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Polymer encapsulated microcavity 
optomechanical magnetometer
Jiangang Zhu1, Guangming Zhao2, Igor Savukov1 & Lan Yang2

We demonstrate a magnetometer using polymer encapsulated whispering-gallery-mode microcavity 
actuated by a micro-magnet. The magnetic field induces force on the micro-magnet causing 
deformation in the polymer around the microcavity. Subsequently the microcavity detects the change 
in the refractive index of the polymer resulted from the deformation. This magnetometer works in the 
frequency range of hertz-to-kilohertz range and achieves a sensitivity of 880 pT/Hz1/2 at 200 Hz in a 
micro-scale sensor volume. Polymer encapsulation of the magnetometer and fiber optical connection 
ensures environmental robustness and practicality of the sensor.

Ultra-sensitive magnetometers are indispensable for many applications such as magnetic resonance imaging and 
geological surveying. Magnetometers take many forms such as superconducting quantum interference devices 
(SQUIDs), Hall-sensors, nitrogen-vacancy (NV) center magnetometers and spin-exchange relaxation-free 
(SERF) magnetometers1–4. In the past, the field was dominated by SQUIDs, which achieve sensitivity of fT/Hz1/2 
level. However SQUIDs suffer from major drawbacks of requiring cryogenic infrastructure and maintenance, 
which makes them hardly suitable for miniaturization applications. Hall sensors use Lorentz force on current to 
detect magnetic field. They are popular choices for applications because of their low cost and flexibility, but their 
sensitivity is limited to nT/Hz1/2 range due to electronic noise. Currently, NV-center diamond magnetometers 
are gaining popularity and achieved pT/Hz1/2 sensitivity at room temperature. They have unique advantage of 
nanoscale volume, but are usually constrained by the use of complex optical readout and the need for a microwave 
system. When used at larger scales, they are less competitive than other sensors. Finally, a cm-size SERF magneto-
meter achieved record sensitivity of 100 aT/Hz1/2, but when the size of the atomic cell is reduced to a few mm, the 
sensitivity becomes only a few fT, and sub-mm SERF magnetometers were not constructed. It is important to note 
that SERF operation requires accurate zeroing of magnetic fields and expensive shielding.

Recently, optical magnetostrictive magnetometers are gaining attention for their high sensitivity, flexible size, 
non-cryogenic working condition and simple optical readout. Examples include microscale magnetostrictive 
microcantilevers and fiber interferometers with sensitivity of fT/Hz1/2 and sizes of several centimeters5, 6. The use 
of optical cavity for the readout of the deformation induced by magnetic field has major advantage over other 
methods because of strongly resonance-amplified optical signal with possibility for highly localized measure-
ment7, 8. In the previous demonstration with optical cavities, peak sensitivities of 131 pT/Hz1/2 and 200 pT/Hz1/2 
were reported in the 100 kHz to MHz range with a centimeter scale cavity and a microcavity, respectively8, 9. On 
the other hand, the low frequency range (hertz-to-kilohertz) magnetic detection is crucial to many applications. 
The previous work on optomechanical microcavity magnetometer achieved a sensitivity of 150 nT/Hz1/2 over the 
range of 2 Hz to 1 kHz8. These demonstrations showed very promising results but were performed in a finely con-
trolled environment on an optical bench with an advanced readout system, thereby limiting their practical use.

In this work, we demonstrate a robust polymer-packaged opto-mechanical magnetometer with microcavity 
readout. We use microtoroid cavities as sensors because of their ultra-high Q factors and small mode volumes10–13. 
By integrating a micro-magnet in soft polymer material near the optical microcavity, our magnetometer works in 
the hertz-to-kilohertz frequency range and achieves a greatly improved sensitivity of 880 pT/Hz1/2 at 200 Hz with 
a dynamic range of 4 decades. Our magnetometer employs a direct optical readout method of the mechanical 
signal without the use of any advanced signal processing techniques, and the system realization only requires 
essential external components such as a laser and a photo-receiver.
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Device fabrication and principle
We fabricated microtoroidal microcavities with major diameters of about 120–150 microns and minor diameters 
of about 10 microns10. The microtoroids have intrinsic Q factors ~5 × 107. A tapered fiber is used to couple laser 
light into the microtoroid. The tapered fiber is aligned with the microtoroid using a nanopositioning stage with 
10 nm resolution. Light from a tunable laser source (NewFocus Velocity Series) is sent through the tapered fiber 
and is monitored at the output end by a photoreceiver (Newport 1801FC). The wavelength of the input light is 
linearly scanned by applying a triangular signal to the laser controller so the transmission spectrum of the system 
can be monitored continuously11. An optical resonance is continuously monitored in the polymer encapsulation 
process. Low index UV curable polymer is used to cover the microtoroid and tapered fiber, and subsequent cur-
ing of the polymer makes the microtoroid-fiber system a robust package14–16. Because the polymer fixes the gap 
between the fiber taper and the microtoroid, the coupling between the taper and cavity is constant. After packag-
ing, the Q factors of the microcavities decrease to about 106, which is still very high, sufficient for many sensing 
applications. The package is demonstrated to work outside the optical bench and could be used as a portable 
sensing platform14–16.

