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Abstract: A novel fiber-optic vector magnetic field sensor
and its sensing quality dependent of fabrication method
has been proposed and investigated. The proposed sensor
has two surfaces on the tip of a multimode fiber, which is
used as the sensing probe. By plating different thickness
of gold film on the surfaces, surface plasmon resonance
(SPR) can be generated and the signal can be reflected
by the surfaces as well. Meanwhile, magnetic fluid (MF)
as the magnetic field sensitive material is packed around
the sensing probe. The experimental results prove that the
response of MF to external magnetic field can be used to
sense magnetic field intensity and direction via monitoring
the dip wavelength of SPR. The obtained refractive index
(RI) sensitivities are 2105 nm/RIU (RI range: 1.332-1.365)
and 6692 nm/RIU (RI range: 1.372—1.411), magnetic field
intensity sensitivities are 11.67 nm/mT (0°), and —0.47
nm/mT (90°). Besides, the proposed sensing probe is
ultracompact and the footprint is extremely small (the
length of sensing part is only 615 pm), which is very helpful
for magnetic field detection in narrow space and gradient
field.
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1 Introduction

Magnetic fluid (MF) is a kind of nanomaterial, which is
stable colloid composed of surfactant-coated magnetic
nanoparticles (MNPs) and carrier liquid. MNPs rotate
and interact with each other under certain magnetic
field, which leads to the magneto-induced local refractive
index (RI) change [1-7]. Since MF combining with optical
fiber were proposed to measure magnetic field [8], many
MF-based optical fiber magnetic field sensors using dif-
ferent sensing structures and principles were developed,
e.g. MF-filled Fabry-Perot interferometer [9], fiber surface
plasmon resonance (SPR) [10, 11], MF-coated optical fiber
multimode interferometer [12-18].

Recently, much attention about MF-based fiber-optic
magnetic field sensor has been paid to spectral response
to magnetic field direction, which is the fundamental for
vector magnetic field sensing [10]. It mainly relies on the
non-central symmetric fiber structure.

However, most of the reported MF-based fiber-optic
magnetic field fiber sensors are classified as transmission-
type, which is based on measuring the transmission
spectrum. Thus, they are not conducive to sense the
magnetic field in narrow space. In 2020, Gao et al. proposed
an elliptical core micro-FBG to measure the reflected light
[19], but its RI sensitivity (156 nm/RIU) still needs to be
improved, which is due to the insensitivity of FBG structure
to the change of external RI.

SPR as a measurement technique can detect the tiny
RI change over metal film surface by strong evanescent
field [20-28], which provides a new-fashioned approach
to realize high-sensitivity magnetic field sensing. In
2015, Liu. et al. proposed a SPR sensor with a twin-core
fiber tip. The high-sensitivity RI measurement is realized
(6463 nm/RIU) [29]. Such sensing scheme enables the
smaller size of the device and is suitable for sensing in very
narrow space. However, the applied twin-core fiber has
a very small size (3.8 pm core diameter), which requires
high processing accuracy. Meanwhile, its symmetrical
geometry could not realize vector sensing. It is also
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complex for coupling the individual signals in-and-out of
dual-core or multi-core fiber [30, 31].

In this work, a reflection-type vector magnetic field
sensing probe is proposed. It composes of a gold-plated
wedge-shaped multimode fiber (MMF) tip. MF is utilized to
coat the sensing probe. It can measure both the magnetic
field intensity and direction. Such structure has the follow-
ing three main advantages: (1) First and most importantly,
the sensor is ultracompact. The length of the sensing
part is only 615 pm. As the spatial resolution is inversely
proportional to the length of the sensing area, hyperspatial
resolution is obtained. Therefore, such sensor has higher
accuracy for gradient magnetic field measurement. (2)
Besides, comparing with single mode fiber (SMF), the 105
pm-core MMF employed in this work is easy to generate
SPR with higher fabrication robustness. (3) Furthermore,
the fiber with larger core diameter allows light propagation
with higher power for the incident halogen lamp source,
which will increase the signal to noise ratio (SNR) [32].
It also has high magnetic field sensitivity. The proposed
sensor is a typical example for realizing lab-on-a-fiber [33].

