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Abstract: A kind of novel and compact magnetic field sensor has been proposed and investigated
experimentally. The proposed sensor consists of a tapered single mode fiber coupled with a
nanostructured magnetic fluid-infiltrated photonic crystal fiber, which is easy to be fabricated. The
response of magnetic fluid to magnetic field is used to measure the intensity of magnetic field via
whispering gallery mode. The magnetic field-dependent shift in resonance wavelength is observed.
The maximum magnetic field intensity sensitivity is 53 pm/mT. The sensor sensitivity is inversely
proportional to the thickness of the photonic crystal fiber cladding.

Keywords: whispering gallery mode; microcavity resonator; magnetic field sensor; magnetic fluid;
fiber sensor

1. Introduction

Compared with the traditional measurement methods, optical fiber magnetic field
sensors have attracted great attention due to their outstanding virtues such as intrinsic
safety, compact size, easy fabrication and immunity to electromagnetic interference. They
have been widely applied in various fields such as electric power transmission, life
science, medical health, geophysical research and military installations [1,2]. In principle,
optical fiber is not sensitive to magnetic fields. Therefore, most of the proposed optical
fiber magnetic field sensors realize magnetic field measurement by combining optical
fiber with magnetic field sensitive materials [3].

Particularly, magnetic fluid (MF) is a kind of special nanostructured magneto-optic
material, which consists of surfactant-coated magnetic nanoparticles and carrier liquid. It
has unique optical properties such as dichroism, birefringence, Faraday effect and tunable
refractive index under a magnetic field [4-10]. Furthermore, MF can be easily combined
with optical fiber due to its fluidity. By infiltrating MF into the inner holes of
microstructured fiber or coating the surface of specialty fiber with MF, many fiber-optic
magnetic field sensors have been proposed based on various sensing technologies, such
as multimode interference, Fabry—Perot interference, grating optics, Sagnac interference
and surface plasma resonance [11-14]. The intensity of a magnetic field is usually
measured by monitoring the wavelength shift of valley/peak in the output spectrum.
Although these sensors have shown excellent sensing performance, the output spectral
visibility is usually low and the full width at half maximum (FWHM) of the valley/peak
is usually wide, which results in limited measurement accuracy and a low measurement
resolution of magnetic field.
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In recent years, the optical whispering gallery mode (WGM) resonator has shown
enormous potential in sensing applications, such as biology [15-17], temperature [18-20],
gas [21], humidity [22], laser [23], and magnetic field sensing [24-34]. Compared with the
traditional optical resonators, the WGM resonator possesses high quality factor (Q), small
mode volume and long lifetime of quantum photons. It is easy to achieve high-intensity
output light with the WGM microcavity. Generally, the fabrication of WGM microcavity
is based on mechanical deformation, while most of the mechanical processing would
make fiber more fragile. Thus, the WGM tuning approach requires a delicate experimental
apparatus. The tuning resolution is also rather limited. Those structures and methods may
add the complexity of fabrication and increase the processing cost.

In this work, we propose and experimentally demonstrate a WGM sensor based on
the photonic crystal fiber (PCF) infiltrated with MF. The MF serves as the magnetic field
sensitive nanostructured material. The dependence of WGM resonance wavelength on
magnetic field intensity is experimentally investigated. Furthermore, experimental results
indicate that the influence of PCF diameter on the WGM resonant wavelength cannot be
neglected. The proposed MF-infiltrated PCF WGM device possesses the features of high
coupling efficiency and easy fabrication, which makes it a good candidate for application
in magnetic field sensing and tunable optical filtering.

2. Fabrication and Experimental Details

Figure 1a shows the schematic diagram of the PCF coupled with a microfiber, where
the PCF provides the cylindrical microcavity. The microfiber is obtained by tapering a
single mode fiber (SMF) with the heat-and-pull method [35]. The final diameter of the
tapering region is 2 um. Figure 1b shows the WGM field distribution in x-y plane. The
WGMs are effectively excited by evanescent coupling between the microfiber and the PCF
microcavity. The WGMs circulate along the inner equator of the microcavity.

