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A nonspinning permanent ferromagnet is predicted to behave as a gyroscope at sufficiently low
frequencies, which can be seen as a manifestation of gyromagnetism. This yet unexplored regime,
conjectured for the first time by Maxwell [A Treatise on Electricity and Magnetism (Clarendon Press,
Oxford, 1873).], has recently been proposed for ultrasensitive magnetometry and for atomiclike quantum
stabilization of a levitated nanomagnet in a static field. Here, we observe signatures of gyroscopic effects in
the rotational dynamics of a nonspinning permanent ferromagnet levitated in a superconducting trap.
Specifically, we detect spin-rotation coupling between different librational modes, leading to elliptical
trajectories, in good agreement with theoretical predictions. From our measurements, we can infer both the

intrinsic angular momentum of the levitated magnet and its gyromagnetic g factor.
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The concept of spin is unique to quantum mechanics and
has no classical interpretation. Nevertheless, it is an
established experimental fact that quantum spin corre-
sponds to a genuine form of mechanical angular momen-
tum. This relationship, known as gyromagnetism, was
demonstrated by the famous Einstein—-de Haas [1] and
Barnett [2] experiments, which showed that changes in the
magnetization of a ferromagnet are associated to changes in
its rotational state and vice versa. Such effects are typically
observed in soft magnetizable materials, where the internal
rearrangement of magnetic dipoles occurs via spin-lattice
relaxation [3]. It is worth noting, however, that the first
attempt to detect gyromagnetic effects was performed
much earlier, namely by Maxwell in 1861, and involved
a simpler idea: observing the gyroscopic behavior of a
whole piece of magnetized material [4]. Despite Maxwell’s
brilliant intuition, his experiment was unsuccessful, and
was later regarded as extremely challenging [5].

Recent proposals have revived Maxwell’s idea by
predicting that the angular momentum arising from fixed
magnetization in a hard ferromagnet should lead to gyro-
scopic dynamics, even if the ferromagnet is not spinning at
all [6-11]. For sufficiently slow rotational motion and weak
torque, the ferromagnet would thus exhibit precessional
dynamics akin to a spinning top. This regime can be
observed only if the induced precession frequency Q is
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lower than the critical value,
Q< w =85/1, (1)

where S is the intrinsic angular momentum and / is the
moment of inertia, that is, when the precessional angular
momentum L = /Q is lower than the intrinsic angular
momentum S. The quantity ), is the so-called Einstein—de
Haas frequency of the ferromagnet. For a sphere, the
scaling with the radius R is @; « 1/R?, which explains
why this effect can hardly be observed in macroscopic
systems. If the torque is induced by a weak external
magnetic field B, the ferromagnet will behave as a giant
atomic spin, featuring Larmor precession with frequency
Q; = yoB, where y, is the mean gyromagnetic ratio of the
spins [6,11]. Conversely, if the Larmor precession is
higher than the Einstein-de Haas frequency Q; > wy,
the ferromagnet will exhibit classical compasslike libra-
tional behavior [12,13].

The gyroscopic regime may enable ultrasensitive dc
magnetometry in a way similar to atomic spins, with the
potential to overcome the standard quantum limits on
atomic magnetometers by many orders of magnitude
[6,10,11]. Furthermore, it has been proposed for testing
the relativistic frame drag with quantum spin [9].
Remarkably, a levitated ferromagnet can exhibit extreme
magnetic field resolution even in the standard librational
regime, as in a recent ac magnetometry demonstration [14].
A different application of the gyroscopic nature of a
ferromagnet has been proposed [7,8], namely a nano-
magnet could be stabilized in an external static field, such
as in an loffe-Pritchard trap, similarly to an atomic spin.
This would represent a violation of the classical Earnshaw
theorem [15].
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FIG. 1. (a) Model and conventions adopted. A ferromagnet
with spin § and magnetic moment g = —y,S is trapped along the
x axis. It can harmonically librate around z by an angle o and
around y by an angle f. Two superconducting pickup coils
coupled to a dc superconducting quantum interference device
(not shown) are placed above the ferromagnet. Coil PK1 is an
figure-8-shaped coil optimized for detection of a motion and
ideally insensitive to f motion. Coil PK2 is a circular coil
sensitive to 4 and ideally insensitive to a. (b) The elliptical motion
of the quasi-a (quasi-f) modes with rotation frequency w, (wg)
arising from gyroscopic effects is highlighted in blue (green). The
hypothetical purely librational a and # modes in the absence of
gyroscopic effects are indicated as dotted lines.