2 Results and discussion

The schematic diagram of the wedge-shaped sensing probe
is shown in Figure 1. It is fabricated by grinding and
polishing the MMF. The sensing surface (referred as Surface
A) with grinded angle «a and reflective surface (referred as
Surface B) with grinded angle f are coated with gold films
of different thickness (where 2a + f = 90°). Surface A and
gold film constitute the Kretschmann configuration [20,
34]. The incident light will excite SPR at Surface A. When

Figure 1: Sensing structure of the wedge-shaped SPR multimode
fiber sensing probe.
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the light is perpendicularly reflected on Surface B, it will be
reflected back to Surface A and excites SPR again. But the
SPR cannot be excited on Surface B. The SPR propagation
constant fig, and resonance angle g, can be expressed
as [21].
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where k, and € are free-space wave number and dielectric
constant of gold film. £, and n, are the dielectric constant
of surrounding medium and fiber core refractive index (at
A=680nm, £, = —15.051+ 1.0516i, £, ~ 1.84, n., = 1.455).
The incident cut-off angle 8, of the employed MMF (NA =
0.23) is ~13.3° [35, 36]. As shown in Figure 1, the incident
angle to Surface B is 0,5 = 90° — f + 0. << 84°, which
cannot meet the prerequisite for exciting SPR.

It should be pointed out that the incident light on the
sensing surface stems from two factors. One is the light
directly incident on the sensing surface. Its incident angle
is 90° — a. The other is the light coming from the reflective
surface. Its incident angle is 90° — 2a.

To analyze the possible influence of multimode exci-
tation on the sensing performance, Figure 2 shows the
calculated SPR reflectance spectra at different incident
angles. The SPR reflectance spectrum contributed to the
multiple incident angles (superimposing the reflectance
spectra corresponding to all incident angles) is indicated
as the black dot line. It is obvious that the FWHM of
attenuation peak is not significantly broadened in the
incident angle ranging from 80° to 90°.
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Figure 2: Calculated SPR reflectance spectra at different incident
angles.
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A series of experiments have proved that the MNPs in
MF will rotate and interact with each other under external
magnetic field [11, 14, 15]. The MNPs will form nanochain-
clusters around fiber and then the local RI will be changed
(see Figure 3), which is dependent on the external magnetic
field intensity and direction. As a result, the resonance
wavelength of SPR will be modulated by both intensity
and direction of the external magnetic field, which is the
basic principle for vector magnetic field sensing.

A home-made optical fiber end-face processing system
has been employed for fabricating the wedge-shaped fiber
tip. As shown in Figure 4a, the MMF is fixed in a fiber
reusable terminator at a certain grinding angle and is then
grinded by roulette with grit paper. A high-speed brushless
motor with about 153 rad/s rotating speed is set to drive the
roulette. 2000-grit, 4000-grit, 8000-grit and 10,000-grit
paper are employed to grind and Polish the fiber surface,
respectively.

Specifically, four main steps are required to fabricate
the designed wedge-shaped fiber tip (see the flowchart

MNPs
[

Figure 3: Distribution of MNPs under different magnetic field direction.
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shown in Figure 5): (1) Grinding and polishing Surface B
with tilt angle f#; (2) Regulating Surface B and making it
parallel the ion source, and then plating it with gold film
with sputtering current of 10 mA and sputtering duration
larger than 180 s; (3) Grinding and polishing Surface A
with tilt angle «; (4) Regulating Surface A and make it
parallel the ion source, and then plating it with gold film
with sputtering current of 10 mA and sputtering duration of
180 s. Through this “two-step” deposition method, Surface
A and B can be deposited with gold film of different
thicknesses. Surface B with relatively thick gold film is only
used as the reflector (the corresponding polishing angle g
is out of the SPR excitation range), while Surface A with
relatively thin gold film acts as the sensing surface. Thus,
the thickness of gold film on Surface A will definitely and
solely affect the sensing performance. The micrographs of
the as-fabricated sensor probe are shown in Figure 4b.
The thickness of the gold film on Surface A is
about 42.3 nm, which is measured with an atomic force
microscope (Dimention Icon, Bruker). The measured gold
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Figure 4: Grinding method and micrographs of the sample: (a) Partially enlarged view of the grinding and polishing system. The red
double-arrow straight line and red circular arrow indicate the length of the fiber to be grinded and the rotation direction of the roulette,
respectively; (b) micrographs of the wedge-shaped fiber tip after plating gold film. The white dotted lines are guided for eyes.
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Figure 5: Flowchart for fabricating the wedge-shaped fiber tip
sensor probe based on SPR.

film thickness as a function of sputtering time is shown
in Figure 6.