(a) (b)
PCF

- —
Input Microfiber  Ouput

Figure 1. (a) Schematic diagram of the PCF infiltrated with nanostructured magnetic fluid coupled
with a tapered microfiber. (b) Mode field distributions in x-y plane. (c) Micrograph of PCF before
being infiltrated. (d) Micrograph of PCF after being infiltrated and corroded.

Figure 1c shows the micrograph of unfilled PCF (core/cladding diameter is 7/125
pm). There are periodic arrangement of air holes existing in the cross-section of PCF (hole
diameter is 3 um). Infiltration of MF in the 1.5 cm-long section of PCF is carried out by
dropping one end of the PCF into MF. The MF infiltrates the PCF air holes under the
influence of capillary force. The fabrication process is carried out at ambient temperature
and pressure condition. The employed MF is water-based MF with surfactant-coated 10-
nm-diameter FesOs nanoparticles (provided by Hangzhou Jikang New Materials Co.,
LTD, Hangzhou, China). The initial volume fraction is 33%. The refractive index (RI) of
MF applied in this work is 1.36 and its volume fraction is around 9.7% (diluted with
distilled water and measured by a refractometer (A670, Hanon, Jinan, China)). In theory,
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MEF with higher concentration (viz. higher RI) may be greatly sensitive to the magnetic
field. Then, two ends of the MF-infiltrated PCF are sealed with UV glue. The sealed PCF
is put into the hydrofluoric (HF) acid solution with a concentration of 20%. The HF acid
can corrode the outer wall of the sealed PCF. By controlling the corrosion time, cylindrical
microcavity with uniform diameter could be obtained. Figure 1d shows the micrograph
of the PCF after being infiltrated with MF and corroded by HF acid. The obtained PCF
diameter (d) is about 67 um. Experiments indicate that the HF begin permeating into the
air holes and, hence, breaks the PCF microcavity when the corrosion time is longer than
70 min.

Figure 2 shows the schematic diagram of the experimental setup for investigating
magnetic field sensing properties. An electromagnet and a highly stable light source with
emitting light, covering wavelength range of 1450-1650 nm, were employed. The output
power of the light source is 12 mW. The MF-infiltrated PCF WGM structure was placed
in the middle of the electromagnet and carefully aligned to make the optical axis
perpendicular to the magnetic field. The magnetic field strength was adjusted by changing
the magnitude of the supply current. It is measured simultaneously by a gauss meter with
an accuracy of 0.1 mT. The transmission spectrum is monitored by the optical spectrum
analyzer (OSA, Yokogawa AQ6370C, Tokyo, Japan). The dips near 1530 nm wavelength
are selected for monitoring and analyzing (see the violet rectangle in Figure 3 below).

Power

| 4 Supply
ﬁl i \H

Laser
Source

Figure 2. Schematic of experimental setup for investigating the sensing properties. SMF: single
mode fiber, PCF: photonic crystal fiber, OSA: optical spectrum analyzer.
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Figure 3. Transmission spectra of the sensing structure when the coupling region is immersed in
glycerin solution of different refractive indices.

The coupling distance between PCF and microfiber is accurately controlled by two
three-axis translation stages. The detailed process is as follows: first, one end of the SMF
is connected with the light source and the other end is connected with the OSA. Then, two
ends of the SMF tapering region are fixed on the glass slide with UV glue and the tapering
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region is partially suspended. Next, the PCF microcavity is fixed on the three-dimensional
moving platform. Through adjusting the translation stage, the PCF microcavity can be
moved slowly close to the tapering region for accurate coupling, which is synchronously
observed by a CCD camera connected with the computer.

3. Sensing Principle and Experimental Results

The operating principle of the sensing structure is based on monitoring the shift of
resonant wavelength. After the incident light enters the tapering region of the SMF,
WGMs can be excited. WGM resonant wavelength should satisfy the following resonance
condition [36].

mA=2xn effR 1)

where m is an integer, A is the resonant wavelength, nef refers to effective refractive index
(ERI) and R represents the outer radius of the PCF microcavity. Under the condition of
fixed microcavity radius, resonant wavelength A is affected by ERI ne. The relationship

between A and n.fis given as
A
Ad = (—] An, ()

Ny

Equation (2) indicates that the resonant wavelength will shift towards the long
wavelength with the increase in ERI.