Here, we present an experiment that directly probes
gyromagnetic effects in a macroscopic permanent hard
ferromagnet. In our experiment the dominant dynamics is
still librational, i.e., nongyroscopic. Nevertheless we can
infer gyroscopic spin-rotation coupling between the libra-
tional modes as a second order effect by observing elliptical
trajectories in the angular motion, as depicted in Fig. 1(b).

Our apparatus consists of a hard ferromagnetic micro-
sphere based on a rare earth alloy [16], with radius in the
range 20 to 30 pm, levitated by the Meissner effect in a
cylindrically symmetrical superconducting trap based on a
type-I superconductor at temperature 7 = 4.18 K. This
setup has been modeled in several previous papers based on
the image method [12,14,17,18]. The key aspects for our
experiment are depicted in Fig. 1(a). We define g = —y,S
as the magnetic dipole moment, where S is the total spin
angular momentum and y, is the gyromagnetic ratio. At
equilibrium, g lies approximately on the horizontal plane.
For convenience, let us assume the orientation of p in the x
direction as in Fig. 1(a). The rotational dynamics of the
magnet features two trapped librational modes with very
different resonance frequency around the z axis (@ mode)
and the y axis (f mode). Trapping is provided by a
combination of Meissner field [Fig. 3(b)] and a residual
field. We discuss the physical mechanisms in the End
Matter section. We can define the harmonic restoring
torque for small @ and f librations as T, = —Iwa and
T, = Ia)[%ﬂ. Here, I is the isotropic moment of inertia (we

will later discuss the possible impact of anisotropies), and
o, wg are resonance frequencies of the librational modes.
Experimentally, frequencies are about f, = w,/(27) ~
100 Hz and f4 = wp/(27) ~ 400 Hz.

To assess the contribution of gyroscopic effects, we need
to solve the most general equation of motion of a
ferromagnetic rotor [10,12],

]:T1
S=QxS. (2)

Here, J =L+ S is the total angular momentum, with
L = IQ being the kinetic angular momentum, and S is
the intrinsic angular momentum (which may include both
spin and orbital atomic angular momentum). T is the
torque. Although the latter could include any additional
torque, here we consider only the restoring torque pre-
viously discussed. Note that the first expression of Eq. (2)
states the conservation of total angular momentum, while
the second arises from the assumption that the intrinsic spin
is rigidly attached to the magnet crystal, i.e., S = Siz, where
71 is the unit vector along the easy axis of the magnet. This
is a good assumption for a hard ferromagnet, since the
internal magnetization dynamics, with characteristic
frequencies at several gigahertz, is up to 10 orders of
magnitude faster than the mechanical motion [6].

The equations can be solved in a general framework [13],
but for our purposes it is sufficient to find the solution in the
linear approximation for small angles a, # [12]. To this end,
we write the total spin as § = S(1,a, ) and the angular
velocity vector as Q ~ (0, -4, &). Inserting in Eq. (2) and
retaining only linear terms in « and f we obtain

i+ wia+ wf =0,
B+ w3 — wi = 0. (3)

In the latter equations, we have neglected dissipation.
Although the latter is always present in real experiments,
we performed measurements over a time shorter than the
damping time. We have also neglected the classical
rotations around the S vector, i.e., we have assumed
7 = 0, where y is the rotation angle [see Fig. 1(a)]. We
will discuss later the validity of this assumption.

Equation (3) defines coupled linear harmonic oscillators
with kinetic coupling terms. In the case of well-separated
w, and wy, relevant to our experiment, the solutions of
Eq. (3) describe elliptical oscillations with a dominant axis
and a secondary axis, as shown in Fig. 1(b). In particular,
we define a quasi-a mode, with a and f oscillating
according to

a(t) = ag sin(wgt),

ﬁ(t) = Ga® cos(a)at),
W0y
9%e=—% 7 (4)
Wy — 0
and similarly a quasi-f mode, with a and f oscillating
according to
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ﬂ([) = ﬁo Sil’l(a)ﬁt>,
(1) = gybocos(ap),

[y
9p = zﬁ 5 - (5)
wjy — wy

Thus, the /2 phase shift arising from the gyromagnetic
coupling in Eq. (3) implies elliptical trajectories in the
a — fp plane. The amplitudes on the secondary axes are
suppressed by factors g, 4 that satisfy g, ; < 1 as long as
o) < w,, wg, a condition that holds in our experiment.

