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Levitated magnetic particles as ac magnetic field sensors

A. T. M. Anishur Rahman∗

Electromagnetic waves are widely used in sophisticated defense applications, biomedicine and
fundamental science. Their efficient detection determines how we communicate, defend against ad-
versaries, diagnose diseases and perform search and rescue operations. In this article, exploiting
the precession of a levitated magnetic particle in ultra-high vacuum, it is shown that weak electro-
magnetic waves down to femtotesla level can be detected. It is also shown that such a sensor has a
large dynamic range over a millitesla, is continuously tunable over many gigahertz and can detect
frequencies with a sub-hertz resolution. It is argued that the new magnetometer can be used as a
receiver for electromagnetic waves in areas such biomedicine, search and rescue, and defense.

The ability to detect weak electromagnetic (EM) fields
has applications in fundamental science [1–3], radar [4],
biomedicine [5, 6], search and rescue [7] and consumer
electronics [8]. Traditionally, such signals are detected
using antennas which once made cannot be changed and
have a limited frequency range of operations. In princi-
ple, EM fields can be detected using either an electric or
a magnetic field sensor. Examples of electric field sen-
sors include Rydberg atoms [9, 10]. Such a sensor has a
large frequency range of operation e.g., from MHz to THz
[9, 11]. Their sensitivities in the free space configuration
can be on the order of a µV/m (3× 10−14 T) [9, 10, 12].
Such electric field detectors detect discrete frequencies
and require tunable lasers. Existing magnetic field sen-
sors such as atomic vapours [13] and the nitrogen-vacancy
centre (NVC) in diamond based sensors [14] are predom-
inantly used as dc field sensors, although some progress
has been made towards the detection of EM fields using
NVCs in diamond [15]. Such magnetic field sensors have
a relatively small dynamic range e.g., ≤ µT . Atomic
vapour-based sensors also require magnetic shields. Su-
perconducting quantum interference devices-based mag-
netometers are excellent magnetic field sensors but re-
quire cryogenic temperatures [16].

Levitation in vacuum provides a contactless and a
near-frictionless environment. This makes levitated par-
ticles very susceptible to external stimuli making them
extremely good sensors. For example, using the center-
of-mass motions of such particles zeptonewton scale force
sensitivity has been achieved [17]. Likewise, exploiting
the rotational motion of a levitated particle, torque as
small as 4.7× 0−28 N m has been measured [18]. Among
levitated particles, magnetic particles are unique in the
sense that they contain an extra degree of freedom e.g.,
the spin which makes them even more versatile. The cou-
pling between the spin and the other degrees of freedom
of a levitated magnetic particle has not been explored
yet but is promising for developing new technologies and
exploring fundamental physics [19]. Recently, levitated
magnets in cryogenic conditions have been used for de-
tecting dc magnetic fields [20, 21].

In this article, using the precessional motion of a levi-
tated magnetic particle in ultra-high vacuum, it is shown
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FIG. 1. Precession of a levitated magnet when exposed to
electromagnetic waves. The light blue background represents
a homogeneous dc magnetic field Ba. A circularly polarized
electromagnetic (EM) wave propagating along the z axis initi-
ates spin precession which subsequently induces a mechanical
precession. The mechanical angle of precession is denoted by
θp. The wavevector of the electromagnetic wave is represented
by k. The magnetic field associated with the EM wave is in
the x− y plane.

that extremely weak electromagnetic waves of strength
femtotesla (3×10−7 V/m) can be detected. Such a mag-
netometer has a dynamic range over a millitesla, can be
continuously tuned for many GHz and detect frequen-
cies with sub-hertz precessions. It is also shown that the
direction of arrival of the EM wave can be determined
relatively easily.
Consider a magnetic sphere of moment µ polarized

along its easy magnetization axis is levitated inside a
vacuum chamber. A homogeneous dc magnetic field Ba

is applied along the +z axis which ensures µ aligns with
B0 (Fig. 1) i.e., µ = [0 0 µs], where µs is the saturated
magnetic moment of the levitated particle. Consider also
that an electromagnetic plane wave whose frequency (ω)
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and strength we aim to determine is propagating in the
+z direction and illuminates the magnetic particle. The
interaction between the EM wave and the spins or magne-
tization initiates a spin precession in the ferromagnetic
particle [22, 23] giving rise to components of magnetic
moment in the xy plane. The dynamics of spin preces-
sion can be modeled using the Landau-Lifshitz-Gilbert
equation [23]