To enable magnetic sensing applications, the polymer encapsulation process is carefully performed so the 
polymer layer above the microcavity is very thin. We estimated this thickness to be about 200 to 500 microns. 
Note that since the microtoroid is a suspended structure (Fig. 1), the polymer thickness above the chip substrate 
(outside the top of microtoroid) can be much thicker, which increases the strength of the package. The thin layer 
of polymer above the microcavity allows pressure to be detected by the microcavity. When the polymer is under 
compression, local deformation occurs which causes the density and refractive index of polymer to change. Since 
the microcavity is made of silica glass, its density and refractive index change is significantly smaller than the soft 
polymer. Since a small part (evanescent tail) of the WGM is within the polymer material14, the refractive index 
change of the polymer will alter the resonance condition and cause the optical resonance wavelength to shift. This 
shift can be sensitively detected by monitoring the resonance transmission. To facilitate this principle and detect 
magnetic field, we simply glued a small Neodymium magnet in the area above the microcavity using UV glue. We 
tried magnets with different sizes of 2 mm and 500 microns. The 500 micron magnet was obtained by crushing a 
bigger magnet, so the shape of the magnet is not regular. Smaller magnets than 500 microns were found to work 
poorly possibly because of loss of magnetization resulting in diminishing magnetic force on the magnet. If the 
polymer above the microcavity is thinner or the magnet can be placed closer to the microcavity, smaller magnets 
may be used.

The magnetic field was generated by a circular two-turn 4-cm diameter coil. The coil was positioned in such 
a way that the magnet was in its center (Fig. 1) and a sinusoidal current signal of known frequency and ampli-
tude was applied to the coil and monitored in real time with an oscilloscope. To maximize the response, the 
position and orientation of the micro magnet was carefully adjusted on the surface of polymer with respect to 
the micro-resonator before glue fixation. In this configuration, the magnet is at the center of the coil loop and 
only experiences torque, thus, the maximal response could be achieved when the magnetic momentum of the 
micro magnet is aligned to the plane of the coil and perpendicular to the substrate. The magnet experiences an 
oscillating torque which exerts local pressure on the polymer (Fig. 1). For chosen mechanical properties of the 
system (polymer stiffness, magnet mass), the magnet-polymer system is more sensitive to frequencies in the hertz 
to kilo-hertz range.

Results
To demonstrate the principle of magnetic sensing, first we located a high Q resonance mode (Q ~ 106) and 
obtained its transmission spectrum (Fig. 2a). The scanning speed of the tunable laser was set to a slower speed 
(4.8 GHz/s) to visualize the fine details on the spectrum. The laser power was set to be about several hundred 
microwatts, as measured by the photoreceiver. Due to optical heating effect of the probe laser, an asymmetric 

Figure 1.  Illustration of the experimental setup of the microcavity magnetometer. The chip (green) with 
microtoroids and a tapered fiber (green) are encapsulated under polymer. The micro-magnet (cube) is glued 
above the microtoroid. Inset shows a magnified view of the microtoroid and the tapered fiber.
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triangular lineshape instead of a Lorentzian shape occurred in the transmission spectrum17, 18. The slower scan-
ning speed leads to greater thermal buildup and enhances thermal effect. When an oscillation current of 50 mA 
(peak-to-peak) and frequency of 200 Hz was applied to the coil, we observed fine oscillation patterns overlaying 
on the otherwise smooth transmission spectrum. This is due to the shift of the resonance frequency by the pol-
ymer refractive index change induced by the magnetic force. To better visualize this oscillating signal on trans-
mission, the smooth component of the transmission was removed, and we obtained the pure oscillating signal in 
the lower panel of Fig. 2a. As expected, the amplitude of this signal is proportional to the slope of the resonance 
curve, which confirms that the origin of this signal is the resonance frequency shift. The asymmetric lineshape of 
the transmission results in higher response amplitude in the uprising slope of the resonance. Therefore, higher 
optical power could result in stronger thermal effect, steeper uprising slope, and hence enhancement in the over-
all sensitivity, if sensing is performed on the unstable side of the spectrum (steeper slope side)19. Note that the 
frequency of the input signal is within hertz to kilo-hertz range, and the signal period is much larger than the 
thermal relaxation time (thermal time constant) of the microcavity; thus thermal heating should not have signifi-
cant effect on the bandwith of the sensor19. Figure 2b shows the detailed signal in Fig. 2a between the two vertical 
green lines. The clearly observed waveform indicated a high signal-to-noise ratio (SNR). We further analyzed 
the frequency components of the signal in Fig. 2a between time of 2 s and 3 s (Fig. 2c), which reveals a peak at 
200 Hz corresponding to the applied oscillating magnetic field. Note that there is a slight second harmonic peak 
at 400 Hz, which is the result of the nonlinear resonance lineshape.