In order to experimentally detect the elliptical trajectories
expressed by Egs. (4) and (5), we need to monitor the
motion through at least two independent channels. To this
end, in our setup we implement two detection channels
with different sensitivity to a or # motion (labeled as 1 and
2) based on two different superconducting pickup coils
(PK1 and PK2) depicted in Fig. 1(a). The coils, connected
to two independent superconducting quantum interference
devices (SQUIDs), measure the magnetic flux caused by
the magnet motion. Both coils lay in the same horizontal
plane about 2 mm above the magnet and are centered on the
trap symmetry axis. The coil PK1 is designed as a figure-8
shape so that it is coupled to @ motion and ideally
insensitive to f, while PK2 is designed as a circular coil
so that it is coupled to f and is ideally insensitive to a. In
practice we achieve an imperfect selectivity, and each coil is
typically coupled to the other degree of freedom with a
suppression factor of the order of a few percent.

We take imperfections into account by writing the
SQUID output voltage in the channels 1 and 2 due to
the @ and  motion as

V(1) = Aa(t) + BB(1),
Vy(t) = Ca(t) + Dp(1), (6)

with the only assumption that by design |A| > |B| and
|D| > |C|. The presence of the cross-coupling factor C
implies that when the quasi-a mode is excited, two
components will be detected by the secondary channel
2, one in phase with the main channel 1 due to the cross-
coupling C, and one out of phase due to the genuine f
motion arising from gyromagnetic coupling through the
coupling D. Specular considerations hold for the quasi-f
mode. As a representative example, we show in Fig. 2(a) a
sample of raw data from channel 1 and 2, with only the
quasi-f mode excited, for a microsphere of radius 23.6 pm.
At first glance, the two signals are in phase and it is difficult
to distinguish the out-of-phase component predicted
by Eq. (5).

In order to unambiguously distinguish an out-of-
phase component in the presence of noise, we implement
a cross-correlation technique. We define the correlation
functions as
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FIG. 2. Representative samples of raw and cross-correlation
data. (a) Sample of raw data from channel 1 and channel 2 with
quasi-f mode excited, over a short time of 10 ms. The frequency
of the quasi-f mode is 464.4 Hz. (b) Cross-correlation Ci,
calculated with the same setting of (a) with a total averaging time
of 500 ms. In the inset, the cross-correlation is enlarged close to
zero time lag. The phase shift with respect to the pure cosine
behavior reveals an out-of-phase component as expected from

Eq. (5).

Cii(r) = A " Vi()V,(t +7)dt, (7)

where 7 is a time lag and the averaging period ¢, is much
longer than the oscillation period. Experimentally, the
integral is replaced by a sum over the sampled values.
We consider two quasistationary cases, in which we excite
either the quasi-a mode or the quasi-f# mode to an
amplitude much higher than the noise level. For each case
the correlation functions are of the form

C(a) (T) = C('O'[) Cos (a)(zT) + S(O'[) sin (C()(IT),

)
C%j) (1) = ¢;;’ cos (wp7) + s%j) sin (wyt). (8)
We extract the in-phase and out-of-phase components c;;,
s;; by fitting the experimentally measured correlation
functions. Details of the actual numerical procedure are
reported in Supplemental Material [19]. Gyroscopic cou-
pling appears as a nonzero value of the out-of-phase terms
s(é) and sgi) , while crosstalk through the stray couplings B
and C will appear in the ¢, terms. As an example, Fig. 2(b)
shows the cross-correlation Cy, for the same setting of
Fig. 2(a) evaluated over an averaging time 7, = 500 ms.
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Here, a phase shift is clearly visible in the data, revealing a
finite out-of-phase component s,.

In order to obtain quantitative information on the spin-
rotation coupling expressed by the Einstein-de Haas
frequency w;, we combine correlation measurements on
the quasi-a mode and the quasi-f# mode. By means of
Eqgs. (4)—(8) and under the assumptions of partial selectivity
|A| > |B| and |D| > |C| and with the further assumption
that w; < w,, wg, one can show that

waa)ﬂ

2
Talp = 7 375 @1 (9)
(@ — @7)
where we have defined
s
oy
P
S21
Cx

The notable feature of Eq. (9) is that it directly connects an
experimentally measurable quantity (left-hand side) with a
combination of the mode frequencies and the unknown
Einstein—de Haas frequency w;, while it does not contain
any of the coupling constants A, B, C, and D. Therefore, it
provides a calibration-free procedure for extracting o; from
the data. Experimentally, we evaluate r, and rz as mean
values over many repetitions of the cross-correlation
measurement, while their uncertainty is estimated with
the mean standard error.