dµ

dt
= γµ×B− α

µs
(µ× dµ

dt
), (1)

where B = b0 cosωt x̂ + σb0 sinωt ŷ + B0 ẑ, γ is the
gyromagnetic ratio, B0 = Ba + Ban with Ban being
the effective field associated with the magnetocrystalline
anisotropy, and α > 0 is the dimensionless Gilbert damp-
ing constant. b = b0 cosωt x̂+σb0 sinωt ŷ is the magnetic
component of the EM field and σ determines its direction
of rotation e.g., σ = −1 (+1) corresponds to clockwise
(anticlockwise) rotation. b is the field that we aim to
detect. Equation (1) has no general analytical solution.
However, when b ≪ B0, one can approximate µz ≈ µs

and dµz

dt ≈ 0. Under these conditions [24, 25], the steady
state solution of (1) is given by

µx =
b0γms√

(γB0 + σω)2 + α2ω2
cos (ωt− β), (2)

where β is the phase difference between b and the
precession of spins or magnetization and is given by
β = tan−1[ αω

γB0+σω ]. A similar expression for µy exists
and can be found in the supplementary material. Impor-
tantly, when σ = −1, µx has a Lorentzian profile and has
a full-width half-maximum linewidth of ≈

√
12α2γ2B2

0 .
µx reaches its maximum when ω = γB0. This is known
as the ferromagnetic resonance (FMR). On FMR the am-
plitude of µx is bxµs/αB0. In contrast, when σ = +1,
the rotating EM field opposes the precession of the mag-
netization [26] and hence the induced magnetic moment
in the x− y plane is several orders of magnitude smaller
compared to the FMR case since, in our case, ω is in gi-
gahertz and for most material [27–30] 0 < α ≪ 1. Note
that when Ba is applied along the −z axis, a counter-
clockwise rotating (σ = +1) EM field can excite FMR
[26].

In a ferromagnetic material spins and thus magnetiza-
tion are connected to the crystal lattice via magnetocrys-
talline anisotropy [22]. This provides a link between the
internal (spin) and the mechanical degrees of freedom of a
magnetic object. For a levitated magnet, this connectiv-
ity means that when the magnetization starts to precess,
the lattice and thus the levitated particle attempt to fol-
low it [21, 24, 31, 32]. Precessions of levitated magnets
can be detected using the optical interferometric scheme
used in levitated optomechanics [18, 33–35]. For a levi-
tated magnet to precess mechanically, however, it must

overcome the resistance that it encounters from the resid-
ual gas molecules inside the vacuum chamber. The re-
sistive torque [36] that an object faces at a precession
frequency Ωp is IΩpΓg, where I is the moment of inertia,
and Γg is the damping rate due to gas molecules. In con-
trast, the driving torque due to the incoming EM field
is given by the right hand side of (1) normalized by γ
[22]. At equilibrium when the driving and the resistive
torques are equal, the precession frequency is

Ωp =
1

IΓg

b0µsω√
(γB0 + σω)2 + α2ω2

, (3)

Equation (3) alone cannot uniquely determine the fre-
quency of the unknown EM wave. This is because when
the driving torque is less than the resistive torque, the
magnet would precess at a lower rate and hence taking
the mechanical precession rate as the frequency of the EM
wave would be inaccurate. This, however, can be avoided
by measuring the precession frequency as a function of
the damping rate or the gas pressure P (Γg ∝ P ). As P
decreases, Ωp increases. But, when Ωp reaches the fre-
quency of the unknown EM field, Ωp remains constant
as Γg decreases. This is a consequence of the driven
nature of mechanical motions which prefer to synchro-
nize with the frequency of the driving fields [24, 31] (see
(2)). At the critical damping rate Γc

g where Ωp = ω,
the mechanical precession frequency directly determines
the frequency of the EM wave while the strength of the
unknown EM field is

b0 =
IΓc

g

µs

√
(γB0 + σω)2 + α2ω2. (4)

