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Membrane optomechanical magnetometer
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Abstract: We demonstrate an optomechanical magnetometer where a high-Q membrane
mechanical resonator responds to the magnetic-field-induced deformations of two magnetostrictive
materials and is monitored by a two-beam Fabry-Perot cavity. The magnetometer enables
simultaneous measurements of DC and AC magnetic fields and can recognize the direction of a
two-dimensional DC magnetic field by demodulating the frequency shifts of two nondegenerate
modes of the membrane. Benefiting from the two-beam interference and high-Q mechanical
resonance, this device does not suffer from the linewidth and polarization fluctuation of the probe
light as the reported counterparts, overcoming the dependence of optomechanical magnetometers
on ultranarrow-linewidth laser and high-Q optical cavity with frequency locking equipment. This
work opens a new avenue for measurements of weak magnetic fields.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Cavity optomechanics is a versatile platform for both the fundamental physics and ultrasensitive
sensors by manipulating the interactions between electromagnetic waves and acoustic resonators
[1-5]. Notably, benefiting from the resonant enhancement of both optical and mechanical
responses, many outstanding cavity optomechanical sensors have been achieved for various
physical quantities [6-34]. Recently, cavity optomechanical magnetometers have attracted
extensive attentions for measurement of weak alternating current (AC) magnetic fields [35—44],
owing to the unique advantages of room-temperature operation, magnetic shielding free, large
frequency range (from kHz to GHz), and high sensitivity. However, they are unsuitable for
measurement of direct current (DC) magnetic fields, which generally coexist with AC magnetic
fields in most practical application scenarios [45,46]. Thus, it is still an open challenge to
simultaneously measure DC and AC magnetic fields for cavity optomechanical magnetometers.

In this work, we demonstrate a magnetometer using a SiN-membrane optomechanical system,
enabling the simultaneous measurements of both DC and AC magnetic fields. The observed
peak response of DC magnetic field is 1771Hz/Gs, which represents a resolution of 56.5 nT
using an electrical spectrum analyzer (ESA) with a 1 Hz resolution bandwidth (RBW). That is
530 times better than the best value of 30 uT with whispering gallery mode resonators [47].
Meanwhile, the proposed membrane optomechanical magnetometer can measure the direction
of a two-dimensional DC magnetic field by simultaneously monitoring the resonant frequency
shifts of (1,2) and (2,1) modes of the membrane resonator, which has never been realized in
previous optomechanical magnetometers. In addition, the proposed magnetometer is unsensitive
to the linewidth and polarization fluctuation of the probe light as the reported counterparts,
overcoming the dependence of optomechanical magnetometers on narrow-linewidth laser and
high-Q cavity with frequency locking equipment. This work offers a promising candidate for
potential applications, such as archaeology, mineral exploration, geomagnetic anomalies, and
space exploration missions.
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2. Principle

The working principle of the optomechanical magnetometer is presented in Fig. 1. As shown in
Fig. 1(a), the magnetometer consists of a rectangular SiIN membrane (golden yellow), and two
Terfenol-D plates magnetized uniaxially (gray), constricted by an aluminum square frame (blue),
and a two-beam Fabry-Perot (FP) cavity formed by the end face of a single mode fiber (SMF)
and the SiN membrane. The SiN membrane is grown by low-pressure chemical vapor deposition
on a 500 um thick silicon wafer (Norcada Inc.). The two Terfenol-D plates are customized from
Huizhou South Rare Earth Functional Material Institute Co. This device is placed in a vacuum
chamber with the gas pressure of 10~ mbar for high mechanical Q factor of the SiN membrane.
When an ambient magnetic field is applied to the magnetometer, the Terfenol-D plates generate
the associated deformation and thus extrude the SiN membrane. Figure 1(b) shows the stress
diagram of the SiN membrane with ambient magnetic fields By and By. Owing to the intrinsical
high tensile stress, the SiIN membrane offers high-Q mechanical resonances which is ultrasensitive
to minute stress fluctuations. The mechanical susceptibility of the membrane resonator is

1
X(w) = : )]
wrznec - wz + lwwm/Qmec

where Wmee =27fmn and Omec are the resonant angular frequency and quality factor of the
mechanical mode (m, n), and the resonant frequency fi,, of the rectangular membrane can be
expressed as:
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where Fy is the initial tensile stress inside the SiN membrane, AFj is the tensile stress arising from
the ambient magnetic fields (i is x or y, respectively), p is the mass density, L; = Liy (1-AFi/E) is
side length of the SiN membrane, Lj is initial length of the membrane, E is the Young’s modulus
of the membrane, Lg; is length of the silicon chip, k and Ltp are the magnetostrictive coefficient
and length of the Terfenol-D plates, S is Poisson’s ratio of silicon chip, and B; is the ambient
magnetic fields.

