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A permanent magnet can be levitated simply by placing it in the vicinity of another permanent magnet
that rotates in the order of 200 Hz. This surprising effect can be easily reproduced in the laboratory with
off-the-shelf components. Here, we have investigated this novel type of magnetic levitation experimen-
tally and clarified the underlying physics. Using a 19-mm-diameter spherical Nd-Fe-B magnet as the rotor
magnet, we have captured the detailed motion of levitating spherical Nd-Fe-B magnets, denoted floater
magnets, as well as the influence of the rotation speed and magnet size on the levitation. We have found
that as levitation occurs, the floater-magnet frequency locks with the rotor magnet and, noticeably, that
the magnetization of the floater is oriented close to the axis of rotation and toward the like pole of the
rotor magnet. This is in contrast to what might be expected by the laws of magnetostatics, as the floater is
observed to align its magnetization essentially perpendicular to the magnetic field of the rotor. Moreover,
we have found that the size of the floater has a clear influence on the levitation: the smaller the floater,
the higher the rotor speed that is necessary to achieve levitation and the further away the levitation point
shifts. Despite the unexpected magnetic configuration during levitation, we have verified that magneto-
static interactions between the rotating magnets are responsible for creating the equilibrium position of the
floater. Hence, this type of magnetic levitation does not rely on gravity as a balancing force to achieve an
equilibrium position. Based on theoretical arguments and a numerical model, we show that a constant ver-
tical field and eddy-current-enhanced damping are sufficient to produce levitation from rest. This enables
a gyroscopically stabilized counterintuitive steady-state moment orientation and the resulting magneto-
statically stable midair equilibrium point. The numerical model displays the same trends with respect to
the rotation speed and the floater-magnet size as seen in the experiments.

DOI: 10.1103/PhysRevApplied.20.044036

I. INTRODUCTION

Magnetic levitation is equally science fiction and
present-day technology. Since Earnshaw’s theorem pre-
vents stable levitation with systems comprising only fer-
romagnets, current technologies such as Maglev trains
[1], flywheels [2], and high-speed machinery [3] rely
on different physical compensation techniques to achieve
levitation.

A novel type of magnetic levitation has recently been
discovered [4] that uses two permanent magnets of similar
size. One magnet, termed the “rotor,” mounted on a motor
with its north and south poles oriented perpendicular to the
rotation axis, is brought to rotate at angular velocities in
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the order of 10, 000 rpm. The second magnet, termed the
“floater,” is placed in the vicinity of the rotating magnet:
it is spun in motion and it levitates toward the rotor until
it floats in space a few centimeters below it. The floater
precesses with the same frequency as the rotor and, if per-
turbed, experiences restoring forces that bring it back to
its equilibrium position. It is quite surprising that magnetic
levitation develops in such a relatively simple system: the
magnetic forces do not suddenly create a stable minimum-
energy point in space just by spinning one of the magnets
and yet levitation can be very easily reproduced in the lab-
oratory with off-the-shelf components, as shown in Video 1
or at Ref. [5].

Ferromagnetic levitation can generally be subdivided
into three categories to counteract gravity. The first is
active magnetic stabilization, where a control system
supplies the levitating magnet with an electromagnetic
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7 × 7 × 7 mm3 rotor

6 × 6 × 6 mm3 floater

VIDEO 1. A demonstration of an easily reproducible experi-
ment using a Dremel multitool to achieve magnetic levitation.

force to keep it balanced [3,6,7]. The second type is elec-
trodynamic suspension, known from Maglev trains, where
a moving magnet will induce a current in a stationary con-
ductor, producing a repulsive force that increases with the
speed of the moving magnet [1]. Finally, the last category
is spin-stabilized levitation, where the levitating object is
spinning and uses the gyroscopic effect to keep the system
stable. This is the effect seen in the Levitron™ [8,9] and
the magnetic Paul trap [10,11].

The spinning rate of the Levitron is typically 500 rpm
[12], much lower than seen in the novel type of magnetic
levitation. Furthermore, since it is not a driven system,
once friction with the air slows the magnet spinning rate,
it loses levitation. The magnetic Paul trap uses a rotating
gradient field for levitation and hence is driven; however, it
relies on a balance between gravity and magnetic repulsion
for vertical stability. For the levitation studied in this paper,
both attraction and repulsion are magnetic, so the floater
magnet is fixed relative to the rotor even when moving
and rotating the whole device. Thus the phenomenon can
be used for the trapping and three-dimensional (3D) con-
tactless manipulation of magnetic objects, similar to how
Refs. [13–15] have used spinning dipole magnets for han-
dling metal spheres. Reference [13] relies on eddy currents
for inducing a coupling and complex feedback control for
stability. For the levitation presented here, eddy currents
are relevant but not required for levitation and the phe-
nomenon is inherently stable. Determining the full range of
applications requires a deeper understanding of the present
phenomenon; in particular, the scalability and range of
stability for levitation, but other potential applications
could include trapping and manipulating of ferromagnetic
microparticles.

In the recent pioneering work [4], Ucar explains the
novel magnetic levitation in terms of two key concepts:
polarity-free magnetic repulsion (PFR) and the magnetic
bound state (MBS). PFR is a short-range repulsive force
with F ∝ 1

r7 decay with distance that is postulated to orig-
inate from the synchronization of the floater magnet and

the rotor magnet. It is assumed that the rotor and floater
will have a constant phase relative to each other and from
that assumption the repelling force emerges. However, this
assumption is not clearly validated in the work. MBS is the
stable levitation that can occur if the rotor magnet is tilted
and/or shifted with respect to the rotation axis, as this in
combination with the tilt of the floater magnet can result
in an attractive force with a stable equilibrium point. How-
ever, this is not rigorously and systematically investigated
in Ucar’s work.

The pioneering paper by Ucar and a short follow-up
manuscript comparing the system to a Kapitza pendulum
[16] do not decipher many key aspects of the levitation
mechanism. There is no discussion about how stable the
magnetic levitation phenomenon is and what kinds of
instabilities can cause levitation to cease, or about when
these occur. Furthermore, the influence of the rotor speed,
the floater size, and the floater magnetization on levi-
tation is not discussed. The detailed orientation of the
floater relative to the rotor is also not quantified exper-
imentally. Furthermore, on the theoretical side, Ucar has
exclusively considered energy-conserving models of mag-
netostatic coupling and an analysis of eddy currents and the
effect of drag is not considered. A systematic study of how
the various parameters influence the levitation is crucial
to understanding the physics behind this novel levitation
effect. In this paper, we have considered these aspects
experimentally using high-speed video tracking. We then
discuss the various physical effects in the system and
their relevance. Finally, we simulate a simple dynamical
model of the system to elucidate the mechanisms behind
levitation.