In the following experiments, we fixed (no feedback locking) the probe laser wavelength on the steeper side of 
the resonance slope where sensitivity is the highest (between the two green lines in Fig. 2a). We also set the data 
acquisition in AC mode to reject the DC signal component to continuously monitor only the oscillating transmis-
sion signal. Next, we varied the frequency of the coil current for a constant current amplitude of 25 mA to obtain 
the magnetometer frequency response. The result is shown in Fig. 3a. A peak appeared at 600 Hz, which is likely 
due to the mechanical resonance of the magnet-polymer system. A smaller size magnet would have higher char-
acteristic mechanical resonance frequency, but could be less responsive to magnetic field than a larger magnet. 
The response starts to fall off rapidly above 1 kHz. Here the bandwidth is limited by the mechanical aspect of the 
system. The sensor performs very well in the Hz-to-kHz range which should enable many important applications.

Next we kept the frequency of the magnetic field at constant 200 Hz and varied the amplitude of the coil cur-
rent. The sensor response at different magnetic field amplitudes is plotted in Fig. 3b. A linear relationship between 

Figure 2.  Experimental results. (a) Response of the optical resonance to the varying magnetic fields. Upper 
panel: driving current of the magnetic coil; Middle panel: optical resonance mode showing thermal heating 
effect caused by the probe laser (triangular lineshape), and overlaying oscillating signal in response to the 
magnetic field; Lower panel: time varying components of the optical resonance signal in the middle panel. (b) 
Detailed view of the data between the two green lines in (a). (c) Power spectrum of the signal in the lower panel 
of (a) between time 2 s and 3 s.
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the input and output is observed up to about 9 μT, limited by the maximum output of our current source. From 
strictly linear response in the studied range and linearity of mechanical properties of the system, we expect the linear 
response even in much wider range. In experiment, we placed a small Neodymium magnet near the package and saw 
very large shift in resonance without damaging the package. Therefore, we estimate the maximum detectable field to 
be above 10 mT. However, the sensor response may not be linear when field become larger. In this study, due to the 
capability of our current driver and the coil setup, the linearity response curve (Fig. 3b) only goes to 9 μT.

In our final experiments, we tested the detection limit of our magnetometer. We used an optical resonance 
mode with Q factor of 1.19 × 106 which was achieved at critical coupling (Fig. 4a). The coil is single turn to reduce 
magnetic field and the oscillating coil current is set to amplitude of 2.5 mA and frequency of 200 Hz. The probe 

Figure 3.  Frequency and amplitude response. (a) Frequency response and (b) amplitude response of the 
microcavity magnetometer.

Figure 4.  Experimental results for sensitivity. (a) The optical resonance mode used for testing shows a Q factor 
of 1.19 × 106. Laser wavelength is 980 nm. (b) Oscillating Coil current with amplitude of 2.5 mA. (c) Measured 
response from the microcavity magnetometer. (d) Power spectrum of the magnetometer signal showing a peak 
at 200 Hz with SNR of about 39 dB. Time domain data acquiring window is 1 s.
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laser wavelength was finely adjusted and fixed on the resonance slope to maximize the output response. Figure 4b 
and c show the coil current signal and sensor output signal, respectively. The magnetic field amplitude at the 
center of the coil is calculated to be 78.5 nT. The power spectrum of the sensor output signal (Fig. 4c) is plotted in 
Fig. 4d, which shows a peak at 200 Hz with a signal-noise-ratio (SNR) of 39 dB. This corresponds to a sensitivity 
of 880 pT/Hz1/2. Therefore, this magnetometer should cover at least 4 decades of dynamic range (880 pT to 9 μT).