From (4) it is clear that our detector is most sensitive
at the ferromagnetic resonance. The occurrence of FMR
can be ensured by checking that the mechanical preces-
sion frequency (can be separately measured) is equal to
γB0. Otherwise, Ba can be adjusted such that it matches
the mechanical precession frequency. Moreover, since on
FMR the driving torque is maximum, the mechanical
precession at γB0 is expected to happen at a higher Γc

g

compared to non-resonant cases. When the FMR condi-
tion is satisfied, the minimum detectable field is

b0 =
2αργB0Γ

c
gr

2

5M
, (5)

where we have substituted I = 2ρvr2/5 and µs = vM
with r, ρ, v andM being the radius, the mass density, the
volume and the saturation magnetization of the levitated
magnet. Parameters such as ρ and M in (5) can be found
from the relevant bulk material while α, Γc

g and r can be
measured experimentally in situ [28, 37, 38].
Let us consider numerical examples. Any magnetic

materials can be used as long as they can be levitated.
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FIG. 2. a) The minimum detectable magnetic field as a func-
tion of residual gas pressure when the precession frequency
or the frequency of the unknown EM wave is 5 GHz with a
YIG (M = 1.4 × 105 A/m and α = 5.58 × 10−5) or a cobalt
(M = 1.4 × 106 A/m and α = 0.01) sphere (r = 100 nm) as
a sensor. b) The minimum required gas pressure for sensing
EM fields of different frequencies with b0 = 10−15 T when a
YIG sphere (100 nm) is used.

Levitation can be carried out either using a Paul trap
[39–41] or optical tweezers [17, 18, 38, 42, 43]. Figure 2a
shows the minimum detectable field as a function of the
residual gas pressure when a yttrium iron garnet (YIG,
a weak magnet) or a cobalt (a strong magnet) sphere
(r = 100 nm) is used as a sensor. The frequency of the
EM field is assumed to be ω/2π = 5 GHz and is resonant
with the FMR of the levitated magnet. We also used
Γg ≈ 4P

ρrvg
with vg being the velocity of gas molecules [44].

At an experimentally viable pressure of P = 10−9 mbar
(Γg = 2.41 × 10−6 rad.), the minimum detectable field
is ≈ 2 × 10−15 T with cobalt and ≈ 1 × 10−15 T with
YIG. When converted to electric fields (cb0), these are
equivalent to 6×107 V/m and 3×107 V/m, respectively,
where c is the speed of light. It is evident that despite
cobalt being a strong magnet, YIG is preferable. This
is because YIG has a significantly lower Gilbert damp-
ing constant [27, 28] compared to cobalt [29] resulting
in a lower α/M ratio which provides better sensitivities.
At a higher vacuum, which is within experimental reach,
even better sensitivities seem feasible (Fig. 2a). Assum-
ing that the target sensitivity is 10−15 T, Fig. 2b shows
the minimum required residual gas pressure as a function
of ω when a YIG sphere is used as a sensor. Evidently,
EM fields of lower frequencies can be detected at higher
gas damping. This is because, at a lower precession fre-
quency, the resistive torque is lower (∝ Ωp). It is also
evident that smaller levitated magnets are better sensors
since such objects have significantly lower moments of
inertia (∝ r5) requiring smaller driving torques for initi-
ating precessions.

An essential attribute of an EM sensor is to detect
signals of different frequencies. Here, this can be accom-

plished in a resonant manner by adjusting Ba, see (2). As
Ba changes, the frequency of the ferromagnetic resonance
changes along with it. Ba can be delivered using an elec-
tromagnet allowing the detection of arbitrary frequencies
within the range of operation of our magnetometer. The
highest frequency that our sensor can detect is limited
by the maximum tensile stress (≈ ρΩ2

pr
2
p), arising from

the mechanical precession, that a levitated magnet can
withstand [45, 46], where rp depends on θ. Mechani-
cal rotations over 5 GHz have been demonstrated [18]
and tens of GHz have been predicted [46]. The lowest
frequency that a precessing magnetometer can sense is
determined by the saturation magnetization and/or the
magnetocrystalline anisotropy of a levitated magnet. In
this context, weak magnets such as YIG are preferable
since their saturation magnetizations are low. Using lev-
itated YIG spheres as sensors, frequencies in the MHz
range can be detected [47, 48].