II. EXPERIMENTAL SETUP

We have realized an experimental setup as follows. A
spherical Nd-Fe-B rotor magnet with a diameter of 19 mm
and a nominal remanence of 1.22–1.26 T was fixed using
epoxy into a 3D-printed plastic holder. The rotor orienta-
tion was specified and determined by placing a neodymium
magnet on the side of the 3D-printed rotor mount, such
that the magnetization direction was kept aligned while the
epoxy cured. The holder was subsequently mounted onto
the shaft of a high-speed motor (Vevor JST-JGF-F65A)
with speed control, assembled on an aluminum support.
The motor allows for experiments at rotational speeds up
to 400 Hz or 24, 000 rpm, calibrated using an induction
coil and oscilloscope setup. This is comparable to the work
of Ucar, who uses rotor speeds between 5530 rpm and
105, 000 rpm [4]. The intrinsic alternating magnetic field
of the motor at a typical distance of the floater magnet is
assumed to be negligible. The experimental setup is shown
in Fig. 1.

After epoxying the rotor magnet onto its holder, all three
spatial components of the magnetic field produced by the
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FIG. 1. The experimental setup, including a closeup of the
rotor and floater magnet. The closeup is an image taken with the
high-speed camera and where the floater magnet has been painted
to indicate its magnetic poles. The floater magnet can clearly be
seen to be levitating.

rotor magnet were measured by a Hall probe in 361 posi-
tions in a 190 mm by 190 mm slice 155 mm above the
center of the rotor magnet. Fitting the measured field with
a dipolar field resulted in a polar angle θr = 90.5◦ ± 2.5◦
(cf. Fig. 2) i.e., close to the desired direction.

During experiments, the dynamical behavior of the
floater magnet was filmed and the recordings postpro-
cessed with the motion-tracking software TRACKER to
determine the position and orientation of the floater as a
function of time, as demonstrated in Video 2. Two different
camera setups were used. The low-speed option consisted
of an iPhone 7 camera recording at 30 frames/s. For faster
dynamics, a Chronos 1.4 high-speed camera recording at
1057 frames/s was used.

To consistently reproduce and test the magnetic levita-
tion phenomenon, we have adopted the following experi-
mental protocol. First, the motor was spun at the desired
speed with a 30-mm-thick aluminum plate placed 35 mm
below the rotor magnet. The purpose of the aluminum plate
was to dampen the initial transient motion of the floater
through eddy currents, allowing for an easier initial lev-
itation. After being inserted manually beneath the rotor,
the floater magnet quickly levitated toward its equilibrium
position. As soon as this was reached, the aluminum plate
was removed and it was thus only present during the initial
levitation of the floater magnet. We note that with practice
the floater magnet can be levitated without the aluminum
plate. The procedure described above is shown in a video
recording in Video 3 or at Ref. [5].

III. RESULTS

The magnetic levitation was investigated by three differ-
ent experiments. The first was aimed at understanding the
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FIG. 2. The phase angle, ϕ, between the floater and the rotor
magnets. The phase angle is the angle between the projection
onto the x-y plane of the respective magnetization vectors of the
two magnets, mr and mf . The levitation distance is the center-
to-center distance between the rotor and the floater magnets.

detailed alignment of the rotor and floater magnets for a
fixed set of experimental parameters. The second focused
on the dynamics of the floater magnet as a function of the
rotor speed for a fixed-size floater. The third experiment
investigated the role of the rotor size and magnetization on
levitation.

VIDEO 2. A demonstration of the motion-tracking software
TRACKER used to determine the position and orientation of the
floater as a function of time.
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VIDEO 3. The procedure to reproduce the magnetic levitation
phenomenon.

A. Floater alignment

First, we established the exact movement of the floater
magnet. It is particularly important to determine the ori-
entation of the floater magnet, i.e., the direction of its
magnetization during rotation. To establish the polar angle
of the floater magnet, θf , as well as the phase angle, ϕ,
between the rotor and floater magnetization vectors in the
x-y plane (cf. Fig. 2), an experiment was performed with a
spherical Nd-Fe-B floater magnet with a diameter of 12.7
mm and a remanence of 1290–1320 mT, with the rotor
magnet rotating at 200 Hz. The rotor magnet was painted
red on its magnetic northern hemisphere and the floater
magnet was painted red on its north-pole side, to allow
their orientations to be tracked. The details showing the
tracking method can be found in the Supplemental Mate-
rial [18] and an example experimental video is shown in
Video 4. Noticeably, the polar angle is determined to be
θf = 7◦ ± 4◦ and the phase angle ϕ = 6.4◦ ± 5.1◦. This
configuration (seen in Fig. 1) is surprising from a purely
magnetostatic point of view, as the magnetization of the
floater magnet is almost vertical and makes a north-north
orientation with the rotor magnet, i.e., it points essentially
perpendicular to the magnetic field of the rotor magnet.
We stress that the orientation of the magnetization vec-
tors shown in Fig. 2 is equally likely to be north-north as
south-south.

B. Floater dynamics

To establish the floater-movement dynamics, a series of
experiments using the 12.7-mm-diameter spherical Nd-Fe-
B floater magnet with a remanence of 1290–1320 mT was
conducted. The rotor speed was varied in steps of 5 Hz
from 130 Hz to 280 Hz, with an additional measurement at
142.5 Hz, as it was the lowest speed for which levitation
was possible. Depending on the dynamics, between two
and five experiments were done for each rotor speed.

