Precessing magnetic particles as ac magnetic field sensors
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Electromagnetic waves are widely used including in defense, biomedicine, and fundamental science.
Their efficient detection determines how we communicate, defend against adversaries, diagnose
diseases and perform search and rescue operations. In this article, exploiting the precession of a
levitated magnetic particle in ultra-high vacuum, we show that weak electromagnetic waves down
to the 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
sub-hertz resolutions. The direction of arrival of the incoming electromagnetic wave can also be

found relatively easily.

The ability to detect electromagnetic (EM) fields has
applications, among others, in fundamental physics [1H4],
radar [5], biomedicine [6Hg|, search and rescue [9], climate
monitoring [T10] and wireless communications [T1]. In fun-
damental physics, microwave sensors have been used for
the detection of cosmic microwave background [I] and
fast radio bursts [2] and suggested for the search for dark
matter [3, [4 12]. In biomedicine, EM sensors are used
for monitoring various aspects of our health including
cardiopulmonary activities [0, [7] and breast cancer [§]
whilst in search and rescue operations such sensors are
deployed to detect living things hidden beneath rubble
[9). Likewise, the detection of civil and military aircraft
is routinely performed using EM sensors [5].

Traditionally, EM waves are detected using antennas
which, once made, cannot be changed and have a limited
frequency range of operation. In principle, EM fields
can be detected using either an electric or a magnetic
field sensor. Examples of electric field sensors include
Rydberg atoms [I3HI5]. In Autler-Townes configuration
such a sensor can detect discrete frequencies between
MHz and THz [13] [16] and fields as weak as &~ 5 uV/m
(1.7 x 10714 T) [13 14, [17]. Existing magnetic field sen-
sors such as atomic vapors [18] and the nitrogen-vacancy
centre (NVC) in diamond-based sensors [19] are predom-
inantly used as dc field sensors, although some progress
has been made towards the detection of EM fields us-
ing NVCs in diamond [20]. Such magnetic field sensors
have a relatively small dynamic range e.g., < uT. Su-
perconducting quantum interference devices are excellent
magnetic field sensors but require cryogenic temperatures
[21]. Efficient sensing of EM waves can enhance our ca-
pability to defend against adversaries by detecting the
weakest possible signals and hence providing early warn-
ings [5], perform better search and rescue operations by
detecting faint signals from living things hidden under
rubble [9], and diagnose diseases [6H8]. Re-configurable
detectors, in particular detectors which can be configured
for different frequencies on demand while in operation,
would also benefit the aforementioned areas.

Levitation in vacuum provides a contactless and a
near-frictionless environment. This makes levitated par-
ticles susceptible to external stimuli making them ex-

tremely good sensors. For example, using the center-of-
mass motions of such particles, zeptonewton scale force
sensitivity has been achieved [22]. Likewise, exploiting
the rotational motion of a levitated particle, extremely
small torque has been measured [23]. Among levitated
particles, magnetic particles are unique in the sense that
they contain an extra degree of freedom i.e., the spin
which makes them even more versatile. The coupling
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 [24] and
exploring fundamental physics [25].

In this article, using the precessional motion of a levi-
tated magnetic particle in ultra-high vacuum, it is shown
that extremely weak electromagnetic waves of femtotesla
(10715 T) strength can be detected. Such a magnetome-
ter has a dynamic range over a millitesla, can be continu-
ously tuned over many GHz and detect frequencies with
sub-hertz resolutions. It is also shown that the direction
of arrival of the EM wave can be determined relatively
easily.