To verify the above theory, the influence of ERI on resonant wavelength has been
experimentally investigated and the results are shown in Figure 3. The sensing device
consists of a tapered microfiber and a MF-infiltrated PCF microcavity (1.5 cm long, 125
um in diameter) was placed on the experimental platform. The ambient RI near the
coupling region was changed by dropping glycerin solution with different concentrations.
When the ambient RI increased from 1.00 to 1.375, the resonant wavelength shifted towards
the long wavelength direction (see the black arrows labeled as 1, 2, 3, 4 in Figure 3). The
experimental results are in good agreement with the theory, which indicates that the
sensor is sensitive to the change in the ambient RL

For magnetic field measurement, MF is employed as the magnetic field sensitive
material. MF has both the magnetic properties of solid magnetic materials and the fluidity
of liquid materials. Under zero magnetic field, the magnetic nanoparticles within MF are
dispersed randomly and uniformly in carrier liquid, as shown in Figure 4a, which are
assigned to the influence of surfactant and Brownian motion of magnetic nanoparticles.
When the magnetic field is applied, the magnetic nanoparticles within MF are rapidly
magnetized. Due to the dipolar interaction of inter-nanoparticles, the magnetic
nanoparticles favor agglomeration along the magnetic field direction and form
nanochain-like structures [37-39]. Figure 4b schematically shows the chains along the field
direction. Figure 4c shows the magnetic nanoparticle chain distribution in PCF under
applied magnetic field. Then, the dielectric constant and hence the RI of MF will change
with magnetic field. The relationship between RI of MF and magnetic field is given by the
following Langevin-like function [40]

n, ,H<H,,

H)= H-H
=1 G o cotn@ I ey T s 3)
T a(H-H,) :

where no is the RI of MF at zero magnetic field. ns is the saturated value of MF’s RI. H is
the magnetic field strength in Gs. Hcx is the critical value of magnetic field strength. T is
the thermodynamic temperature in Kelvin. « is the adjusting parameter. Thus, the
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resonant wavelength will shift with the magnetic field, which is fundamental for magnetic
field sensing.
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Figure 4. (a) Schematic of magnetic nanoparticles within magnetic fluid under zero magnetic field.
(b) Schematic of magnetic nanoparticle columns within magnetic fluid under applied magnetic
field. (c) Magnetic nanoparticle column distribution in PCF.

further as shown in Figures 5b and 6b, but the shift speed decreases remarkably.

Transmission (dB)

Figures 5 and 6 show the transmission spectra of the as-fabricated sensing structures
under different magnetic field intensities. The diameters of the PCF microcavity are 67
and 75 um, respectively. When the magnetic field intensity changes from 0 to 1.8 mT, the
resonant wavelength changes greatly, as shown in Figures 5a and 6a. Then, as the
magnetic field intensity further increases to 14 mT, the resonant wavelength redshifts
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Figure 5. Transmission spectra at different magnetic field intensities for the PCF microcavity with
diameter of 67 pm. The magnetic field strength is in the range of (a) 0 to 1.8 mT and (b) 2.1 to 14 mT.
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Figure 6. Transmission spectra at different magnetic field intensities for the PCF microcavity with
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diameter of 75 um. The magnetic field strength is in the range of (a) 0.3 to 1.8 mT and (b) 2.2 to 14
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Figure 7 explicitly shows the corresponding resonant wavelength as a function of
magnetic field intensity. Figure 7 indicates that, in the magnetic field range from 0 to 1.8
mT, the linear responsivities of the two sensing structures are 53 pm/mT and 26 pm/mT,
respectively. However, in the magnetic field range from 2 to 14 mT, their linear
responsivities are 6 pm/mT and 2 pm/mT, respectively. The maximum sensitivity is
obtained to be 53 pm/mT. Higher sensitivity is obtained at weak magnetic field. At high
magnetic field, the sensitivity decreases, which may be assigned to the tendency to
saturation state of MF. In addition, the sensitivity is inversely proportional to PCF
microcavity diameter. The smaller the PCF microcavity diameter is, the higher the
sensitivity will be. Therefore, the proposed WGM sensors with higher sensitivity can be
obtained by reducing the cladding thickness of the PCF microcavity.
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Figure 7. WGM resonant wavelength as a function of applied magnetic field for the PCF microcavity
with diameter of d = 67 and 75 pum, respectively.