For each experiment, the dynamics of the floater mag-
net were tracked using the low-speed video setup. The

VIDEO 4. High-speed camera footage at 1057 frames/s of the
painted magnet levitating. The rotor magnet is rotating at 200 Hz.

recorded videos reveal one semistable behavior and four
different types of vibrational modes of the floater mag-
net, as a function of the frequency of the rotor magnet.
The semistable behavior is characterized by rotation during
levitation without additional oscillation modes, i.e., dis-
placement amplitudes of < 1 mm on time scales shorter
than 0.5 s. The four vibrational modes are an up-down
mode with oscillations up to 4 mm, defined by vertical
oscillations of the floater magnet, a side mode with oscil-
lations up to 8 mm, where the floater magnet oscillations
are in the horizontal plane and swing out in a horizontal
circular path around the origin, a mixed mode with oscil-
lations up to 3.5 mm and 7 mm for the up-down mode and
side modes, respectively, and a U-shaped mode with oscil-
lations up to 7.5 mm, where the floater oscillations have a
clear U shape. Each of these modes is illustrated in Videos
5, 6, 7, 8, and 9 or at Ref. [5].

In all experiments, the levitation was unstable and even-
tually the floater magnet dropped away from the rotor
magnet, if the motion of the floater was not damped by an
eddy current generated in, e.g., an aluminum plate below
the floater.

From the tracked data, the levitation time and the ini-
tial levitation distance were measured [Fig. 3(a) and 3(b),
respectively]. In Fig. 3(a), it can be seen that the dynam-
ics of the system are highly dependent on the rotor speed.
Below 142.5 Hz, no levitation was observed. At low
speeds between 142.5 Hz and 180 Hz, no vibrational
modes were present and the floater magnet descended
slowly until finally dropping. At a rotor speed of 185 Hz,
the dynamics changed suddenly and an up-down motion
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VIDEO 5. The semistable movement mode.

was present, which grew with time, resulting in increased
instability and a resulting decrease in the levitation time.
At 195 Hz, the dynamics changed once again and the
side mode appeared. With this mode, a sudden increase in
levitation time was observed. Increasing the rotor speed
further resulted in a rapid drop in the levitation time. At
215 Hz, a new mode appeared, with complex dynamics.
The floater motion here was a mix of the side and up-down
modes. Finally, at even higher speeds, the U-shaped mode
appeared. The highest speed at which the levitation could
occur was 280 Hz; beyond that speed, the rotor and floater
magnets collided and the floater magnet was flung off.

VIDEO 6. The up-down movement mode.

VIDEO 7. The side movement mode.

Regarding the initial levitation distance, shown in
Fig. 3(b), it is clear that regardless of the vibrational mode,
the initial levitation distance becomes shorter at higher
rotor speeds. This clearly shows that the force between the
two magnets changes with the rotation speed. Note that
it is the initial levitation distance that is shown. For all
rotor speeds for this size of floater magnet, the levitation is
unstable, unless, e.g., an aluminum plate is used to dampen
the motion and thus the levitation distance increases over
time. If we specifically consider the semistable regime
where no oscillating modes are present, the fall rate can
be investigated in more detail. Here, for each experiment
between 142.5 Hz and 180 Hz, a linear curve was fitted to

VIDEO 8. The mixed movement mode.
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VIDEO 9. The U-shaped movement mode.

the dynamics of the floater, to find the fall rate. The time
dynamics are available in the data repository at Ref. [17]
and the determined fall rates are shown in Fig. 4. As can
be seen, the fall rate decreases with increased rotor speed.

C. Floater magnetization and size

It is also of interest to investigate the influence of the
floater size and magnetization on the rotation dynamics.
The floater size was changed by using differently sized
floater magnets. These magnets had a slightly varying
magnetization, with the 5 and the 12.7 mm spheres hav-
ing a remanence of 1290–1320 mT, the 6, 8, 19, and 26
mm spheres having a remanence of 1220–1260 mT, and the
10 and 30 mm spheres having a remanence of 1260–1290
mT. The weights of the spheres were as follows: the 5 mm
sphere weighs 0.5 g, the 6 mm 0.86 g, the 8 mm 2 g, the 10
mm 4 g, the 12.7 mm 8.2 g, the 19 mm 27 g, the 26 mm 70
g, and the 30 mm 110 g.

To vary the remanence, heating was used to reduce the
magnetization of six spherical magnets with diameters of
12.7 mm. The magnets were heated in an oven for 1 h each,
at temperatures varying from 150◦C to 200◦C with 10◦C
intervals, in order to gradually demagnetize them [19].
Along with each spherical magnet, a cube magnet of size
7 × 7 × 7 mm3 and with the same remanence was placed
in the oven. Following heat treatment, the magnetization of
the cube magnet was measured on a Brockhaus Hystograph
HG 200, which requires samples with flat surfaces; hence
the use of the cube magnets. To avoid remagnetizing the
magnet in the process, the field applied during the measure-
ment was ±0.5 kA/m. The spherical magnets were then
assumed to have sustained the same loss in magnetization.
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FIG. 3. (a) The levitation time as a function of the rotor speed
and (b) the initial levitation distance as a function of the rotor
speed. For both figures, the color of the dots denotes the mode
occurring during levitation. The multicolored dots mean that the
mode changes from the left colored mode to the right colored
mode, e.g., for the red-blue case, the mode changes from an
up-down mode exclusively to a side mode exclusively. The lev-
itation distance is defined as the distance from the center of the
spherical magnet of the rotor to the center of the spherical magnet
of the floater.

We first considered the minimum rotor speed needed to
achieve levitation. Here, levitation is defined as the floater
magnet levitating for more than 0.5 s. The minimum rotor
speed as a function of both the floater diameter and the
remanence of the floater magnet is shown in Fig. 5(a).
To determine the minimum rotor speed, the speed of the
rotor was decreased from 400 Hz in steps of 2.5 Hz for
the variation in the diameter of the floater magnet and in
steps of 1 Hz for the remanence variation. The data points
shown in the figure are the lowest rotor speed at which
levitation was possible. As can be seen, the magnetization
did not influence the minimum rotor speed, as decreasing
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FIG. 4. The fall rate of the floater magnet as a function of the
motor speed for the semistable region. The error bars are the
standard deviation of three experiments for each rotor speed.

the magnetization by a third from 1180 mT to 760 mT
only reduced the minimum rotor speed minimally. How-
ever, the sphere size has a very clear influence: the smaller
the floater magnet, the higher is the rotor speed necessary
to achieve levitation. Thus, this makes it clear that the vol-
ume of the floater is important in the dynamics, most likely
because inertial effects are playing a dominant part in lev-
itation, although other size effects such as eddy currents
could potentially also be present.