A two-beam FP cavity is constructed by the SMF and the membrane to monitor the motion
states of the membrane as shown in Fig. 1(a). The normalized reflective spectrum of the FP
cavity is shown in Fig. 1(c), and the red dashed line represents the probe laser with wavelength of
1542.7 nm. A part of light from the continuous-wave probe laser is coupled into the FP cavity
through a fiber circulator (FC). Then, the reflective light from the FP cavity and the reference
light with the same intensity are detected by a balanced photodetector (PD). The right inset
in Fig. 1(a) shows the relative location between the SiN membrane and the SMFs, where four
standard SMFs are inserted into a ceramic ferrule to read out the displacements at different
location of the membrane. Compared with other SMFs, the SMF marked by a red circle is more
sensitive for more mechanical modes, and thus is used in our experiments. Figure 1(d) shows the
thermal Brownian noises of the membrane, where three resonant mechanical modes are observed
apparently. The corresponding frequencies (Qmec) of (1,1), (1,2) and (2,1) modes are 379.55 kHz
(9.5 x 10%), 592.145 kHz (1.5 x 10°) and 608.811 kHz (1.2 x 10°). The insets are the modeshapes
obtained by finite-element simulations.

Compared with the sensors using high-Q optical cavities, the two-beam FP cavity offers a
wider linear range for the laser wavelength (about 4 nm as shown in Fig. 1(c)), eliminating the
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Fig. 1. Overview of the optomechanical magnetometer. (a) Schematics of the experimental
setup and magnetometer. Inset: photographs of the SiN membrane (left) and the relative
position between the membrane and the optical fibers (right). (b) Stress diagram of the
membrane under different magnetic fields. (c) Reflective spectrum of the FP cavity and
wavelength of the probe light (red dashed line). (d) Power spectral density (PSD) of thermal
Brownian noise of the membrane. Inset: the modeshapes of three mechanical modes for
the membrane. Fiber BS, fiber beam splitter; FC, fiber circulator; VOA, variable optical
attenuator; Balanced PD, balanced photodetector; ESA, electrical spectrum analyzer; DSO,
digital storage oscilloscope.

dependence of ultrasensitive optomechanical magnetometers on expensive ultranarrow-linewidth
lasers and sophisticated frequency locking equipment. Meanwhile, it is also insensitive to
polarization fluctuations of the probe light because the empty cavity cannot result in polarization
change between the two reflective beams, removing the requirement of dedicated polarization
control for the reported counterparts.

3. Results and discussion
3.1. Response to DC magnetic fields

When a DC ambient magnetic field is applied to the magnetometer, the corresponding Terfenol-D
plates elongate and extrude the silicon chip, and thus change the intrinsical tensile stress of the
membrane as shown in Fig. 1(b). According to Eq. (2), the change of the intrinsical tensile stress
shifts the resonant frequencies of the membrane. Therefore, the DC ambient magnetic field
could be obtained by demodulating the resonant frequency shifts. Figure 2 depicts the theoretical
resonant frequency shifts of different mechanical modes for a rectangular SiN membrane with a
size of 993um x 1006pwm x 50 nm as functions of ambient magnetic fields By and By, where the
simulated parameters are E =270 GPa, oo =0.815 GPa, k= 1.95 ppm/Gs, Ltp =50 mm, Lg; =5
mm, and p = 2700 kg/m>. As the ambient magnetic fields increase, the resonant frequencies of
all six mechanical modes decrease because of the reduction of the intrinsical tensile stress in



Research Article Vol. 33, No. 4/24 Feb 2025/ Optics Express 8777 |

Optics EXPRESS , N

the membrane. Interestingly, the frequency shift of (1,2) mode is less than that of (2,1) mode
when the magnetic field is in x direction, but it is not the case when the magnetic field is in y
direction. Under the condition of AF;j<<F( and applying the Taylor expansion to the Eq. (1), we
find that the frequency shift is approximately linear with the ambient magnetic field. Therefore,
the amplitude and direction of the ambient magnetic field in x-y plane could be determined by
the equation

-1

B, S S A
_[ S Sy \f12 )
B, S Saty Afor
B =B +BY (6)

where By and By are x and y components of the vector magnetic field B, S12«x, S12y, S21x, and
S>1y are the shift rates of (1,2) and (2,1) mode under x and y directional magnetic fields, and
Af12 and Af» are frequency shifts of (1,2) and (2,1) mode under the ambient magnetic field. In
addition, the shift of (3,1) mode is more than that of (2,1) mode with a x-direction magnetic field
as shown in Fig. 2(a), and thus better sensitivity could be obtained by employing higher order
modes, which can also be validated by Eq. (1).
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Fig. 2. Theoretical resonant frequency shifts of the six mechanical modes for the SiN
membrane (993um X 1006um x 50 nm). (a) Frequency shifts versus the different x-directional
DC magnetic fields. (b) Frequency shifts versus the different y-directional DC magnetic
fields.