Consider a magnetic sphere of moment p polarized
along its easy magnetization axis levitated inside a vac-
uum chamber. A homogeneous dec magnetic field B, (Fig.
1)) is applied along the 42z axis which ensures p aligns
with B, i.e., = [0 0 us], where ug is the saturated mag-
netic moment of the levitated particle. Consider also that
an electromagnetic plane wave whose frequency w and
strength b we aim to determine is propagating in the +z
direction and illuminates the magnetic particle. The in-
teraction between the EM wave and the spins or magne-
tization initiates a spin precession in the ferromagnetic
particle [26 27] 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 [27]

where B = bgcoswt T + obysinwt § + By 2, v is the
gyromagnetic ratio, By = B, + B, with B,, being
the effective field associated with the magnetocrystalline
anisotropy [28], and « > 0 is the dimensionless Gilbert
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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 B,. 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 6. The wavevector of the electromagnetic wave is repre-
sented by k. The magnetic field associated with the EM wave
is in the z — y plane with b, = bg coswt, by, = obp sinwt and
o = 1. When 0 = +1 (0 = —1) the incoming EM wave
rotates anticlockwise (clockwise).

damping constant. b = bgcoswt T + obgsinwt g is the
magnetic component of the EM field and o determines
its direction of rotation e.g., 0 = —1 (+1) corresponds
to clockwise (anticlockwise) rotation. b is the field that
we aim to detect. Equation has no general analytical
solution. However, when b < By, one can approximate
My & ps and dg; ~ 0. Under these conditions [29] [30],
the steady state solution of is given by

bO’yms
V(yBo + ow)? + a2w?

e = cos (wt = B),  (2)

where [ is the phase difference between b and the
precession of spins or magnetization and is given by
8 = tan_l[,yB‘;‘_“:Uw]. A similar expression for p, ex-
ists except cos(wt — B) is replaced by sin(wt — ) in
(2). Importantly, when o = —1, pu, has a Lorentzian
profile and has a full-width half-maximum linewidth of
~ /120292 B2. p, reaches its maximum when w = vB,.
This is known as the ferromagnetic resonance (FMR).
On FMR the amplitude of p, is byus/aBy. In contrast,
when o = +1, the rotating EM field opposes the pre-
cession of the magnetization [3I] 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, w is in gigahertz and for most material [32H35]
0 < a < 1. Note that when B, is applied along the
—z axis, a counterclockwise rotating (o = +1) EM field
can excite the FMR [31].

In a ferromagnetic material spins and thus magnetiza-
tion are connected to the crystal lattice via magnetocrys-
talline anisotropy [26]. This provides a link between the
internal (spin) and the mechanical degrees of freedom of
a magnetic object. For a levitated magnet, this connec-
tivity means that when the magnetization starts to pre-
cess, the crystal lattice and thus the levitated particle at-
tempt to follow it [24] (29 [36, [37]. Precessions of levitated
magnets can be detected using the optical interferomet-
ric scheme used in levitated optomechanics [23, B8HAT].
For a levitated magnet to precess mechanically, however,
it must overcome the resistance that it encounters from
the residual gas molecules inside the vacuum chamber.
The resistive torque [42] that an object faces at a pre-
cession frequency 2, is I2,I'g, where I is the moment of
inertia, and I'y is the damping rate due to gas molecules.
In contrast, the driving torque due to the incoming EM
field is given by the right hand side of normalized by
v [26]. At equilibrium when the driving and the resistive
torques are equal, the precession frequency is

1 bOﬁst
Q, = — , 3
3 ITg \/(vBy + ow)? + a2w? ®)

Note that 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 (I'y o< P). As P
decreases, (2, increases. But, when (2, reaches the fre-
quency of the unknown EM field, €2, remains constant
as I'y decreases. This is a consequence of the driven
nature of mechanical motions which prefer to synchro-
nize with the frequency of the driving fields [29] [36] (see
(2)). At the critical damping rate I'y where Q, = w,
the mechanical precession frequency directly determines
the frequency of the EM wave while the strength of the
unknown EM field is

Iy
by = V(vBy + 0w)? + a2w?. (4)