Conclusion
In summary, we demonstrated a WGM microcavity magnetometer in a compact and robust package that provides 
mechanical and optical stability. Polymer packaging eliminates the need for careful optical alignment usually 
required for microcavity sensors. The experiments were carried out in an open lab environment without magnetic 
shielding and complex signal acquiring techniques. We demonstrated a high sensitivity of 880 pT/Hz1/2 and a 
4-decade dynamic range. The dynamic range can be extended by locking the probe laser on the resonance. The 
combination of the performance, robustness and optical fiber connectivity of the magnetometer should enable 
some unique applications. The sensor performance is mostly limited by the mechanical response and optical Q 
factors. This magnetometer can be potentially improved by placing the micro-magnet closer to the microcavity, 
using different materials for the microcavity and encapsulating polymer, or optimizing the mechanical config-
uration of the microcavity. Similar realization should be possible with other types of optical microcavity and 
waveguides, especially optical components made of soft materials.

References
	 1.	 Edelstein, A. Advances in magnetometry. Journal of Physics: Condensed Matter 19, 165217 (2007).
	 2.	 Chang, A. M. et al. Scanning Hall probe microscopy. Applied physics letters 61, 1974–1976 (1992).
	 3.	 Wolf, T. et al. Subpicotesla diamond magnetometry. Physical Review X 5, 041001 (2015).
	 4.	 Dang, H. B., Maloof, A. C. & Romalis, M. V. Ultrahigh sensitivity magnetic field and magnetization measurements with an atomic 

magnetometer. Applied Physics Letters 97, 151110 (2010).
	 5.	 Zhang, K. et al. Magnetostrictive resonators as sensors and actuators. Sensors and Actuators A: Physical 200, 2–10 (2013).
	 6.	 Bucholtz, F., Dagenais, D. M. & Koo, K. P. High-frequency fibre-optic magnetometer with 70 fT/square root (Hz) resolution. 

Electronics Letters 25, 1719–1721 (1989).
	 7.	 Forstner, S. et al. Cavity optomechanical magnetometer. Physical review letters 108, 120801 (2012).
	 8.	 Forstner, S. et al. Ultrasensitive optomechanical magnetometry. Advanced Materials 26, 6348–6353 (2014).
	 9.	 Yu, C. et al. Optomechanical magnetometry with a macroscopic resonator. Physical Review Applied 5, 044007 (2016).
	10.	 Armani, D. K. et al. Ultra-high-Q toroid microcavity on a chip. Nature 421, 925–928 (2003).
	11.	 Zhi, Y. et al. Single Nanoparticle Detection Using Optical Microcavities. Advanced Materials 29 (2017).
	12.	 Zhu, J. et al. On-chip single nanoparticle detection and sizing by mode splitting in an ultrahigh-Q microresonator. Nature photonics 

4, 46–49 (2010).
	13.	 He, L. et al. Detecting single viruses and nanoparticles using whispering gallery microlasers. Nature nanotechnology 6, 428–432 

(2011).
	14.	 Monifi, F. et al. Encapsulation of a fiber taper coupled microtoroid resonator in a polymer matrix. IEEE Photonics Technology Letters 

25, 1458–1461 (2013).
	15.	 Xu, X. et al. Phone-sized whispering-gallery microresonator sensing system. Optics Express 24, 25905–25910 (2016).
	16.	 Zhao, G. et al. Raman lasing and Fano lineshapes in a packaged fiber-coupled whispering-gallerymode microresonator. Science 

Bulletin 62, 875–878 (2017).
	17.	 Carmon, T., Yang, L. & Vahala, K. J. Dynamical thermal behavior and thermal self-stability of microcavities. Optics Express 12, 

4742–4750 (2004).
	18.	 Chen, W. et al. A simple method for characterizing and engineering thermal relaxation of an optical microcavity. Applied Physics 

Letters 109, 061103 (2016).
	19.	 Zhu, J., Ozdemir, S. K. & Yang, L. Infrared light detection using a whispering-gallery-mode optical microcavity. Applied Physics 

Letters 104, 171114 (2014).

Acknowledgements
The work is supported by DOE LDRD programs, ARO grant W911NF-12-1-0026 and NSF grant 1506620.

Author Contributions
J.Z., I.S. and L.Y. conceived the idea; J.Z. and G.Z. designed and performed the experiments; all authors discussed 
the results, and J.Z. wrote the manuscript with inputs from all authors. J.Z. and G.Z. contributed equally to this 
work.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Polymer encapsulated microcavity optomechanical magnetometer

	Device fabrication and principle

	Results

	Conclusion

	Acknowledgements

	Figure 1 Illustration of the experimental setup of the microcavity magnetometer.
	Figure 2 Experimental results.
	Figure 3 Frequency and amplitude response.
	Figure 4 Experimental results for sensitivity.