We have performed measurements with four experimen-
tal configurations, summarized in Table I. We have used
three different microspheres with the same material and
different radius, and for one of them we have performed
two different cooldowns resulting in a very different o
mode frequency. For each setting, we have measured the

TABLE 1. Experimental values inferred from the different
measurements with different particles. The gyromagnetic fre-
quency f is estimated using the procedure described in the text.
The radius R and magnetization M are inferred from the observed
resonant frequencies of # and z mode as described in Supple-
mental Material. From R and M we obtain the mass m and the
magnetic moment y. The g factor (fourth column) is derived from
u and f;. Note that the third and fourth rows are obtained from
measurements on the same particle in two different cooldowns,
with significantly different @ mode frequencies.

R(jpm) M(kA/m) fr (Hz) g

312+£04 591 + 18 0.33 £0.04 1.11 £0.14
23.6+0.2 675 +20 0.62 +£0.02 1.19 +£0.04
19.0+£0.2 574 £ 17 0.88 +0.05 1.10 £ 0.07
18.8 £0.2 581 £ 16 0.86 +0.03 1.16 +0.04

Einstein—de Haas frequency f; = w;/(2x) using the pro-
cedure above, which is shown in the third column of
Table I. Note that this measurement is calibration-free, so it
provides an absolute estimate of the intrinsic angular
momentum S normalized to the moment of inertia /. For
each particle, we determine the radius R and magnetization
M from the observed mode frequencies. In fact, according
to the image method, the frequency modes f and z are
uniquely determined by R and M, as long as the mass
density p and the gravity acceleration g are fixed [14]. This
procedure is described in detail in Supplemental Material
[19]. From R, M, and p, we can derive the mass m, the
magnetic moment x, and the moment of inertia /. The
inferred values of R and M in the experiment are reported in
Table I. In particular, the inferred values of R are consistent
with less precise estimations based on direct optical
inspection with a low-magnification microscope during
the particle loading process in the trap.

Finally, we can estimate the gyromagnetic g factor from
the definition

_ u/pg
9="5/n (11)

where up is the Bohr magneton and 7 is the reduced Planck
constant. The values of g inferred from the data, reported in
the last column of Table I, are consistent with each other, in
agreement with the fact that measurements have been
performed with particles made of the same magnetic
material.

The numerical values of g agree reasonably well with the
expectations for a rare earth magnet. The alloy used in this
experiment is based on a commercial Nd-Pr-Fe-Co-B alloy.
We used this alloy because it is known to maintain
magnetization down to cryogenic temperatures, unlike
standard NdFeB, which may undergo phase transitions.
We can reasonably assume that the basic structure is
Nd,Fe 4B with Nd partially replaced by Pr for the rare
earth component, and Fe partially replaced by Co. Taking
as reference Nd,Fe 4B, we estimate a mean effective value
for g,

it = 2gnaSna + 14greSke
et 28ng + 148k,

=128, (12)

where we have used the literature values gng = %, Snd =
27 for the Nd*" ion and gg, = 2, Sg. = 47 for Fe [20].
Note again that with S we mean here the total intrinsic
angular momentum, which for rare earth ions includes both
spin or orbital atomic angular momentum. A value only
slightly higher, 1.36, is obtained by replacing Nd with Pr.
Thus, our experimental estimations are about 10% off the
simplest prediction for standard hard ferromagnets based
on Nd or Pr.
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In spite of the substantial agreement of the experimental
data with our spin-rotation coupling model, we need to
discuss other mechanisms that could potentially mimic the
same results. As shown in Supplemental Material [19], a
classical angular velocity y around the vector S would play
the same role as the Einstein—de Haas frequency ;. This is
entirely expected on the basis of the Einstein—de Haas
equivalence of intrinsic and rotational angular momentum.
The coupling between librational modes mediated by y has
been indeed observed recently in levitated nanoparticles
[21]. Our SQUID-based detection is blind to y motion, but
we can reasonably assume that it is dominated by thermal
noise, since in our setup both librational modes a and /5 are
thermal [14,19]. In this case, y is a process with zero mean

and standard deviation 7., = 1/kgT/I. For all experimen-
tal configurations in Table I, we estimate y,,, < 0.01w;.
Thus, the effect of 7 is practically negligible, although it can
affect the experimental fluctuations of @;. Another possible
mechanism that could generate a spin-rotation coupling is a
deviation from the perfect spherical shape of the particle,
implying an anisotropic moment of inertia. However, in this
case, the additional mixing between a and f would not be
kinetic, so it would not lead to out-of-phase motion [19]. A
relevant coupling could be introduced in combination with
gas damping, but is estimated to be negligible [22]. Finally,
we ensured suppression of any instrumental source of
differential delay between the two channels [19].