Influence of grinding angle on the SPR spectrum has
been investigated to select the appropriate processing
parameters. As the grinding angle increases, the resonance
dip redshifts and splits (see Figure 7). Machining error
occurs due to up and down jittering caused by uneven
grinding roulette of the optical fiber end-face processing
system. Then, two surfaces with different grinding angle
will be formed, which accounts for the splitting of reso-
nance dip. To analyze the impact of machining error, the
theoretical model is established in Figure 8a. Considering
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Figure 6: Relationship between gold film thickness and sputtering
duration.

the fixed and relatively short (~5 mm) length of the fiber
sticking out of the fiber reusable terminator L (see Figures
4a and 8a), the extruded optical fiber can be considered as
a rigid body [37]. So, the rise-up of the roulette plane will
lead to the fiber bending upward. Then, H will change to H
— AH. Thus, the grinding angle will change from @ to o'.
AH is the jittering amplitude of the roulette; w and ' are
grinding angles before and after roulette plane rising up.
Therefore, the grinding angle error can be expressed as:

Av=w—-a0 =w-— arcsin(sin(w) - ALH> 3)

Obviously, the machining error Aw increases with @.
The numeral result is plotted in Figure 8b. Thereby, a sensor
sample with « = 4°, f = 82° and h = 43 pm (see Figure 4b)
is employed to avoid machining error impact.

Figure 9 shows the SPR spectra for the sensing
probe immersed in glycerol solution with different Rls
(1.332-1.411) and the corresponding fitting curve of res-
onance wavelength with RI. In order to facilitate the
application of sensing, the linear fitting in two limited
variation ranges is employed. The obtained sensitivities
are 2105 and 6692 nm/RIU, respectively. Each RI case
has been tested for three times. The good robustness is

Figure7: Sensorperformanceforthesensing
surface with different grinding angels: 4°,
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Rl of 1.332: (a) SPR spectra; (b) resonance
wavelengths.
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Figure 8: Model for the machining error analysis and the corresponding results: (a) Model for analyzing the influence of machining error. The
horizontal solid and dashed lines are the relative positions of the fiber and the roulette before and after the roulette plane is raised. The
oblique lines represent the fiber; (b) Relationship between grinding angle error Aw and grinding angle w.
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Figure 9: Rl response of the as-fabricated sensing probe: (a) SPR spectrum response to different Rls; (b) relationship between resonance

wavelength and RI.

obtained (the first three repeated measurement show very
good consistency and in order to guarantee the quality of
the gold film and then the accuracy of measurement, the
limited times of repeated measurement is employed). In
order to make the magneto-induced RI change of MF in the
linear response range of the SPR dip wavelength, the MF
with RI of 1.354 is employed.

As for the device packaging, the gold-plated wedge-
shaped fiber tip is fixed in a fiber reusable terminator.
Plastic pipe and UV glue are used to package the sensing
probe with MF (EMG605, FerroTec) (see Figure 10a). The
size of the packaged fiber probe is about 2 cm long,
but the sensor performance is only dependent on the
RI near the sensing surface (surface A). Thereby, the
whole size of the packaged fiber probe is only determined
by the packaging technology, which can be improved
considerably without degrading the sensor performance.
This implies that the packaging-dependent volume of the
MF will not affect the sensing performance notably. But
the concentration of the employed MF will affect its’ RI,
and then change the FWHM of the reflectance spectrum

and the magnetic field sensitivity of the sensor. Figure 10b
shows the experimental setup for investigating the sensing
properties. A tungsten halogen light source (HL-2000,
Ocean Insight) with spectrum range of 360-2400 nm is
used. The incident light comes from Port 1 of the fiber
coupler and is reflected by the sensing probe through Port
2. Finally, it is received by the optical spectrum analyzer
(USB4000, Ocean Insight) through Port 3. A power supply
(KEITHLEY 2260A-30-72, Tektronix) is employed to control
the external magnetic field intensity. A rotating platform is
used to adjust 0 (see Figure 3 for the definition of 9).