We also considered the initial levitation distance as a
function of both the diameter of the floater-magnet spheres
and the remanence of the floater magnet. This is shown
in Fig. 5(b). As can be seen from the figure, an increased
remanence resulted in a slightly increased levitation dis-
tance. On the contrary, increasing the size of the floater
magnet resulted in a shorter levitation distance. This again
hints at the interplay between inertial effects and (elec-
tro)magnetic forces. Note that the experiments were not
done at the same rotor speed, as the variation of the diam-
eter of the floater magnet needs to be done at high rotor
speeds to enable all tested spherical magnets to levitate.

D. Discussion

In all measurements presented above, the levitation was
limited in time. However, if an aluminum plate is left
below the floater, to dampen its oscillation modes by eddy-
current dampening, levitation will occur perpetually. In the
Supplemental Material [18], the position of a 12.7-mm
floater with an aluminum plate 33.5 mm below the center
of the rotor magnet and a rotation rate of 240 Hz is shown.

Initially, the floater magnet falls at a rate of 0.3 mm/s for
the first 20 s, after which it reaches an equilibrium height,
where it levitates for 40 min without any signs of stopping.

Additional experiments were done to explore the nature
of the levitation phenomenon. First, it was verified that if a
soft-magnetic steel sphere was used as floater, it could not
be made to levitate. This was verified for steel spheres of
diameters 8, 10, 12.7, and 20 mm and for rotor speeds in
the range 50–400 Hz. Regardless of the size and the rotor
speeds, the steel sphere was always attracted to the rotor
magnet; i.e., there was no repulsion force in the system.

We also performed an experiment in which the floating
magnet was an epoxy-bonded cylindrical-shaped magnet
with 77.5 vol% Nd-Fe-B magnet material. At 200 Hz, this
could also be made to levitate.

We wish to note that the magnetic levitation phe-
nomenon does not require a complicated experimental
setup to be realized. We have successfully demonstrated
the phenomenon using a simple block magnet glued to a
bolt mounted to a high-speed Dremel cutting tool, which
can then be used to levitate another block magnet. A video
of this is shown in Video 1 or at Ref. [5].

IV. THE PHYSICS OF LEVITATION

There are a number of different experimental observa-
tions to explain, including but not limited to translational
stability, frequency locking of the rotor and floater rota-
tion, and the relative direction of the magnetic moments.
Below, we summarize the relevant physical effects in the
system and show how it is not any of the known mech-
anisms of magnetic levitation, but a different mechanism,
that can explain the phenomenon at hand. This is further
demonstrated in Sec. V.

The magnetic interactions and external B fields of static
uniformly magnetized spheres are precisely those of point
dipoles at their centers [20,21]. Thus in a dipole magnetic
field, the floater magnet experiences the same force and
torque as would a point dipole of magnetic moment mf
at its center. In the quasistatic limit [22], Faraday’s law of
induction leads to the electric field E = −∂tA, where A is
the vector potential, but except for the fields of induced
currents, the magnetic fields are unchanged. Thus, using
the well-known formulas for magnetic point dipoles [21],
the fields from the rotor are

Br = μ0

4πr′3
[
3(r̂′ · mr)r̂′ − mr

]
,

Er = μ0

4π
r̂′ × ṁr

r′2 ,
(1)

where mr is the magnetic moment of the rotor, r′ is the
position relative to the rotor center, and μ0 is the vacuum
permeability. Also, r′ = r − d, where r is position rela-
tive to the floater center and d is the displacement vector
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FIG. 5. (a) The minimum rotation speed to achieve levitation as a function of the diameter of the floater-magnet spheres (blue
points, bottom x axis) and remanence (red points, top x axis). (b) The initial levitation distance as a function of the diameter of the
floater-magnet spheres (blue points, bottom x axis) and remanence (red points, top x axis) at a rotor speed of 150 Hz for the remanence
variation and 300 Hz for the variation of the floater-magnet diameter. The error bars given on (b) are the standard deviation of the
position as determined by the TRACKER software.

from floater to rotor. We use a hat symbol (“ ˆ”) to denote
normalized vectors and a dot (“˙”) for time derivatives.

The magnetic field leads to a dipole torque on the floater
[20], τ dip = mf × Br(r = 0), which on its own would
make mr and mf antialign, as this is the magnetostatic
energy minimum when the positions are fixed. Antialign-
ment is in direct contradiction with observation, so to
explain the phenomenon, we require an opposing torque
or dynamical effect to stabilize the observed moment
configuration.

Clearly, superconduction and feedback stabilization are
absent. The only nonelectromagnetic couplings between
the floater and the surrounding world are gravity, which
does not exert a torque, and fluid effects such as centrifu-
gal suction and air resistance, which either produce zero
net torque or exert a drag torque on the floater that is oppo-
site to ωf [23–25]. This leaves electrodynamic effects, of
which eddy-current drag is the most significant, and gyro-
scopic effects. We discuss these in Secs. IV A and IV B. It
is well established that dissipative and gyroscopic torques
can induce steady-state configurations that are energet-
ically unfavorable [26,27] and this is indeed what we
observe numerically, as will be discussed subsequently in
Sec. V.

A hypothesis proposed by Ucar [4] is that due to a slight
out-of-plane rotation of the rotor magnetization mr or a
shift of the rotor magnet relative to the rotation axis of its
holder, Br always has a vertical component—say, Br,z—at
the floater center. Since Br,z is constant, while the hori-
zontal field Br,⊥ rotates rapidly, the former may have a
greater impact on the floater dynamics than the small value
of Br,z/Br,⊥ suggests. Ucar explains vertical stability by a

repulsive force between the horizontal components of mf
and Br countering an attractive force between the vertical
components.

We propose that Br,z also dynamically stabilizes the
observed moment configuration. In Sec. V, we validate
this assumption by reproducing the steady-state levitation
and a number of experimental trends, using only mag-
netostatic dipole interactions and viscous drag. The drag
coefficient required to reach the levitating state from rest is
orders of magnitude greater than what can be explained
by air resistance, suggesting that eddy currents or other
electrodynamic loss channels are important.