For comparison, Table 1 lists the sensing structures, fabrication methods and sensing
performance of the related optical fiber WGM magnetic field sensors. The mainly adopted
structures and fabrication methods include pressure-assisted arc discharging on silica
capillary or hollow fiber to obtain microbottles, or adjusting related fusion parameters on
SMF to fabricate microspheres. It is obvious from Table 1 that the sensitivity of the
proposed PCE WGM sensor is better than those of the structures based on hollow
microbubble, borosilicate glass, microsphere and hollow microbottle, but lower than those
of the structures based on silica microcapillary, fuse-discharging silica capillary and side-
polished SiO2 microsphere. However, compared with the above-mentioned structures
and fabrication methods, the PCF microcavity employed in this work has natural
cylindrical microcavity and the fabrication process is simple and easy to repeat. Thus, the
MF-infiltrated PCF WGM sensor is promising for highly sensitive weak magnetic field
measurement in the future.
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Table 1. Sensing performance of various optical fiber WGM magnetic field sensors.

Sensing Structure Fabrication Method Maximum Sensitivity Ref.
Hollow microbubble Fuse-and-blow technique 0.081 pm/mT [24]
HF etching
Borosilicate glass + silicon nitride ceramic heating 4.0 pm/mT [25]
+ glassblowing method
HF etching
Microsphere + fusing 5.036 pm/mT [26]
+ electrode discharging method
Fusing
Silica microbubble 15.1 pm/mT 27
+ discharging method pm/ (271
Hollow microbottle Pressure-assisted air discharging 2521 pm/mT [28]
+ HF etching method <P
PCF Tapering method -61.86 pm/mT [29]
Hydrogen flame heatin
Silica microcapillary HYATo8 . & 75.7 pm/mT [30]
+ air-pumped swelling method
Fuse-dischargin,
. . | asedd e 8.45 pm/Gs
Silica capillary + increasing gas pressure (84.5 pm/mT) [31]
+ heated and soften method PP
0.0108 nm/Oe
SiO2 microsphere Side-polishing method 32
? p p & (108 pm/mT) [32]
PCF HF etching method 53 pm/mT This work
4. Conclusions
In summary, a kind of magnetic field sensor based on WGM excited in a MF-
infiltrated PCF resonator has been demonstrated. The maximum magnetic field intensity
sensitivity is obtained to be 53 pm/mT. Experimental results indicate that the cladding
thickness of PCF microcavity influences the sensitivity of the sensor. The proposed device
possesses the desirable features of high coupling efficiency and easy fabrication, which
make it promising for application in magnetic field sensing and tunable optical filtering.
The PCF-based WGM resonance structure is also simple and compact.
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to the published version of the manuscript.
Funding: This research is supported by National Natural Science Foundation of China (Grant No.
62075130, 61675132), Shanghai “Shuguang Program” (Grant No. 165G40), and Shanghai Talent
Development Fund (Grant No. 201529).
Data Availability Statement: The original contributions presented in the study are included in the
article. Further inquiries can be directed to the corresponding author.
Conflicts of Interest: The authors declare no conflict of interest.
References
1.  Zhao, Y.; Tong, R.-]J; Xia, F.; Peng, Y. Current status of optical fiber biosensor based on surface plasmon resonance. Biosens.
Bioelectron. 2019, 142, 111505. https://doi.org/10.1016/j.bios.2019.111505.
2. Lenz, J; Edelstein, S. Magnetic sensors and their applications. IEEE Sens. ]. 2006, 6, 631-649.
https://doi.org/10.1109/jsen.2006.874493.
3. Zhao, Y. Liu, X;; Lv, R-Q.; Zhang, Y.-N.; Wang, Q. Review on optical fiber sensors based on the refractive index tunability of
ferrofluid. J. Light. Technol. 2017, 35, 3406-3412. https://doi.org/10.1109/j1t.2016.2573288.
4. Janssen, J.; Perenboom, ]J. Magneto-optical phenomena in magnetic fluids: The influence of orientation of anisotropic scatterers.