In our experiments, the DC magnetic fields are generated by two coils and low-noise power
sources (B2961A, Keysight), and are calibrated using a commercial magnetic sensor (Mode 475,
Lakeshore). Figure 3 shows the response of the (1,2) and (2,1) modes of the SiN membrane
(993um x 1006pum x 50 nm) under x-direction and y-direction DC magnetic fields, where the
resolution bandwidth of the ESA is 1 Hz. Both of the resonant frequencies of the two modes
decrease as the ambient magnetic fields increase, and the frequency shift rates of the two modes
are different for B and By, which are consistent with the theoretical prediction. The frequency
shifts vary linearly with the magnetic field when the magnetic field is less than 22 Gs. The
measured shift rates S12x, S12y, S21x, and S»1y are 984 Hz/Gs, 1771Hz/Gs, 1753Hz/Gs and 986
Hz/Gs. The corresponding DC magnetic-field resolutions achieved by demodulating the resonant
frequency shifts [48,49], are 101.6 nT, 56.5 nT, 57.1 nT, and 101.4 nT using an ESA with a RBW
of 1 Hz in our experiments, respectively. The resolutions could be improved further by using
higher order mechanical modes as shown in Fig. 2. As the magnetic fields increase further and
are more than 22 Gs, the shift rates gradually reduce because the responses of Terfenol-D plates
tend to be saturation. The limitation that the responses of the Terfenol-D plates to + x direction
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magnetic field are same, could be solved by applying a bias DC magnetic field By,is, where the
mechanical resonant frequencies decrease when the ambient magnetic fields is codirectional with
the Bp,is, otherwise they increase.
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Fig. 3. Measured response of the magnetometer to DC magnetic fields. (a) PSD of thermal
Brownian noises and (b) mechanical resonance frequency shifts with different x-directional
magnetic fields. (c) PSD of thermal Brownian noises and (d) mechanical resonance frequency
shifts with different y-directional DC magnetic fields.

3.2. Response to AC magnetic fields

We also test the response of this device to AC magnetic fields. Figure 4(a) shows the thermal
Brownian noise spectra of the (1,1), (1,2) and (2,1) modes of the membrane, where the broadband
spectrum has been shown in Fig. 1(d). A swept AC magnetic field with a constant amplitude
of 3.4 nT is used to excite the magnetometer. The response of the magnetometer is shown
in Fig. 4(b), where the resolution bandwidth RBW of the ESA is 3.9 Hz. The magnetic-field
sensitivity Bpi, could be obtained by3¢

Bref
VSNR X RBW

where SNR is the ratio of the response to the thermal Brownian noise and B is the reference
exciting magnetic field. Benefiting from the mechanical resonant enhancement, the proposed
magnetometer is responsive to AC magnetic fields at different frequencies, and the sensitivities at
mechanical resonant modes are better than that at non-resonant frequencies. As shown in Fig. 4,
the peak AC magnetic-field sensitivity is 17.9 pT/Hz!/? at (1,1) mode with a resonant frequency
of 379.550 kHz and the sensitivities at non-resonant frequencies are at subnanotesla/Hz'/? level.
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Fig. 4. Measured response of the magnetometer to AC magnetic fields. (a) Power spectral
density of the thermal Brownian noise spectra of the (1,1), (1,2) and (2,1) modes. (b)
Responses of the magnetometer with AC magnetic-field excitation. (c) Magnetic-field
sensitivity Bmin of the magnetometer.

The observed peak DC magnetic-field resolution is 56.5 nT, which is nearly three orders
of magnitude higher than the best value of 30 uT for reported magnetometers with WGM
resonators by monitoring optical spectrum shift [47], and they are unsuitable for AC magnetic-
field measurements due to the slow responses of optical spectrum analyzers and magnetic fluid.
The DC resolution of this magnetometer could be enhanced by increasing the mode indices (m,
n) and the length and magnetostrictive coefficient of the Terfenol-D plates, and decreasing the
density and side lengths of the membrane resonator and the length of the silicon chip according
to Equations (2)—(4). The peak AC magnetic-field sensitivity of this magnetometer could also be
optimized by increasing the length and magnetostrictive coefficient of the Terfenol-D plates and
using SiN membranes with higher Qpec.

4. Conclusion

In summary, a unique optomechanical magnetometer based on a SiN-membrane optomechanical
system is demonstrated. Benefiting from the intrinsical high tensile stress, the SiIN membrane
offers high-Q mechanical resonances and its resonant frequencies are highly dependent on
the intrinsical tensile stress, presenting an ultrasensitive magnetic-field sensing mechanism by
combining magnetostrictive materials. Simultaneous measurement of AC and DC (2D) magnetic
fields with ultrahigh sensitivities is realized using only a single probe laser. Our work offers a
promising candidate to measure weak magnetic fields for potential applications from mineral
exploration, archaeology, geomagnetic anomalies, to space exploration missions.

Funding. National Natural Science Foundation of China (12174232, U21A6006, 11804208); Innovation Program for
Quantum Science and Technology (2023ZD0300400).
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