A. Electrodynamics

In the Supplemental Material [18], we discuss electro-
dynamic effects in detail. The main takeaway is that the
only potentially significant couplings, in addition to those
of magnetostatic interactions between rotor and floater, are
between the magnetic moments and induced eddy currents.
Building on the existing literature [28–38], we derive (cf.
the Supplemental Material [18]) an analytical model for
the coupling between the rotor moment and eddy currents
in the conductive floater and find the torque from eddy
currents to be

τ eddy = 2π
15
σ(ωr − ωf )B2

0R5
f ẑ. (2)

Here, σ is the conductivity, Rf the floater radius, and

B0 = μ0

4πd3 mr.
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In deriving Eq. (2), we have assumed that the rotor is
directly above the floater (d = dẑ) and that both magnets
only rotate around the vertical (ω̂r = ω̂f = ẑ), which does
not capture the full range of motion. Also, we expand the
rotor fields Eq. (1) in Rf/d and only consider the lead-
ing order torque, which is equivalent to approximating Br
as uniform. This is not justified, so Eq. (2) should not
be regarded as a general solution. That said, it should
yield reasonable order-of-magnitude estimates and scaling
relations.

If the rotor magnet is conductive, then the floater
moment exerts a torque of the same form on the rotor.
By angular-momentum conservation, this leads to an equal
and opposite torque on the floater. Thus eddy-current cou-
pling of the form in Eq. (2) is present when either floater
or rotor is magnetic and the other is conductive. Addition-
ally, as the spinning floater induces eddy currents in the
environment, it experiences further damping, which can
easily exceed the air resistance. We have observed exper-
imentally that increasing this damping using an aluminum
block qualitatively changes the dynamics. We note that,
in general, coupling of the rotor-moment precession to the
floater rotation, as in Eq. 2, is distinct from coupling of
the floater-moment precession to rotor rotation. However,
this subtlety is irrelevant for the subsequent argument. For
the state of motion considered here, the precession of the
moments and the rotation of the bulk magnets is at the
same frequency, while this is not necessarily the case in
our simulations (cf. Sec. V B).

In the absence of all other torques, the equation of
motion is If ω̇f = τ eddy, where If is the floater moment
of inertia, in which case the difference in rotation fre-
quency of the floater decays exponentially to the pre-
cession frequency of the rotor. This is the phenomenon
of frequency locking by eddy-current coupling. Using
If = 8

15πρf R5
f , where ρf is the mass density of the

floater, the exponential time constant can be written as
teddy = 4ρf /(σB2

0). At a relatively small levitation dis-
tance of d = 20 mm and the experimentally relevant
parameters μ0Mr = 1.2 T, Rr = 9.5 mm, ρf = 7.5 g/cm3

and σ = 667 	−1 mm−1, we find teddy = 25 s, while
the experimentally observed frequency locking happens
in fractions of a second. For comparison, if we con-
sider only the dipolar torque, then If ω̇f = τ dip = mf ×
B0 and, by dimensional analysis, we find the char-
acteristic time tdip = √

If /(mf B0), which for the same
parameter values and Rf = 6.35 mm yields 1.7 ms.
Thus, the frequency locking in our experiments must be
driven by magnetostatic torques rather than eddy cur-
rents. We support this hypothesis in Sec. V by numerical
experiments.

In deriving Eq. (2), we have made several simplifying
assumptions on the floater motion, so in reality τ eddy may
have a horizontal component. This begs the question if
τ eddy might stabilize the moment orientation. Since mf is

nearly vertical, τdip ≈ mf B0, so in our experiments

τeddy

τdip
≈ 1

30
σ(ωr − ωf )R2

f

(
Rf

d

)3 mr

mf
≤ 0.004.

This suggests that eddy-current effects are too small to
balance the magnetostatic torque. If Rf was an order of
magnitude larger, τeddy could be significant but then self-
induction and finite skin depth would also be important,
necessitating a more complete analysis.

In summary, no electrodynamic effects can explain the
moment orientation on their own. While including the
nonuniformity of the rotor field would yield a more cor-
rect eddy-current model, we doubt that it would change
this conclusion. Instead, we propose that the moment
configuration is produced by a vertical field component
from imperfections in rotor placement, in conjunction with
gyroscopic stabilization.

B. Gyroscopic stability

For a floater with an anisotropic mass distribution, If
would be a 3 × 3 tensor and there would be an effective
gyroscopic torque of the form [39] τ gyro = −ωf × [If ωf ].
This complication was absent in our experiments, since we
used spheres of uniform density. One thing that does break
the spherical symmetry is the intrinsic angular momentum
associated with the magnetic moment of the floater. This
gyromagnetic effect has been shown in theory to enable
the stable levitation of a nanomagnet, even with a static
applied field [40,41]; however, as shown in the Supple-
mental Material [18], the effect was negligibly small for
the experiments described in this work.

Thus in the laboratory frame, no gyroscopic terms
appear in the rotational equation of motion. That is not
to say that gyroscopic stability is absent; in fact, in the
rest frame of the rotor magnet, where its magnetic field is
constant, there is the fictitious torque τ fic = −If ωr × ωf ,
which bears a strong resemblance to τ gyro. The cancel-
lation of such a gyroscopic torque with gravity explains
why a precessing top remains upright only when spin-
ning rapidly [39]. Equivalently, in the laboratory frame,
a certain angular acceleration is required to keep the top
rotating and gravity supplies this acceleration instead of
making the top fall over. Similarly, for the Levitron, an
initial spin around its magnetic moment is required to cir-
cumvent Earnshaw’s theorem and enable stable levitation
[42–44]. In both cases, the argument also works for a
spinning sphere.

For our experiments, there is no initial rotation, unlike
the Levitron. Nevertheless, in our simulations, the steady-
state rotation during levitation is a combination of pre-
cession around the vertical and spinning around the mag-
netic moment, in complete analogy to the spinning top.
This state of rotation is gyroscopically stabilized against
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changes in the polar angle θf . So, in a sense, the rotation
itself counteracts the magnetostatic torque. This is further
discussed in Sec. V B.

V. SIMULATIONS

A. Model

The motion of the rotor is fully constrained to a prede-
fined trajectory. We model the corresponding time evolu-
tion of the floater magnet using the following differential
system:

If ω̇f = mf × Br − ζrotωf , (3)

mf v̇f = Fdip − ζtransvf − gẑ, (4)

where g = 9.82 m/s2 is the gravitational acceleration, vf
is the floater velocity, Br is the rotor field from Eq. (1)
evaluated at the center of the floater, and

Fdip
i = 3μ0

4π
1

r4
rf

[(mf ·r̂rf )mr + (mr·r̂rf )mf

+ (mf ·mr)r̂rf − 5(mf ·r̂rf )(mr·r̂rf )r̂rf ] (5)

is the dipole force from the rotor on the floater, where rrf is
the displacement from the rotor to the floater. We note that
these magnetostatic interactions are exact for uniformly
magnetized spheres[20]. For the drag coefficients, we use
analytical solutions for viscous drag but with an effective
viscosity to model eddy-current damping, i.e.,

ζrot = 8πηeffR3
f , ζtrans = 6πηeffRf .