J. Magn. Magn. Mater. 1989, 81, 14-24. https://doi.org/10.1016/0304-8853(89)90223-0.



Nanomaterials 2022, 12, 862 8 of 9

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Hasmonay, E.; Dubois, E.; Bacri, J.-C.; Perzynski, R.; Raikher, Y.L.; Stepanov, V.I. Static magneto-optical birefringence of size-
sorted y-Fe20s nanoparticles. Eur. Phys. |. B 1998, 5, 859-867. https://doi.org/10.1007/s100510050512.

Taketomi, S. Magnetic fluid’s anomalous pseudo-cotton mouton effects about 107 times larger than that of nitrobenzene. Jpn. J.
Appl. Phys. 1983, 22, 1137-1143. https://doi.org/10.1143/jjap.22.1137.

Xu, M.; Ridler, PJ. Linear dichroism and birefringence effects in magnetic fluids. . Appl. Phys. 1997, 82, 326-332.
https://doi.org/10.1063/1.365816.

Horng, H.; Hong, C.-Y.; Yang, S.Y.; Yang, H.C. Novel properties and applications in magnetic fluids. J. Phys. Chem. Solids 2001,
62, 1749-1764. https://doi.org/10.1016/s0022-3697(01)00108-1.

Gao, R,; Lu, D.-F.; Zhang, Q.; Xin, X.-J.; Tian, Q.-H.; Tian, F.; Wang, Y.-J. Temperature compensated three-dimension fiber optic
vector magnetic field sensor based on an elliptical core micro fiber Bragg grating. Opt. Express 2020, 28, 7721-7733.
https://doi.org/10.1364/OFE.384926.

Yuan, M,; Pu, S.L,; Li, D.H,; Li, Y.X,; Hao, Z.J.; Zhang, Y.X,; Zhang, C.C.; Yan, S.K. Extremely high sensitivity magnetic field
sensing based on birefringence-induced dispersion turning point characteristics of microfiber coupler. Results Phys. 2021, 29,
104743. https://doi.org/10.1016/j.rinp.2021.104743.

Li, X.-G.; Zhao, Y.; Cai, L; Zhou, X. Measurement of magnetic field and temperature based on fiber-optic composite
interferometer. IEEE Trans. Instrum. Meas. 2017, 66, 1906-1911. https://doi.org/10.1109/tim.2017.2670067.

Zhou, X.; Li, X.G,; Li, S.G.; An, G.-W_; Cheng, T.L. Magnetic field sensing based on SPR optical fiber sensor interacting with
magnetic fluid. IEEE Trans. Instrum. Meas. 2019, 68, 234-239. https://doi.org/10.1109/tim.2018.2834222.

Zhao, Y.; Wu, D; Lv, R-Q.; Lj, ]. Magnetic field measurement based on the Sagnac interferometer with a ferrofluid-filled high-
birefringence photonic crystal fiber. IEEE Trans. Instrum. Meas. 2016, 65, 1503-1507. https://doi.org/10.1109/tim.2016.2519767.
Sun, B.; Fang, F.; Zhang, Z.; Xu, ].; Zhang, L. High-sensitivity and low-temperature magnetic field sensor based on tapered two-
mode fiber interference. Opt. Lett. 2018, 43, 1311-1314. https://doi.org/10.1364/01.43.001311.

Hao, Y.; Guo, Z. Integrated sensor with a whispering-gallery mode and surface plasmonic resonance for the enhanced detection
of viruses. J. Opt. Soc. Am. B 2021, 38, 2855-2862. https://doi.org/10.1364/josab.424250.