In conclusion, we have observed elliptical trajectories in
the librational oscillations of an angularly confined levi-
tated hard ferromagnet, in qualitative agreement with the
theoretical model. In particular, the inferred angular
momentum and magnetic moment, encoded in the
Einstein—de Haas frequency f; and the gyromagnetic factor
g factor, agree well with expectations for a rare earth
ferromagnet. To our knowledge, this is the first observation
of gyromagnetic coupling in the dynamics of a nonspinning
permanent magnet, an effect conjectured by Maxwell more
than 160 years ago [4].

In the future, full gyroscopic dynamics should be
accessible. For a superconducting trap, a necessary con-
dition is w; > w,, wg, which requires nanomagnets with
radius R < 500 nm. A partial gyroscopic regime where
wp > w; > ,, which would exhibit a modified Larmor
precession [10,13] is, in principle, achievable in the present
setup by a proper external compensation of stray fields
causing the a trapping. However, gyroscopic dynamics of a
nonspinning ferromagnet is a general effect, which can be
observed using other platforms, such as loffe-Pritchard
traps [7,8], Paul traps [23,24], levitated soft ferromagnets
[25], or with magnets in free fall [9]. Besides ferromagnets,
even the spin-rotation coupling associated to a single
individual spin, can become an important effect in suffi-
ciently small levitated nano-objects, which suggests its
potential use to perform quantum experiments with nano-
rotors [26,27].

Acknowledgments—A. V. thanks Ben Stickler, Andrejs
Cebers, and Dmitry Budker for useful discussions. We
acknowledge support from the QuantERA II Programme
(project LEMAQUME) that has received funding from the
European Unions Horizon 2020 research and innovation
programme under Grant Agreement No. 101017733, and
from the Italian Ministry for University and Research
within the Italy-Singapore Scientific and Technological
Cooperation Agreement 2023-2025.

Data availability—The data that support the findings of
this article are openly available [28].

[1] A. Einstein and W. de Haas, Experimental proof of the
existence of Ampere’s molecular currents, K. Akad. Wet.
Amsterdam Proc. 18, 696 (1915), https://dwc.knaw.nl/
toegangen/digital-library-knaw/?pagetype=publDetail&pld=
PU00012546.

[2] S. Barnett, Magnetization by rotation, Phys. Rev. 6, 239
(1915).

[3] C. Dornes and et al., The ultrafast Einsteinde Haas effect,
Nature (London) 565, 209 (2019).

[4] J. Maxwell, A Treatise on Electricity and Magnetism
(Clarendon Press, Oxford, 1873).

[5] S. Barnett, Gyromagnetic and electron-inertia effects, Rev.
Mod. Phys. 7, 129 (1935).

[6] D.F. Jackson Kimball, A.O. Sushkov, and D. Budker,
Precessing ferromagnetic needle magnetometer, Phys.
Rev. Lett. 116, 190801 (2016).

[7] C. Rusconi, V. Pchhacker, K. Kustura, J. Cirac, and O.
Romero-Isart, Quantum spin stabilized magnetic levitation,
Phys. Rev. Lett. 119, 167202 (2017).

[8] C. Rusconi, V. Péchhacker, K. Kustura, J. I. Cirac, and O.
Romero-Isart, Linear stability analysis of a levitated
nanomagnet in a static magnetic field: Quantum spin stabi-
lized magnetic levitation, Phys. Rev. B 96, 134419 (2017).

[9] P. Fadeev, T. Wang, Y. Band, D. Budker, P. W. Graham,
A.O. Sushkov, and D.F.J. Kimball, Gravity probe spin:
Prospects for measuring general-relativistic precession of
intrinsic spin using a ferromagnetic gyroscope, Phys. Rev. D
103, 044056 (2021).

[10] P. Fadeev, C. Timberlake, T. Wang, A. Vinante, Y.B.
Band, D. Budker, A.O. Sushkov, H. Ulbricht, and D.FE.
Jackson Kimball, Ferromagnetic gyroscopes for tests of
fundamental physics, Quantum Sci. Technol. 6, 024006
(2021).

[11] X. Ni, Z. Zou, R. Lecamwasam, A. Vinante, D. Budker,
P. K. Lam, T. Wang, and J. Gong, Microscopic theory of a
precessing ferromagnet for ultrasensitive magnetometry,
Phys. Rev. Res. 7, 043120 (2025).