This drag is exact for an isolated sphere at low Reynolds
number [45] and has the same linear dependence on angu-
lar velocity as we expect from eddy currents [cf. Eq. (2)].
Unless otherwise stated, we have used an efficient viscosity
of η = 1 Pa · s in the simulations. For reference, the viscos-
ity of air at ambient conditions is ηair = 0.02 mPa · s, while
for water the value is ηH2O = 1 mPa · s.

This type of model is well established for magnetic
nanoparticles, i.e., nanoscale magnetized spheres sus-
pended in liquid [46]. That said, the eddy-current damping
depends strongly on the floater position, yielding more
complex instabilities and transient behavior, so we can at
best reproduce qualitative trends and observations with the
present model. The fact that the model does produce levita-
tion suggests that the phenomenon could also be achieved
for entirely nonconducting magnets by means other than
eddy-current damping. The increased drag can be made
possible by submerging the floater in viscous liquid.

One feature specific to the present model is related to the
angular velocity around the magnetic moment, i.e., ωm =

m̂f · ωf . From Eq. (3), we have

ω̇m = [ωf × m̂f ] · ωf + 1
If

m̂f · [mf × Br − ζrotωf ]

= −ζrot

If
ωm.

That is, ωm can only decrease exponentially, so when it
starts at zero, ωm = 0 at all times. We have verified this
numerically for all simulations. In general, this is not true
with eddy-current coupling.

To simulate Eqs. (3) and (4), we use velocity-Verlet
time-step integration with a time step of 1 µs [47]. To
rotate mf , we use the Euler-Rodrigues rotation formula
[48].

B. Results: Fixed floater position

We find that for most parameters, the simulated floater
will either fall under gravity or collide with the rotor and
be flung away. Therefore as a first study, we keep the center
position of the floater fixed and only consider the rotational
motion.

For all simulations, the floater is initially at rest and
centered on the rotation axis, which is vertical. We find
that the steady state is not sensitive to the initial orien-
tation, so we only use 60◦ from the vertical in the x-z
plane, i.e., m̂f (t = 0) = (sin(60◦), 0◦, cos(60◦)). The rotor
configuration is given by

rr =
⎛
⎝
δr cos(2π frt)
−δr sin(2π frt)

d

⎞
⎠ , mr =

⎛
⎝

cos(ϕ0 − 2π frt)
sin(ϕ0 − 2π frt)

0

⎞
⎠ .

(6)

That is, the rotor magnet is a distance d vertically above the
floater, except for a small lateral shift of δr away from the
rotation axis. Its holder rotates clockwise at frequency fr
with the moment in the x-y plane and pointing away from
the rotation axis. We use ϕ0 = 60◦ as the initial condition.
We distinguish between distance rrf and vertical distance d
but since δr � d, they are nearly equal. Besides the lateral
shift, the setup is identical to Fig. 2.

With the floater centered on the rotation axis, the only
effect of δr is to produce a constant vertical B field. Since
mr points away from the rotation axis, Br,z > 0, while if
mr pointed toward the axis, we would have Br,z < 0. The
same effect can be achieved by giving mr an out-of-plane
tilt. We have verified that for either sign, mf ,z points in the
field direction.

Without a vertical field, the steady state always has mf
in the x-y plane, corresponding to a polar angle of θf =
90◦. While δr = 1 mm seems small, for some frequencies
the resulting Br,z is sufficient to make mf nearly vertical.
We find that depending on the system parameters, there
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are three different dynamical phases with radically differ-
ent steady-state behavior and sharp transitions in parameter
space.

In Fig. 6, we present simulation data for a range of differ-
ent frequencies and distances. Figures 6(a)–6(c) illustrate
the three (“red,” “green,” and “blue”) dynamical phases.
Figure 6(a) shows that at low and high fr, the phase angle
is essentially constant, with a value close to either 180◦ or
0◦ (red and blue curves, respectively), i.e., the rotor and
floater are frequency locked. At intermediate frequencies,
mf rotates more slowly than mr but there is a secondary
precession at equal frequency; hence the fast oscillations
on the green curves in Figs. 6(b) and 6(c). We note that
when increasing fr or d, the time-averaged value of θf
decreases gradually from 90◦ to 0◦.

In Fig. 6(d), we see the distribution of dynamical phases
in parameter space. Each data point corresponds to a 5-s
simulation, where we have computed the average and stan-
dard deviation of ϕ over the last 250 ms. The green points
have standard deviations above 1◦, while the blue and red
points have standard deviations below 1◦. Except for a few
points on the phase boundaries, the standard deviation is
either above 50◦ or less than 10−6, i.e., there is a sharp
contrast, so the phase determination for a given simulation
is unambiguous. To distinguish blue and red, we use the
steady-state value of ϕ. In the Supplemental Material [18],
we show similar plots where we have varied η, Rf , Mf , or
δr instead of fr.

The red phase is the energy minimum, which would be
the final configuration with a static rotor, i.e., when fr = 0.
Thus it makes sense that the red phase occurs at the lowest
frequencies and at shorter distances, where the energy min-
imum is lowest. At intermediate frequencies and distances,
inertia and drag mean that the floater cannot keep up, so
while there is a net clockwise rotation, it is only the smaller
secondary precession that follows the rotor frequency. As
the frequency increases, the floater is less and less suscep-
tible to the rotating horizontal field but still responds to
the constant vertical field; hence mf becomes increasingly
vertical. When θf is near zero, the secondary precession
disappears and frequency locking is reestablished, i.e., the
green phase transitions to blue.

To explain why the blue phase occurs, we first infer an
expression for the angular velocity. We know that ϕ̇ = 0,
so there is a clockwise precession around the vertical at a
frequency of ωr. Also, θ̇f = 0, so the only possible form
of rotation is spinning around mf . That is, ωf = −ωrẑ +
ψ̇m̂. Using that mf · ωf = 0, as discussed in Sec. V A, we
find that ψ̇ = ωr cos θf ; hence the angular velocity is

ωf = ωr[−ẑ + cos θf m̂] (blue phase). (7)

We have verified that each component fits the simulations
to within a relative error of 0.0004% throughout the blue
phase. The magnitude is simply ωf = ωr sin θf .