Guo, Z.; Qin, Y.; Chen, P.; Hu, J.; Zhou, Y.; Zhao, X,; Liu, Z.; Fei, Y.; Jiang, X.; Wu, X. Hyperboloid-drum microdisk laser
biosensors for ultrasensitive detection of human IgG. Small 2020, 16, 2000239. https://doi.org/10.1002/sm11.202000239.

Swaim, J.D.; Knittel, ].; Bowen, W.P. Detection limits in whispering gallery biosensors with plasmonic enhancement. Appl. Phys.
Lett. 2011, 99, 243109. https://doi.org/10.1063/1.3669398.

Liao, J.; Yang, L. Optical whispering-gallery mode barcodes for high-precision and wide-range temperature measurements.
Light. Sci. Appl. 2021, 10, 32. https://doi.org/10.1038/s41377-021-00472-2.

Wang, E.; Cheng, P.; Li, J.; Cheng, Q.; Zhou, X.; Jiang, H. High-sensitivity temperature and magnetic sensor based on magnetic
fluld and liquid ethanol filled micro-structured optical fiber. Opt. Fiber Technol. 2020, 55, 102161.
https://doi.org/10.1016/j.yofte.2020.102161.

Wang, Z.; Mallik, A.K; Wei, F.; Wang, Z.; Rout, A.; Wu, Q.; Semenova, Y. Thermo-optic tuning of a nematic liquid crystal-filled
capillary whispering gallery mode resonator. Opt. Express 2021, 29, 23569-23581. https://doi.org/10.1364/0e.432103.

Li, H.Y,; Sun, B.; Yuan, Y.G,; Yang, J. Guanidine derivative polymer coated microbubble resonator for high sensitivity detection
of COz2 gas concentration. Opt. Express 2019, 27, 1991-2000. https://doi.org/10.1364/0e.27.001991.

Reinis, P.K.; Milgrave, L.; Draguns, K.; Brice, I.; Alnis, J.; Atvars, A. High-sensitivity whispering gallery mode humidity sensor
based on glycerol microdroplet volumetric expansion. Sensors 2021, 21, 1746. https://doi.org/10.3390/s21051746.

Yan, J.; Wang, D.N.; Li, X. An erbium-doped whispering-gallery-mode microlaser for sensing. J. Light. Technol. 2021, 39, 5177—
5182. https://doi.org/10.1109/j1t.2021.3081558.

Guo, Y.; Zhang, Y.D.; Sun, H.Y.; Zhu, F.X,; Yi, G.; Wang, ].F. Magnetic-field tuning whispering gallery mode based on hollow
microbubble resonator with Terfenol-D-fixed. Appl. Opt. 2019, 58, 8889-8893. https://doi.org/10.1364/A0.58.008889.

Freeman, E.; Wang, C.-Y.; Sumaria, V.; Schiff, S.J.; Liu, Z.W.; Tadigadapa, S. Chip-scale high Q-factor glassblown microspherical
shells for magnetic sensing. AIP Adv. 2018, 8, 065214. https://doi.org/10.1063/1.5030460.

Xia, J.; Wang, F.Y,; Xiong, S.D.; Zhou, G.Y.; Hu, Y.M.; Yao, Q. Novel magnetometer basedon magnetic fluid coated whispering
gallery ode resonator. In Proceedings of the 2019 18th International Conference on Optical Communications and Networks,
Huangshan, China, 5-8 August 2019; pp. 1-3.

Liu, Y.L.; Zhang, H.; Fan, M.S,; Liang, C.Z.; Lei, ]. Bidirectional tuning of whispering gallery modes in a silica microbubble
infiltrated with magnetic fluids. Appl. Opt. 2020, 59, 1-8. https://doi.org/10.1364/A0.59.000001.

Liu, W.; Li, W.Y,; Wang, R; Xing, E.B.; Jing, N.; Zhou, Y.R,; Tang, J.; Liu, ]. Magnetic sensor based on WGM hollow microbubble
resonator filled with magnetic fluid. Opt. Commun. 2021, 497, 127148. https://doi.org/10.1016/j.optcom.2021.127148.