Magnetometers capable of detecting frequencies within
a narrow band are highly sought after in spectroscopy
[9]. At a given Ba, our magnetometer is sensitive to fre-
quencies within the ferromagnetic resonance linewidth
which is dictated by the Gilber damping constant e.g.,
≈

√
12α2γ2B2

0 . For a high selectivity, materials with
low α’s are essential. In this regard, YIG is an excellent
candidate which is known for its extremely narrow FMR
linewidth [27, 28, 49]. Using YIG spheres as sensors fre-
quency selectivity of a few MHz can be achieved [9]. Im-
portantly, within this frequency band, our magnetometer
can resolve frequencies with a sub-hertz resolution. This
is a result of highly accurate frequency measurements of
driven oscillators. For example, rotation frequencies of
driven levitated objects have been measured with accu-
racies better than a mHz [50, 51].

The ability to detect fields of different strengths is
known as the dynamic range of a sensor. In our case,
it is determined by the angle of precession assuming that
a levitated magnet is already precessing at ω. As the
strength of the EM field increases, a levitated magnet
continues to precess at ω. However, its angle of preces-
sion (Fig. 1) increases. This remains true as long as the
strength of the unknown magnetic field is ≪ Ba. If the
unknown field becomes comparable to Ba, the approxi-
mation made in deriving (2) e.g., b0 ≪ Ba breaks down.
Interestingly, as the precession angle increases with the
increasing b0, the detection of precession becomes eas-
ier implying an enhanced sensitivity. This is in contrast
with other magnetometers which become less sensitive as
the strength of the field increases [13, 14, 16]. Generally,
Ba is in tens of millitesla implying a large dynamic range
e.g., femtotesla to millitesla for a levitated magnet-based
magnetometer.

The direction of arrival (DA) of an EM wave is im-
portant in many areas of engineering and physics includ-
ing in defense [52, 53] and astrophysics [2]. In our case,
the direction of arrival k can be found from the direc-



4

tion of Ba. In deriving (4) we assumed that b is in the
x− y plane and hence, in this simple case, the direction
of arrival is along the z axis. To further differentiate be-
tween the arrival along the −z and the +z directions, the
sensor, due to its small size (equivalent to a small vac-
uum chamber), can be temporarily blocked using an EM
absorber [54] from one of the two sides. In the event the
EM arrives from the blocked side, the levitated magnet
will stop precessing thus determining the arrival direc-
tion. For an arbitrary arrival, the direction of Ba can
be adjusted such that b becomes perpendicular to B0.
This can be ensured by checking that the maximum pre-
cession frequency (Ωp = ω, see above) is achieved at the
highest possible Γc

g. This is because when k is not par-
allel to Ba, the magnetic component of the EM wave is
not orthogonal to Ba. As a result, the torque exerted
by b is not maximal (see Eq. (3)) requiring a reduced
Γc
g for the magnet to precess at ω. In the extreme case,

when k ⊥ Ba, there is no torque and the magnet cannot
precess.

In conclusion, we have theoretically shown that a
levitated magnet in high vacuum is capable of detect-
ing electromagnetic fields with a femtotesla sensitivity.
When converted to an electric field, this is better than
a 3 × 10−7 V/m. Benefits of the new magnetometer in-
clude a large dynamics range covering from femtotesla to
millitesla, highly accurate frequency measurements with
a resolution better than a mHz, a large frequency range
of operation from MHz to tens of GHz, and a high selec-
tivity. With its high sensitivity, the new magnetometer
can potentially be used as a radar receiver. Importantly,
due to its high sensitivity and the ability to be configured
to sense different frequencies by merely changing the ex-
ternally applied magnetic field, it can be useful in fields
including biomedicine [5, 6], search and rescue [7] and de-
fense [7] where the ability to sense at different frequencies
is crucial.
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UK; anishur.rahman@warwick.ac.uk
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C. Ulysse, C. Feuillet-Palma, N. Bergeal, and J. Lesueur,
High-Tc superconducting detector for highly-sensitive
microwave magnetometry, Applied Physics Letters 114,
192602 (2019).

[17] G. Ranjit, M. Cunningham, K. Casey, and A. A. Geraci,
Zeptonewton force sensing with nanospheres in an optical
lattice, Phys. Rev. A 93, 053801 (2016).

[18] J. Ahn, Z. Xu, J. Bang, P. Ju, X. Gao, and T. Li, Ul-
trasensitive torque detection with an optically levitated
nanorotor, Nature nanotechnology 15, 89 (2020).

[19] A. T. M. A. Rahman, Large spatial schrödinger cat
state using a levitated ferrimagnetic nanoparticle, New
J. Phys. 21, 113011 (2019).