[12] A. Vinante, C. Timberlake, D. Budker, D.F. Jackson
Kimball, A.O. Sushkov, and H. Ulbricht, Surpassing the
energy resolution limit with ferromagnetic torque sensors,
Phys. Rev. Lett. 127, 070801 (2021).

[13] S. Kalia, D. Budker, D. F. J. Kimball, W. Ji, Z. Liu, A. O.
Sushkov, C. Timberlake, H. Ulbricht, A. Vinante, and T.
Wang, Ultralight dark matter detection with levitated ferro-
magnets, Phys. Rev. D 110, 115029 (2024).

146703-5


https://dwc.knaw.nl/toegangen/digital-library-knaw/?pagetype=publDetail&pId=PU00012546
https://dwc.knaw.nl/toegangen/digital-library-knaw/?pagetype=publDetail&pId=PU00012546
https://dwc.knaw.nl/toegangen/digital-library-knaw/?pagetype=publDetail&pId=PU00012546
https://dwc.knaw.nl/toegangen/digital-library-knaw/?pagetype=publDetail&pId=PU00012546
https://dwc.knaw.nl/toegangen/digital-library-knaw/?pagetype=publDetail&pId=PU00012546
https://doi.org/10.1103/PhysRev.6.239
https://doi.org/10.1103/PhysRev.6.239
https://doi.org/10.1038/s41586-018-0822-7
https://doi.org/10.1103/RevModPhys.7.129
https://doi.org/10.1103/RevModPhys.7.129
https://doi.org/10.1103/PhysRevLett.116.190801
https://doi.org/10.1103/PhysRevLett.116.190801
https://doi.org/10.1103/PhysRevLett.119.167202
https://doi.org/10.1103/PhysRevB.96.134419
https://doi.org/10.1103/PhysRevD.103.044056
https://doi.org/10.1103/PhysRevD.103.044056
https://doi.org/10.1088/2058-9565/abd892
https://doi.org/10.1088/2058-9565/abd892
https://doi.org/10.1103/1v1p-kpb2
https://doi.org/10.1103/PhysRevLett.127.070801
https://doi.org/10.1103/PhysRevD.110.115029

PHYSICAL REVIEW LETTERS 136, 146703 (2026)

[14] E. Ahrens, W. Ji, D. Budker, C. Timberlake, H. Ulbricht, and A.
Vinante, Levitated ferromagnetic magnetometer with energy
resolution well below 7, Phys. Rev. Lett. 134, 110801 (2025).

[15] R. Bassani, Earnshaw (18051888) and passive magnetic
levitation, Meccanica 41, 375 (2006).

[16] Magnequench powder type MQP-S-11-9-20001, see URL:
https://mqitechnology.com/product/mqp-s-11-9-20001/.

[17] A. Vinante, P. Falferi, G. Gasbarri, A. Setter, C. Timberlake,
and H. Ulbricht, Ultralow mechanical damping with Meiss-
ner-levitated ferromagnetic microparticles, Phys. Rev. Appl.
13, 064027 (2020).

[18] A. Vinante, C. Timberlake, and H. Ulbricht, Levitated micro-
magnets in superconducting traps: A new platform for tabletop
fundamental physics experiments, Entropy 24, 1642 (2022).

[19] See  Supplemental Material at  http:/link.aps.org/
supplemental/10.1103/hdh6-r1gy for further details on the
characterization and modeling of the system.

[20] K. Buschow and F. de Boer, Physics of Magnetism and
Magnetic Materials (Kluwer Academic Publishers, New
York, Boston, Dordrecht, London, Moscow, 2003).

[21] J. A. Zielifska, F. van der Laan, A. Norrman, R. Reimann,
M. Frimmer, and L. Novotny, Long-axis spinning of an
optically levitated particle: A levitated spinning top, Phys.
Rev. Lett. 132, 253601 (2024).

[22] L. Martinetz, K. Hornberger, and B.A. Stickler, Gas-
induced friction and diffusion of rigid rotors, Phys. Rev.
E 97, 052112 (2023).

[23] M. Perdriat, C. Pellet-Mary, T. Copie, and G. Hétet, Planar
magnetic paul traps for ferromagnetic particles, Phys. Rev.
Res. 5, L032045 (2023).

[24] L. Dania, D. S. Bykov, F. Goschin, M. Teller, A. Kassid, and
T.E. Northup, Ultrahigh quality factor of a levitated
nanomechanical oscillator, Phys. Rev. Lett. 132, 133602
(2024).