Counterintuitively, the floater spins around its moment
precisely because the net angular velocity around mf must
be zero and there is a contribution from the precession of
mf around the vertical. This spinning gyroscopically stabi-
lizes against changes in θf , analogously to how a spinning
top defies gravity [39]. Equivalently, in the rest frame of
the rotor, the spinning yields a fictitious gyroscopic torque
that balances the magnetostatic torque. When mf is close
to the vertical, the angular-velocity vectors from preces-
sion and from spinning around mf nearly cancel, so that
the magnitude of ωf is tiny. Consequently, the drag torque
is small and does not hinder frequency locking.

By inserting Eq. 7 in the governing equation Eq. 3, we
obtain a set of equations that θf and ϕ must obey for self-
consistency. In the Supplemental Material [18], we expand
said equations to leading order in the small angles θf ,ϕ
and isolate, which yields

ϕ = ζrotωr

If ω2
r − mf Br,z

and θf = mf Br,⊥
If ω2

r − mf Br,z
. (8)

Comparing with the blue simulations in Fig. 6(d), the
greatest relative error is 1.8% for ϕ and 0.05% for θf , so
higher-order corrections are more significant for ϕ. From
Eq. 8, we see that a finite moment of inertia is required for
the blue phase to occur, because a negative value of θf is
unphysical, but drag is not required for self-consistency.
If ∼ R5

f , so the importance of inertia may explain why the
critical frequency has a strong size dependence despite a
weak dependence on magnetization, as seen in Fig. 5(a)
and the Supplemental Material [18].

The next question is how the computed rotational states
can produce stable levitation. In the red phase, the magnets
are consistently attractive. In the green phase, the force
oscillates at a frequency of fr but it averages to a net repul-
sion—at least, for all the parameter combinations that we
have simulated. While this repulsion could balance grav-
ity in special cases, our experiments have shown stability
regardless of whether the floater was above or below the
rotor, so this would be a different form of levitation. That
leaves the blue phase, where ϕ, θf , and the vertical force
Fz are all constant.

In Fig. 6(f), we show the vertical force for frequencies
from 270 to 360 Hz. It is apparent that the force curves
are nonmonotonous. This is because the magnetic force
changes from attractive (Fz > 0) to repulsive (Fz < 0)
with decreasing distance. Every point at which Fz crosses
zero from positive to negative as d decreases is a stable
equilibrium, because a slight displacement in either direc-
tion leads to a restoring force. In some cases, the maximum
attractive force is less than gravity; in others, the magnets
would collide before reaching the stable point. In Fig. 6, we
have marked all midair stable points by orange crosses. We
note that the levitation distance decreases with increasing
frequency, in agreement with Fig. 3.
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(a) (d) (e)

(f)

(b)

(c)

FIG. 6. The simulation results at various rotor frequencies with the floater position fixed. The rotor is displaced by δr = 1 mm
relative to the rotation axis, yielding a slight vertical B field, the effective damping is η = 1 Pa · s, both magnetizations are 1.18 T,
and the diameters are 12.7 and 19 mm for the floater and rotor, respectively. (a)–(c) The steady-state behavior in the three different
dynamical phases for d = 20 mm: (a),(b) the phase lag, ϕ, and floater polar angle, θf , versus time over 25 ms; (c) the transverse
components of the normalized floater moment over 150 ms. (d) The dynamical phase of every simulation at various rotor frequencies,
fr, and rotor and/or floater distances d. The orange crosses mark stable force equilibria. (e),(f) θf and the vertical force Fz for all
simulations in the blue phase between 270 and 360 Hz. The stable equilibria are the points where spline fits of the force curves in (f)
cross from positive (attractive) to negative (repulsive) as d decreases.

To understand the force curves, we note that the blue
phase is close to the configuration θf = ϕ = 0◦ and
δr/d � 1. Therefore, we consider a Taylor expansion of
the dipole force [Eq. (5)] in these three variables. To zeroth
order, m̂f = r̂rf = ẑ, which is perpendicular to mr, in
which case the vertical force is zero. To first order,

Fdip,z ≈ 3μ0mrmf

4πd4

[
4
δr

d
− θf

]
(blue phase).

The first term is an attractive force between the verti-
cal components of Br and mf . The second term is a
repulsion between horizontal components. From Fig. 6(e),
we see that θf increases with decreasing distance and
that the relative change is greater than that in δr/d. This
is why Fdip,z can change from attractive to repulsive in
midair. In other words, as the magnets approach, the floater
moment becomes more horizontal, which makes the repul-
sive dipole force grow relative to the attractive dipole
force. This explanation is in agreement with Ref. [4].

C. Results: Free floater position

Here, the rotor is fully constrained as in Eq. (6), while
the floater is free to both rotate and translate in 3D space.
We find that with the right parameters, the model [Eqs.
(3) and (4)] does produce stable levitation. In Video 10
is shown an example simulation at fr = 300 Hz and with
the same parameters as Fig. 6, except that δr = 1.2 mm.
We have been unable to produce levitation at δr = 1 mm,
which we attribute to the translational motion making
frequency locking less stable. For the same reason, the

steady-state vertical distance of d = 22.5 mm is slightly
higher than expected from Fig. 6(d), i.e., from the orange
cross at 300 Hz.

We observe from Videos 10(a) and 10(b) that we obtain
the expected dynamical phase and from Videos 10(c) and
10(d) that the levitation is stable in all directions. In the
steady state, the floater z coordinate and the relative orien-
tation of the magnets settle to constants, while the x and y
coordinates of the floater perform sinusoidal oscillations,
just like the side mode observed experimentally [see the
inset in Video 10(d)]. Note how all of the configurational
variables reach steady state within 0.5 s, which is much
faster than frequency locking by eddy currents (cf. Sec.
IV A).

We have obtained qualitatively identical results when
generating the vertical B field by giving mr a 5◦ out-
of-plane tilt, rather than a lateral shift of the whole
magnet. This is nontrivial, as Br scales differently with
the floater position for the two imperfections in rotor
placement. Indeed, Ucar has found experimentally that
levitation also occurs when the constant field is from
a third stationary dipole magnet [4, Fig. 20]. We con-
clude that the key aspect that enables this novel form
of magnetic levitation is the superposition of stationary
and time-varying magnetic fields, not the specific rotor
perturbations.

