparison between simulation and experimental data
of eccentricity. Parameters used for the simulation: g = 45 mN/m,
V =10 µL, c = 3 M. We plot the mean eccentricity (plus markers)
and errors for the experimentally determined droplet eccentricity for
inter-magnet separations d = 7,8,9,10,11 mm. The numerical sim-
ulation is the solid black line which is an upper bound for the esti-
mated numerical eccentricity. The associated numerical error with
this computation is shaded in gray. We note that there are difficulties
in the experimental measurements where the droplet moves close to
the upper magnet, e.g., d = 7,11 mm, as the image contrast between
the droplet edge and the uniform background is disrupted. We ob-
serve that both the simulations and experimental data agree except
for the purple outlier at d = 10 mm, which suffered from poor back-
ground non-uniformity.

XI. COMPARISON OF THEORY AND EXPERIMENT FOR
DROPLET SHAPE

In Fig. S13, we bring together the experimental and nu-
merical simulation results for the droplet eccentricities as de-
scribed in sections Section IX and Section X. We note that
all the droplets are oblate, even for inter-magnet separations
where the droplet is trapped by only one magnet. As we
mentioned above, this is due to the slight deformation of the
droplet as it is held stationary by its interaction with the mag-
netic field of the top magnet alone. This is confirmed by
our numerical simulations. We also found that the errors in
the experimental measurements were not small, and these can
be affected by the background lighting uniformity. We also
noted that the numerical simulations, including error, agreed
with the experimental measurements. There was a slight in-
crease in eccentricity as the inter-magnet separation was de-
creased below 9 mm, which was apparent in the experimental
data for d > 7mm. From these results, we were able to see
the droplets’ elliptical nature and find good evidence for their
squashing by the magnetic field. In the future, more precise
methods for measuring the droplet shape would be desirable,
perhaps using interferometric methods. In the next section, we
discuss a possible application of dependence of the droplets’
eccentricity on the magnetic fields present as a potential sen-
sor. From Eq. (S1), the force density depends both on the
magnetic field and its gradient. We explore the shape depen-
dence of the droplet as a sensor of the magnetic field gradient:
or as a magnetic gradiometer.
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XII. POTENTIAL USES OF THE DROPLET
DEFORMATION: MAGNETIC GRADIOMETER

From Eq. (S1), we observe that the magnetic squashing
force, and thus the eccentricity of the droplet, depends on the
gradient of the local magnetic fields. We ask whether the ec-
centricity can be used as a sensor of the magnetic field gra-
dient S [T/m], e.g. if we measure the major and minor radii
of the droplet to a preset precision, e.g., d r ⇠ 1 pm, what is
the minimum resolvable change in the magnetic field gradient
that can be sensed by estimating the eccentricity? We will find
that in the case of low IFT, the smallest resolvable magnetic
field gradient is comparable to the best compact room temper-
ature magnetic gradiometers using other technologies. Mag-
netic sensing has many applications, and magnetic gradiome-
try can be performed using a number of different techniques,
but the resolution of most room temperature and non-atomic
methods give S > 1nT/cm, and we now explore if droplet ec-
centricity can reach such levels of resolution11.

Magnetic gradient sensitivity S is the minimum value of
magnetic gradient that can be detected through a measure-
ment. Different magnetic gradiometry methods have varying
sensitivities and applications due to their characteristics. The
Hall sensor has relatively low sensitivity, but due to its ver-
satility, it is commonly used in daily life, such as in smart-
phones. On the other hand, sensors using microelectrome-
chanical systems (MEMS), superconductors, and atoms have
high sensitivities, but their usage is limited due to the techni-
cal specifics required by these techniques.

We propose to characterize the performance of using the
droplet shape as a magnetic gradiometer, i.e., measuring S, by
observing the change of the major axis of the levitated droplet
a due to small changes in the magnetic fields at the location
of the droplet. To estimate S, we make use of the SE and
numerically estimate the values of the gradient B0

z ⌘ dBz/dz
at the center of the levitated droplet and also the shape of the
levitated droplet to estimate the major axis radius a, for a fixed
value of the inter-magnet separation d = d0. By incrementing
the inter-magnet separation d0 ! d0 + dd, we can estimate
the quantity dB0

z/da for various values of d0. If we assume
that the resolution to measure a is amin ⇠ 10�12 m, which is
possible using laser interferometry (for example, the Picoscale
interferometer), we can estimate S(d0), as

S(d0) =
dB0

z(d)

da(d)

����
d=d0

⇥amin . (S8)

Using numerical simulations and the SE, we estimated the
values of S that could be achieved as a function of the inter-
magnet separation d0, for IFT values g = 40, 10, and 1 mN/m,
and dd = 0.05 mm. The results of these simulations are shown
in Fig. S14, and we find two interesting features.