[20] F. Ahrens, W. Ji, D. Budker, C. Timberlake, H. Ul-
bricht, and A. Vinante, Levitated ferromagnetic mag-
netometer with energy resolution well below h̄ (2024),

mailto:anishur.rahman@warwick.ac.uk
https://doi.org/10.1086/148307
https://doi.org/10.1086/148307
https://doi.org/10.1126/science.1236789
https://doi.org/10.1126/science.1236789
https://doi.org/10.1103/PhysRevD.106.115017
https://doi.org/10.1109/22.989948
https://doi.org/10.1109/22.989948
https://doi.org/10.1109/TMTT.2013.2256924
https://doi.org/10.1109/TMTT.2013.2256924
https://doi.org/10.3390/ijms23136949
https://doi.org/10.3390/s19132879
https://doi.org/10.1109/TQE.2021.3065227
https://doi.org/10.1109/TQE.2021.3065227
https://doi.org/10.1088/1361-6633/acf22f
https://doi.org/10.1088/1361-6633/acf22f
https://doi.org/10.1063/1.5095633
https://doi.org/10.1063/1.5095633
https://arxiv.org/abs/https://pubs.aip.org/aip/adv/article-pdf/doi/10.1063/1.5095633/12853333/045030_1_online.pdf
https://arxiv.org/abs/https://pubs.aip.org/aip/adv/article-pdf/doi/10.1063/1.5095633/12853333/045030_1_online.pdf
https://doi.org/10.1103/PhysRevApplied.19.044042
https://doi.org/10.1103/PhysRevApplied.19.044042
https://doi.org/10.1063/1.5090175
https://doi.org/10.1063/1.5090175
https://doi.org/10.1088/1367-2630/ab4fb3
https://doi.org/10.1088/1367-2630/ab4fb3


5

arXiv:2401.03774 [quant-ph].
[21] D. F. Jackson Kimball, A. O. Sushkov, and D. Budker,

Precessing ferromagnetic needle magnetometer, Phys.
Rev. Lett. 116, 190801 (2016).

[22] C. Kittel, Introduction to solid state physics, 8th ed. (Wi-
ley, Hoboken, N.J, 2005).

[23] T. L. Gilbert, A phenomenological theory of damping
in ferromagnetic materials, IEEE Trans. Magn. 40, 3443
(2004).

[24] H. Xi, K.-Z. Gao, Y. Shi, and S. Xue, Precessional dy-
namics of single-domain magnetic nanoparticles driven
by small ac magnetic fields, Journal of Physics D: Ap-
plied Physics 39, 4746 (2006).

[25] C. Mitsumata and S. Tomita, Control of gilbert damping
using magnetic metamaterials, Phys. Rev. B 84, 174421
(2011).

[26] S. I. Denisov, T. V. Lyutyy, and P. Hänggi, Magnetiza-
tion of nanoparticle systems in a rotating magnetic field,
Phys. Rev. Lett. 97, 227202 (2006).

[27] H. Chang, P. Li, W. Zhang, T. Liu, A. Hoffmann,
L. Deng, and M. Wu, Nanometer-thick yttrium iron gar-
net films with extremely low damping, IEEE Magn. Lett.
5, 1 (2014).

[28] H. Maier-Flaig, S. Klingler, C. Dubs, O. Surzhenko,
R. Gross, M. Weiler, H. Huebl, and S. T. B. Goen-
nenwein, Temperature-dependent magnetic damping of
yttrium iron garnet spheres, Phys. Rev. B 95, 214423
(2017).

[29] F. Schreiber, J. Pflaum, Z. Frait, T. Mühge, and J. Pelzl,
Gilbert damping and g factor in Fe˙xCo1˙x alloy films,
Solid State Communications 93, 965 (1995).

[30] E. Barati and M. Cinal, Gilbert damping in binary mag-
netic multilayers, Phys. Rev. B 95, 134440 (2017).

[31] H. Keshtgar, S. Streib, A. Kamra, Y. M. Blanter, and
G. E. W. Bauer, Magnetomechanical coupling and fer-
romagnetic resonance in magnetic nanoparticles, Phys.
Rev. B 95, 134447 (2017).

[32] P. Fadeev, C. Timberlake, T. Wang, A. Vinante, Y. B.
Band, D. Budker, A. O. Sushkov, H. Ulbricht, and
D. F. J. Kimball, Ferromagnetic gyroscopes for tests of
fundamental physics, Quantum Science and Technology
6, 024006 (2021).
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