[25] M. Fuwa, R. Sakagami, and T. Tamegai, Ferro-
magnetic levitation and harmonic trapping of a milligram-
scale yttrium iron garnet sphere, Phys. Rev. A 108, 063511
(2023).

[26] Y. Ma, M. S. Kim, and B. A. Stickler, Torque-free manipu-
lation of nanoparticle rotations via embedded spins, Phys.
Rev. B 104, 134310 (2021).

[27] V. Wachter, S. V. Kusminskiy, G. Hétet, and B. A. Stickler,
Gyroscopically  stabilized  quantum  spin  rotors,
arXiv:2504.10339.

[28] Data are available on Zenodo at URL: 10.5281/zen-
0do.17672632.

End Matter

In this section, we will discuss the physical
mechanisms that lead to the angular confinement of the
magnetic dipole in the two angles @ and S with well-
separated resonance frequencies. This is important to
support the validity of the model in Fig. 1. The
ideal case of a magnetic dipole levitated above a
superconducting plane, or a spherical surface as
(approximately) in our experiment, can be solved
analytically using the image method [12,14,17,18].
Analytical details for the spherical case are reported in
Supplemental Material [19].

With reference to Fig. 3(b), the model provides an
analytical expression of the magnetic interaction potential

(a) (b) z S
. N
Magnetic Z  Pickup vy
Ve X

particle U coils 2,
P

o
X S
Superconductor

Superconductor

FIG. 3. (a) Schematics of the magnetic particle levitated inside
a hemispherical superconducting trap. (b) Scheme of a ferro-
magnet above an infinite superconducting plane (gray region) in
the Meissner regime. In this implementation, harmonic confine-
ment of the # angle arises naturally due to the interaction of the
magnet dipole g with an image dipole g'.

between magnet and superconductor and, by adding the
effect of gravity, an analytical determination of the equi-
librium configuration, the frequency f, of the translational
z mode, and the frequency f of the librational mode on the
polar angle . At equilibrium, the dipole is predicted to lie
horizontally. If the system features cylindrical symmetry,
the potential is invariant under rotations about the azimu-
thal angle a, which is therefore not confined. Similarly, the
rotation about y is not confined because of symmetry. For a
spherical bottom trap, the model further predicts the
confinement of the translational modes on the horizontal
x, y directions. The frequencies f, and f, of these modes
are determined by the geometrical shape of the trap (radius
of the spherical bottom).

Experimentally, these predictions are confirmed only in
part. We typically observe five normal modes of the
levitated magnet out of six, as our detection system is
blind to the motion along y. An example of a spectrum
showing the five modes is shown in Supplemental Material
(Fig. S3). For four out of five observed modes the
theoretical predictions are well-reproduced. The horizontal
frequencies f, and f are reproducible around 10 Hz, as
expected, independently of the magnet size. The frequen-
cies f and f4 depend on the magnet size and are always in
good quantitative agreement with the model. Indeed, by
measuring f, and f; and inverting the model we can obtain
the magnet radius and magnetic moment, and the radius is
found to be consistent with independent optical determi-
nation. Details are reported in Ref. [14] and Supplemental
Material [19].
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The fifth mode that we observe can be identified as the a
libration. We have multiple evidences that this is the case.
For instance, we can excite the motion of this mode until it
turns into a continuous rotation, and the detection coupling
is maximized using an figure-8-shaped pickup coil (which
instead tends to suppress other modes for symmetry).
However, the a confinement is not predicted by the model.
We suspect that it is caused by a residual magnetic field in
the trap. Note that for the validity of the model, a full
understanding of the trapping details is not relevant as long
as we can demonstrate that it is magnetic dipole trapping.
For instance, the equilibrium orientation could be slightly
tilted from the horizontal plane (as expected if the residual
field features a vertical component) without affecting the
conclusions of the experiment. However, if the a trapping
was due to a nonmagnetic mechanism, e.g., electrical, or to
magnetic quadrupole effects, the geometry depicted in
Fig. 1(a) with the librational modes defined by the direction
of g may be incorrect, invalidating our model.