Mahmood, A.; Kavungal, V.; Ahmed, S.S.; Kopcansky, P.; Zavisova, V.; Farrell, G.; Semenova, Y. Magnetic field sensing using
whispering-gallery modes in a cylindrical microresonator infiltrated with ferronematic liquid crystal. Opt. Express 2017, 25,
12195-12202. https://doi.org/10.1364/0e.25.012195.

Zhu, S.; Shi, L.; Liu, N.Y.; Xu, X.B.; Zhang, X.L. Magnetic field sensing using magnetic-fluid-filled optofluidic ring resonator.
Microfluid. Nanofluid. 2017, 21, 156. https://doi.org/10.1007/s10404-017-1994-4.

Hou, F.Y.; Zhang, X.B.; Wang, Z.]; Yang, L.; Sun, W.; Yang, Y.; Dong, Y.H.; Huang, Y.; Wang, T.Y. Magnetic fluid infiltrated
microbottle resonator sensor with axial confined mode. IEEE Photon. ]. 2020, 12, 1-9. https://doi.org/10.1109/jphot.2020.3024110.



Nanomaterials 2022, 12, 862 9 of 9

32.

33.

34.

35.

36.

37.

38.

39.

40.

Huang, HM.; Yu, Y.; Zhou, L.J.; Tao, Y.Y.; Yang, ].B.; Zhang, Z.R. Whispering gallery modes in a microsphere attached to a
side-polished fiber and their application for magnetic field sensing. Opt. Commun. 2020, 478, 126366.
https://doi.org/10.1016/j.optcom.2020.126366.

Li, Y.X; Pu, S.L; Zhao, Y.L,; Zhang, R.; Jia, Z.X.; Yao, ].L. All-fiber-optic vector magnetic field sensor based on side-polished
fiber and magnetic fluid. Opt. Express 2019, 27, 35182-35188, https://doi.org/10.1364/OE.416187.

Zhang, Y.-N.; Zhu, N.; Gao, P.; Zhao, Y. Magnetic field sensor based on ring WGM resonator infiltrated with magnetic fluid. J.
Magn. Magn. Mater. 2020, 493, 165701. https://doi.org/10.1016/j.jmmm.2019.165701.

Vega, F.; Torres, C.; Mattos, L. Method of producing tapered fibers. In Proceedings of the 22nd Congress of the International
Commission for Optics: Light for the Development of the World, Puebla, Mexico, 15-19 August 2011.

Suter, J.D.; Fan, X. Overview of the optofluidic ring resonator: A versatile platform for label-free biological and chemical sensing.
In Proceedings of the Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC),
Minneapolis, MN, USA, 3-6 September 2009; pp. 1042-1044. https://doi.org/10.1109/IEMBS.2009.5335153.

Yin, J.; Yan, P.; Chen, H.; Yu, L, Jiang, J.; Zhang, M.; Ruan, S. All-fiber-optic vector magnetometer based on anisotropic
magnetism-manipulation of ferromagnetism nanoparticles. Appl. Phys. Lett. 2017, 110, 231104. https://doi.org/10.1063/1.4984137.
Bertoni, G.; Torre, B.; Falqui, A.; Fragouli, D.; Athanassiou, A.; Cingolani, R. Nanochains formation of superparamagnetic
nanoparticles. J. Phys. Chem. C 2011, 115, 7249-7254. https://doi.org/10.1021/jp111235n.

Zhang, Z.; Guo, T.; Zhang, X.-].; Xu, J.; Xie, W.-P.; Nie, M.; Wu, Q.; Guan, B.-O.; Albert, J. Plasmonic fiber-optic vector
magnetometer. Appl. Phys. Lett. 2016, 108, 101105. https://doi.org/10.1063/1.4943623.

Hong, C.Y.; Horng, H.E.; Yang, S.Y. Tunable refractive index of magnetic fluids and its applications. Phys. Status Solid. C 2004,
1, 1604-1609. https://doi.org/10.1002/pssc.200304388.