The sensitivity S is best when the value of S is as small
as possible. For a fixed value of g , we observe from Fig. S14
that this happens at large values of inter-magnet separation d0,
where the droplet is trapped primarily by the magnetic force
of the top magnet alone. The sensitivity S reaches a maximum
as d0 decreases and attains a nearly constant value as d0 < 8

mm. Lower values of the IFT yield lower values of S, but we
do not expect this to continue as for vanishing IFT, the surface
of the droplet will follow exactly the contours of the poten-
tial density, and these will yield a lower bound on the value
of S(d0). From Fig. S14, the predicted values of S are com-
parable with other magnetic gradiometer technologies, which
can operate in ambient conditions and have a small volume.
It may be that other magnet shapes, e.g., not rings, may result
in higher sensitivities S, and we leave this question for future
study.
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FIG. S14. The minimum resolvable magnetic field gradient that can
be measured by measuring changes in the major droplet radius a, for
different interfacial tensions of g = 40, 10, and 1 mN/m. The pre-
dicted values of S obtained compare well with many other magnetic
gradiometer technologies in ambient conditions and small volumes.
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Two Stories

Who has tried spinning up things? How fast?
A LOT OF INTEREST IN SPINNING UP OBJECTS…

• Can we use 
magnetization 
to rotate an 
object?

• Yes!

• The Einstein-
de Haas effect

Albert 
Einstein

Wander 
Johannes 
de Haas
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What is the EdH effect?
MAGNETIZATION CAUSES MECHANICAL ROTATION

• Total Angular Momentum is conserved

• Spins possess angular momentum and in a demagnetized 
magnetic material they all point in random directions so net AM 
is zero

• If you apply an external B field to align (magnetize) the spins 
the net spin AM is non-vanishing and for total AM to be 
conserved the object acquires mechanical/orbital AM.

• Very challenging to demonstrate experimentally (alignment).

• Spins in a solid are NOT isolated – coupled together –
collective dynamics called SPIN WAVES…

• Quantized spin waves are called Magnons.

* = −1, - * = 0 → * = −/1, -

Mechanical rotation by magnetization 

0 = / 1, -
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Magnons in a spherical insulating magnetic crystal
COLLECTIVE WAVES IN A CRYSTAL HAVE MODES

• Magnetization dynamics obeys the Landau-Liftshitz Eqn:

• ! includes the field generated by the collective moments so LL 
Eqn is nonlinear.

• Typically spin waves are assumed as a small deviation from 
the macroscopic magnetization " = $!%" +'(), +)

• Magnon modes in a sphere have different resonance 
frequencies and spatial textures

• These modes are OAM eigenmodes with  -=1−.

#,

$-% &((, *)
%* = −./, &((, *)×#(&, (, *)

/'#,%,& = $&
0%'(1#'%
2#'( %) + 3%* 4'+(('%). 56 + 7. 9.

For / = 1 and / = 1-1 

Phys. Rev. Appl. 12, 014061 (2019). Phys. Rev. B, 101, 125404 (2020). Phys. Rev. B, 101, 014439 (2020)
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Spinning up the sphere
EXCITE A MAGNON MODE WHICH HAS OAM

• Trap a YIG sphere in a driven Microwave cavity

• Magnetic interaction with B field of the MW cavity    no net 
force but a net torque on the sphere when the OAM modes are 
excited e.g. magnon mode (2,2,0) 

• As OAM magnon excited mechanical torque created – but as 
the sphere spins the Barnett effect – mechanically rotating 
spins create an effective B field – the magnon freq shifts –
reducing the torque: HUGE ROTATIONAL SPEEDS

• But if we can measure speed we can alter bias B field to 
compensate for Barnett effect

High-2 superconducting
Microwave cavity 

Appl. Phys. Lett. 90, 164101 (2007).

ℋ = Δ3/<4/< + (Δ! − >5)56456 + ? /<564 + /<456 + @ /< + /<4

MW photon Magnon Coupling MW Drive

! = 1 $%
& = 10!"%()*
+ = 10 $,

) - = 0 = . 0 = /# 0 = 0
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Spinning up the sphere
EXCITE A MAGNON MODE WHICH HAS OAM

At the optimal detunings

• When Barnet compensated :

• Limited by gas pressure and bursting 
speed/max tensile stress of the material

• Can spin up any sized YIG sphere but as 
the sphere size but damping increases 
with size.

Mega-Ultra-Hyper-Super fast rotation! 

Phys. Rev. Lett. 129, 257201 (2022)
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Final Word
QUANTUM MACHINES ARE FUN! PhD students

Internships
• Diamagnetic levitation has 

great potential

• Can we levitate entire 
superconducting qubits to 
generate large superpositions?

• Liquid Magnomechanics –
what new applications and study 
some fundamentals for fluids

• YIG - magnons – room 
temperature internal spin system 
with strong coupling – lots of 
potential but linewidth a mystery

.

にふぇーでーびる (nifee deebiiru) 
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