S

From it is clear that our detector is most sensitive
at the ferromagnetic resonance i.e., 0 = —1. The occur-
rence of FMR can be ensured by checking that the me-
chanical precession frequency is equal to vBy. Otherwise,
B, can be adjusted such that it matches the mechanical
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FIG. 2. a) On ferromagnetic resonance the minimum de-

tectable magnetic field as a function of residual gas pressure
when the precession frequency or the frequency of the un-
known EM wave is 5 GHz with a YIG (M = 1.4 x 10° A/m
and a = 5.58 x 107°) or a cobalt (M = 1.4 x 10° A/m and
a = 0.01) sphere (r = 100 nm) as a sensor. b) The mini-
mum required gas pressure for sensing EM fields of different
frequencies with b = 107*® T when a YIG sphere (100 nm)
is used.

precession frequency. Moreover, since on FMR the driv-
ing torque is maximum, the mechanical precession at vBy
is expected to happen at a higher I'j compared to non-
resonant cases. When the FMR condition is satisfied, the
minimum detectable field is

_ 2angpr27 (5)
5M

where we have substituted I = 2pvr?/5 and ps = vM
with r, p, v and M being the radius, the mass density, the
volume and the saturation magnetization of the levitated
magnet. Parameters such as p and M in can be found
from the relevant bulk material while o, I'y and 7 can be
measured experimentally in situ [33] 43| [44].

Let us consider numerical examples for better under-
standing. Here, any magnetic materials can be used as
sensors as long as they can be levitated. Levitation can
be carried out using a Paul trap [45H48]. Such a trap
uses oscillating electric fields (frequency in KHz) for lev-
itation and can levitate any object as long as they are
charged. Due to the small amount of light used in a
Paul trap for the detection of levitated particles, resistive
torques associated with the radiation pressure and light
scattering are negligible [44]. Figure |2h shows the mini-
mum detectable field 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 w/27 = 5 GHz and is resonant
with the FMR of the levitated magnet. We have also used

r,~ p‘f_’; - with v, being the velocity of gas molecules [49].

At an experimentally viable pressure of P = 10~2 mbar

(Iy = 2.41 x 107 rad.), the minimum detectable field is
~ 2 x 10715 T with cobalt and ~ 1 x 10~® T with YIG.
When converted to electric fields (cbg), these are equiv-
alent to 6 x 1077 V/m and 3 x 10~7 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 damping
constant [32] [33] compared to cobalt [34] resulting in a
lower oo/ M ratio which provides better sensitivities. At a
higher vacuum, which is within experimental reach, even
better sensitivities seem feasible (Fig. [2h). Assuming
that the target sensitivity is 10~'° T, Fig. shows the
minimum required residual gas pressure for detecting EM
waves of different frequencies 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 frequency, the resistive torque is
lower (o €2,). From (b)) it is evident that smaller levi-
tated magnets are better sensors since such objects have
significantly lower moments of inertia (o< r°) requiring
smaller driving torques for initiating precessions.

The ability to tune frequencies continuously over a
large frequency band is an essential attribute of a ver-
satile EM sensor. In our case, this can be achieved by
adjusting B,, see . B, can be delivered using an elec-
tromagnet whose strength can be continuously adjusted
by changing the current passing through such a mag-
net. As B, changes, the frequency of the ferromagnetic
resonance changes allowing the detection of unknown fre-
quencies in a continuous manner. The highest frequency
that our sensor can detect is limited by the maximum
tensile stress (= pQﬁrﬁ), arising from the mechanical pre-
cession, that a levitated magnet can withstand [50, 51],
where r, depends on 6,. Mechanical rotations over 5 GHz
have been demonstrated [23] and tens of GHz have been
predicted [51]. 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 magnetiza-
tions are low. Using levitated YIG spheres as sensors, fre-
quencies down to 200 MHz can be detected [28] 52]. An-
other key aspect of our sensor is that it can be switched
off when required [I3], important in defense applications,
by turning off the dc bias field. This is in contrast with
the classical antennas.