In Ref. [14] using the same setup and the same type of
levitated magnet, it was shown that the frequency f, can be
efficiently tuned by superposing an additional static hori-
zontal magnetic field B,. The field can be applied through
two figure-8-shaped coils similar to PK1, generating fields
along two orthogonal directions. The measurements
showed consistency with a model in which « is confined
by the total field B = By + B,, where B, is a residual
magnetic field. According to this model, g aligns along the
total field B and the corresponding potential U = —u - B
implies a trapping frequency,

1 uB
ST (A1)

To investigate potential limits of this model, we have
performed additional measurements. In Fig. 4 we show
similar tuning of f, by applying an additional field B, with
the two coils. In particular, we show that, by a proper
combination of the applied field components, we can
almost completely compensate for the @ mode trapping,
reducing the angular stiffness, proportional to f2, by more
than one order of magnitude.

In Fig. 4, f, was preliminarily minimized by tuning the
field from one coil. In the residual field scenario, this
implies that the component of the residual field orthogonal
to g was compensated for. By varying the other (parallel)
component, we expect a linear dependence of the angular
stiffness, according to Eq. (A1). The linear dependence of
f2 on a wide range of applied fields in Fig. 4 is thus a
confirmation of this model. More importantly, it confirms
that the dominant trapping mechanism is dipolar. The fact
that we were not able to fully compensate the angular
trapping suggests that an additional weaker nondipolar
trapping mechanism may be present. This could be a
quadrupolar effect, associated with a physical quadrupole
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FIG. 4. Square of the frequency f2 as a function of the current
I, in one of the two coils that we have used to apply a static
magnetic field « /, at the magnet location along two orthogonal
directions on the horizontal plane. The current in the other coil
was preliminarily tuned to minimize f,, so that the field
component orthogonal to g was approximately compensated.
If the a confinement is determined by dipolar trapping in a static
field with fixed direction, the angular stiffness f2 is expected to
depend linearly with the total applied field B = B, + B, accord-
ing to Eq. (A1). The solid line is a linear fit over the wide linear
region.

moment or with geometrical asymmetries of the trap. For
the purpose of this Letter, it is important to note that any
additional trapping is at most a few percent of the dominant
dipolar trapping. In the worst case scenario, with a non-
dipolar trapping in a direction orthogonal to g, the added
stiffness would add quadratically, leading to a negligible
change of direction of g at equilibrium. This justifies the
model in Fig. 1, where a and f are defined with respect to p.

Notably, while the data shown in Fig. 4 point to a
dominant dipolar trapping, presumably magnetic, an elec-
tric dipole in a residual electric field might in principle
provide a similar intrinsic confinement. To rule out elec-
trical trapping, we have converted the field coil used in the
measurements of Fig. 4 into an electrode (by disconnecting
the ground return line) and applied dc voltages up to 30 V,
corresponding to electric fields of about 10° V/m at the
magnet location. The frequencies of the librational modes
are almost completely unaffected, with a relative frequency
shift 8f/f ~107° V~! for both modes. This rules out
electrical trapping as a possible explanation of the «
confinement. Instead, we can easily drive the magnet
normal modes via the electrode, with higher efficiency
in the translational modes. This is entirely expected because
the magnet will certainly hold some residual charge, as in
any other levitated system [24].

Having established that the a confinement is indeed
dominated by a dipolar magnetic trapping, let us discuss the
possible origin of the residual magnetic field. The super-
conducting trap is made of Pb and is completely closed, so
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under ideal Meissner effect, it should completely shield
external fields. Moreover, Pb is a type-I material that does
not support flux penetration via vortices. However, it could
feature mixed states with normal regions, where magnetic
flux could be trapped. If this were the case, one may expect
a significant impact on the z and # modes, which are instead
in good agreement with a model based on ideal Meissner
behavior. We believe that a more likely explanation is given
by flux trapped in the superconducting pickup coil circuits
(which are not simply connected) or flux vortices trapped in
the wire structure of the pickup or actuation coils (which
are made of NbTi, a type-II superconducting material
supporting vortices). Flux trapping could arise because
the circuits become superconducting at a temperature
higher than Pb, when the trap is still normal conducting.

Note that despite the fact that the residual field may have
a vertical component, we still expect the equilibrium
orientation of u to be approximately horizontal, as shown
in Figs. 1 and 3, for two reasons. First, the f confinement,
which forces the magnet onto the horizontal plane, is much
stronger than the a one. In fact, f; is typically at least 4 to 5
times higher than f,, leading to an angular stiffness at least
~20 times higher. Thus, tilts from the horizontal plane are
expected to be small. Second, if the residual field arises
from flux trapped in the pickup and actuation coils, while
the trap behaves according to the Meissner effect, the
residual field is expected to be bent by the Meissner
screening currents so as to lie approximately horizontally
at the magnet location.
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