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Fig. 1. Patterns of ferromagnetic magnets in a magnetic
field: Ferromagnetic orsion pendulum oscillator (left panel)

and ferromagnetic gyroscope (right panel).

BRuE AN SRS A e shitZ oy

% - I% = /2/59pY? (pern) "> RByZ,  (2)
K wr HHAEIE, pn, pe 530 0T 5% B AN

AR, (2) 98 th: RS SIMESERET, KA
NI KT A BEM shit, SRR IR 3k 3
AR MR I, e A B R T A A 5l
i, SRR DRI SR E 8 L E 2 JRAR TR AR
W3 2 S R ) 3 (0 RN € X 3051
XIRE S > LANL > S HFHEHL (B 10 1E R iIG A A
i, e itk s/L=10, F O EEE
L/S =10). ¥y XN A T o i NI A o
() 10 F5 AL, BRAER IR LARE IR 80 £ 1% FMG,

030701-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 74, No. 3 (2025) 030701

T 60 DX 8 N WA sl A R T A e fR Bl kA
R DHEZ 3 FH FMTO.

10724 S — - L/S=10
A —-S/L=10

10729 '~ AN

108 4 ~ A

Wi % Bpias/ T
/
/

1011 4 AN N

1014 4 N N

10-9 10-7 10-5 10-3 10-1
A2 R/m
K2 BREEEAE KON 18 SR 1R
Fig. 2. Ferromagnets’ motion pattern decided by external
field and its radius.
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Abstract

The ferromagnetic-mechanical system can be used as a magnetometer by monitoring its mechanical
response to magnetic signals. This system can exceed the energy resolution limit (ERL) in terms of sensitivity,
due to the ultra-high spin density and strong spin-lattice interactions inherent in ferromagnetic materials. A
levitated ferromagnetic-mechanical system can further enhance its quality factor by eliminating clamp
dissipation, thus achieving higher magnetic sensitivity. In this work, a magnetometer is proposed based on a
magnetically levitated ferromagnetic torsional oscillator (FMTQO), which transforms magnetic signals into torque
to drive the oscillator. An optical method is then used to measure the torsional motion and extract the
magnetic signal. The resonance frequency of this FMTO system can be controlled by modifying the bias field,
thus providing enhanced flexibility and control.

By analyzing the influence of fundamental noise, including thermal noise and quantum measurement noise
(SQL), the relationship between the magnetic noise floor of the FMTO made of NdFeB and its radius is
obtained. The SQL is much lower than both thermal noise and ERL, indicating that thermal noise is a
dominant factor affecting the magnetic sensitivity of the FMTO. The magnetic sensitivity of the FMTO system
at 4.2K exceeds the ERL by three orders of magnitude, confirming the significant potential application of the
FMTO system in high-precision magnetic measurements.

Searching for exotic interactions is one of the most promising applications of ultra-high sensitivity magnetic
sensors. It is typically achieved by measuring pseudo-magnetic fields. The accuracy of detecting exotic
interactions depends on two main factors: the magnetometer’s sensitivity and the distance between the sensor
and the source. The ERL presents challenges in meeting both of these factors simultaneously. Improving
magnetic sensitivity typically increases the radius of the sensor, which in turn increases the distance between
the sensor and the source, limiting the accuracy of detecting exotic interactions. Thus, ERL limits the accuracy
of exotic interaction detection, while the FMTO, with its excellent sensitivity, is expected to significantly
improve the detection of exotic interactions.

If there is an exotic interaction, the BGO nuclei oscillating perpendicular to the paper will generate a
pseudo-magnetic field along the vertical direction. This pseudo-magnetic field will induce torsional motion in the
FMTO. The lower limit of the coupling constant for the new interaction is determined by measuring the
torsional motion. Existing experiments have approached the ERL at Compton wavelengths on millimeter and
micrometer scales. However, the FMTO system, with a bias field of 1 uT, exceeds the ERL by up to five orders
of magnitude in sub-centimeter Compton wavelength and the existing experimental results by two to nine
orders of magnitude. These results highlight the potential advantages of FMTO-based magnetometers in
probing exotic interactions.

All in all, in this work, a magnetometer configuration is proposed based on a levitated FMTO and its
mechanical response, fundamental noise, magnetic performance, and applications in fundamental research are
analyzed comprehensively.
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