When letting the system relax at η = 1 Pa · s for 1 s
and then turning off all damping, the final configuration
remains stable indefinitely. It still exhibits the side mode.
This shows that damping is not strictly required to sus-
tain the moment orientation that yields levitation. Rather,
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(a) (b) (e)

(c) (d)

VIDEO 10. Simulated levitation at a rotor frequency of fr = 300 Hz, where the floater has full rotational and translational freedom.
The parameters are the same as in Fig. 6 except that δr = 1.2 mm. (a) The phase angle. (b) The floater polar angle. (c) The vertical
floater or rotor distance. (d) The x, y position of the floater, with the origin on the rotation axis of the rotor. The inset in (d) shows the
last 10 ms of the 1-s simulation. (e) The final configuration. The blue-red sphere is the rotor, the green-orange sphere is the floater, and
the yellow arrows represent magnetic moments. The positions and sizes are to scale.

damping serves to facilitate reaching the levitating state
from rest and to increase the stability thereof.

D. Comparison of simulations and experiments

In Secs. V A, V B, and V C, we have shown that a model
including only magnetostatic (dipole) coupling and damp-
ing can reproduce stable levitation in certain parameter
ranges. The effect of gravity is to shift the point of stability
but it alters none of the qualitative features. The model has
no features that are unique to eddy currents, as the same
damping can be achieved by putting the floater in liquid,
and while moderate viscous damping facilitates levitation,
it is not a strict requirement.

This suggests that the levitation effect is quite general
and since dipole interactions are significant across many
length scales, it should be scalable. The relatively small
moment of inertia might be an issue for the levitation of
microparticles but perhaps this can be compensated by
increasing the frequency of the rotating field.

The simulations are qualitatively consistent with the
experiments in terms of how the levitation distance scales
with the rotor speed [cf. Figs. 3(b) and 6(d)] and with the
floater size [see Fig. 5(b) and the Supplemental Material
[18]]. These are strong indications that the model contains
most of the essential physics.

Quantitatively, the simulations have room for improve-
ment. From the orange crosses in Fig. 6(d), we see that
levitation is predicted at higher frequencies and a narrower
frequency band than found experimentally [see Fig. 3(b)].
Also, while Video 10(d) is consistent with the side mode
in Video 7, we have not observed any vertical oscilla-
tions in the steady state, so our simulations do not repro-
duce the up-down, U-shaped, or mixed mode. Regarding
the semistable mode, when our simulations reach steady

state, the system remains stable indefinitely, even without
damping.

Experimentally, we have observed indefinite stability
when an aluminum block was placed below the floater,
which has the effect of increasing damping. So our numer-
ical model is perhaps more representative of this setup.
While the point of stability shown in Video 10 is largely
consistent with Fig. 6(d), the floater orientation and force
curve will change at least slightly when including floater
translation. In addition, the system is highly sensitive to the
constant B field, so quantitative experimental comparison
requires a more accurate determination of the trajectory of
the rotor magnet, i.e., δr and θr. Alternatively, one can use
a stationary third magnet to generate the constant field.

On the modeling side, we believe that the main point
of improvement is the drag. At fr = 200 Hz, we find that
a viscosity of at least 0.01 Pa · s is required to produce
the blue phase from rest (see the Supplemental Mate-
rial [18]), which cannot be explained by air resistance.
If, as we suspect, the main source of damping is eddy
currents, then this has a number of implications. The rel-
ative magnitude of translational and rotational damping
in Video 10 is most likely incorrect; Eq. (2) suggests a
stronger dependence on floater size and magnetization than
the simulated model and damping would be a function
of position. Finally, there is a distinction between eddy-
current damping from the stationary environment, and
eddy-current coupling between the two rotating magnets,
which can also accelerate the floater.

A more accurate model of damping, both rotational and
translational, may be required to explain the relatively
complex set of translational modes or the gradual change in
the equilibrium distance observed in the semistable mode.
In particular, we note that our explanation for the stability
of the moment orientation relies heavily on the angular-
velocity component ωm = m̂ · ωf being constantly zero.
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We hypothesize that the breaking of this conservation law
by eddy-current coupling is related to the very gradual
decrease in levitation height over time recorded in Fig. 4
but further investigation is required.

VI. CONCLUSIONS

We have demonstrated that magnetic levitation of a per-
manent magnet can be achieved by placing it in the vicinity
of another magnet rotating at angular velocities in the order
of 200 Hz. Rotating a 19-mm-diameter spherical Nd-Fe-B
magnet, the levitation phenomenon has been demonstrated
for spherical Nd-Fe-B magnets in the (5–30)-mm-diameter
range. First, we have shown experimentally that the float-
ing magnet aligns to the like pole of the rotating magnet,
i.e., opposite to what would be expected from magneto-
statics. For a floating magnet with a diameter of 12.7 mm,
we have measured the polar and azimuthal (phase) angles
as θf = 7◦ ± 4◦ and ϕ = 6.4◦ ± 5.1◦, respectively. Then,
we have investigated the instabilities occurring during
levitation and observed five different patterns of motion.
Afterward, we have assessed the influence of the rotation
speed, as well as the size and magnetization of the floating
magnet, on levitation. We have found that the magneti-
zation of the floating magnet does not affect the rotation
speed needed for levitation (in the case of remanence fields
of 760–1180 mT), while its size has a very clear influ-
ence: the smaller the floating magnet, the higher is the
rotor speed necessary to achieve levitation and the fur-
ther the floating magnet levitates from the rotating magnet.
Subsequently, we have discussed the underlying physics
of the system. A thorough analysis reveals that electrody-
namic effects are orders of magnitude too small to sustain
the levitating state. However, using a numerical model
involving only magnetostatics and eddy-current-enhanced
damping, we have reproduced the experimental trends
and stable levitation. The key is a constant vertical mag-
netic field component, which may originate from small
imperfections in the positioning of the rotor magnet. This
enables the counterintuitive steady-state moment orienta-
tion, which is gyroscopically stabilized and in turn gives
the magnetostatic force a stable midair equilibrium point.

All the data presented in this work, including all video
captures, are available from the data repository at Ref. [17].
This includes the videos of all experiments described in the
text. The videos can also be found at Ref. [5].
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