The selectivity of a magnetometer is defined as its abil-
ity to detect signals around a given center frequency. It is
also known as the Q-factor of a sensor [13]. At a given By,
our magnetometer is sensitive to frequencies within the
ferromagnetic resonance linewidth ~ \/12a2y2B3 which
is dictated by the Gilbert damping constant. For a high
selectivity, materials with low «’s are required. Here,
YIG is an excellent candidate which is known for its ex-
tremely narrow FMR linewidth [32] B33, [53]. Using YIG
spheres as sensors frequency selectivity of less than a



MHz can be achieved. Importantly, within this frequency
band, our magnetometer can resolve frequencies with a
sub-hertz resolution. This is a result of it being possible
to measure mechanical precession frequencies with high
accuracies. For example, rotation frequencies of driven
levitated objects have been measured with a resolution
better than a mHz [48] [54].

One of the key attributes of a versatile sensor is its
ability to remain sensitive when the amplitudes of sig-
nals vary widely. This is known as the dynamic range
of a sensor. In our case, the angle of precession (Fig.
of the levitated magnet and its ability to precess at a
given I'g are determined by the strength of the unknown
oscillating magnetic field. Assuming the magnet is al-
ready precessing at w, as the strength of the EM field
increases, the angle of precession of the magnet increases
as well. This remains true as long as the strength of the
unknown magnetic field is < B,. If the unknown field
becomes comparable to B,, the approximation made in
deriving e.g., by < B, breaks down. Importantly,
as the precession angle increases with the increasing bg,
the detection of precession becomes easier implying an
enhanced sensitivity. This is in contrast with other mag-
netometers which become less sensitive as the strength
of the field increases [19, 21]. Generally, B, 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 [55], [56] and astrophysics [2]. In our case,
the direction of arrival k can be found from the direc-
tion of B,. In deriving 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
vacuum chamber [57]), can be temporarily blocked using
an EM absorber [58] 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
direction. For an arbitrary arrival, the direction of B,
can be adjusted such that b becomes perpendicular to
Bo. This can be ensured by checking that the maximum
precession frequency (€, = w, see above) is achieved at
the highest possible I'j. This is because when k is not
parallel to B,, the magnetic component of the EM wave
is not orthogonal to B,. As a result, the torque exerted
by b is not maximal (see Eq. (B)) requiring a reduced
Iy for the magnet to precess at w. In the extreme case,
when k | B,, there is no torque and the magnet cannot
precess.

Finally, let us consider potential sources of noise that
can degrade the performance of our sensor. One such
source is the fluctuation in the strength of the dc mag-
netic field B,. Such fluctuations would change the FMR
frequencies and thus the driving torque (see Eq. and

4

the discussion surrounding it). In turn, this can cause
uncertainties in the minimum detectable fields. However,
highly stable, better than a part-per-billion fluctuation,
electromagnets are available [59, [60]. As a result, our
sensor is robust.

In conclusion, we have theoretically shown that a lev-
itated magnet in high vacuum is capable of detecting
electromagnetic fields with femtotesla sensitivity. When
converted to an electric field, this is equivalent to 3 X
10~7 V/m. If achieved experimentally, this would be
significantly better than the performance of existing sen-
sors [T3HI5] with the added benefit of the simplicity of
our proposed experiment. The overall sensor size includ-
ing a vacuum chamber [57] and a Paul trap [48] can be
< 1 cm®. We have also shown that the new magnetome-
ter can be continuously tuned between hundreds of MHz
and tens of GHz and remains sensitive when the field
strength varies between femtotesla to millitesla. Within
the frequency range of operation, the new magnetometer
can measure frequencies with a resolution better than a
mHz and a selectivity of about a MHz. We envisage that
due to its high sensitivity and the ability to be configured
for sensing different frequencies by merely changing the
externally applied magnetic field, the new magnetometer
can be useful in fields such as biomedicine [0} [7], search
and rescue [9] and defense [9] where the ability to sense
at different frequencies is crucial.
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