The reflectance spectrum for the as-fabricated sensing
probe at different magnetic field direction 8 and intensities
B are measured at room temperature. The typical results
are shown in Figure 11a (B is fixed at 15 mT) and 10 b (0 is
fixed at 0°), respectively. To be explicit, the corresponding
SPR dip wavelength of the as-fabricated sensing probe
at different magnetic field direction and intensities is
extracted and plotted in Figure 12. Similar response curves
are obtained at B = 2.6, 10.5 and 15.5 mT. Maximum and
minimum response occurs at 0°/180° and 90°/270° (see
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Figure 10: Photograph of sensor and schematic diagram of the experimental setup: (a) Photograph of the as-fabricated sensing probe. The
wedge-shaped sensing tip is placed in a plastic tube with MF and then sealed with UV glue and fixed at the top of the “fiber reusable
terminator’’; (b) Diagram of the experimental setup for investigating the sensing properties.
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Figure 11: Reflectance spectrum for the as-fabricated sensing probe at different magnetic field direction (B = 15.5 mT) (a) and different

magnetic field intensities (0 = 0°) (b).

Figure 12a), respectively. As shown in Figure 12b, the SPR  proposed sensing probe can be used to detect magnetic

dip wavelength redshifts and blueshifts with the increase field intensity and direction.

of magnetic field intensity at 0° and 90°, respectively. In addition, the refractive index of MF is also sensitive
The achieved sensitivity of the as-fabricated magnetic field to temperature. So, temperature effect and compensation
sensor is 11.67 nm/mT (0°) and —0.47 nm/mT (90°). For the  are worth investigating. It may be an easy and simple way to
0.02 nm resolution of the spectrometer (HR4000, Ocean address this issue through cascading a fiber Bragg grating.
Insight) employed in our experiments, the detection limit However, the length of the grating is generally in several
is1.7uT (0°) and 42.6 uT (90°). However, the detection limit ~ centimeters. Cascading the proposed sensor with a fiber
is critically dependent on the resolution of the employed Bragg grating will greatly reduce the sensor integration,
spectrometer/interrogator. Considering the 1 pmresolution  which is not conducive for miniaturization.

of the typical commercial interrogator (e.g. SI720, Micron Usually, the actual magnetic field is gradient in space.
Optics, Inc.), the lowest detection limit is 0.85 pT (0°) If the magnetic field gradient is relatively large within
and 2.12 uT (90°). The experimental results show that the a relatively small space, the detecting result should be
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Figure 12: SPR dip wavelength as a function of external magnetic field direction (f) at different intensities (a) and external magnetic field

intensity (B) at 0° and 90° direction (b).

the average value. Thereby, it is necessary to consider
the spatial resolution. It is convenient to refer to the
figure of merit (FOM) to compare the sensor performance
comprehensively. Herein, the FOM is defined as the mag-
netic intensity sensitivity divided by the spatial resolution
(minimum detectable space size) and expressed as

FOM =S, /R,, (4)

where S, and R, indicates the magnetic field intensity
sensitivity and spatial resolution, respectively.
Performance indicators of relevant sensing configura-
tions are presented in Table 1. The previous works based
on D-shaped, U-bent and off-set spliced fiber structures
without SPR [40-4615,40-46] are simple to fabricate,
but have limited sensitivity. Microfiber-based sensors have

the advantage of high sensitivity [38, 47, 48]. Especially,
the magnetic field intensity sensitivity of our recently
reported microfiber coupler structure can reach 97.86
nm/mT theoretically [36], but the mechanical strength is
relatively low. The D-shaped fiber and titled fiber Bragg
grating combined with SPR can achieve high sensitivity
and good mechanical strength, but the length of D-shaped
fiber structure or fiber grating is usually in several cen-
timeters (limited by their processing technology), which
will result in a relatively poor spatial resolution. Magnetic
field sensors based on Fabry-Perot resonators may have
high sensing performance, but the “vector” function is
disabled due to the symmetrical configuration. By contrast,
the reflection-type SPR-based sensing scheme proposed in
this work not only has high sensitivity (11.67 nm/mT)

Table 1: Sensing performance of related fiber-optic magnetic field sensors.

Sensing structure Type Sensitivity (hnm/mT)  Spatial resolution (m) FOM (mT-!)  Vector sensing Ref.
D-shaped fiber + SPR Transmissive 6.92 ~6.00 X 1073 ~1153.56  Yes [39]
D-shaped SNS Transmissive 2.37 2.50 X 1072 94.80  Yes [40]
D-shaped SMS Transmissive 0.53 ~8.00 X 1073 ~66.25  Yes [41]
U-bent SMF Transmissive 0.52 ~1.00 X 1072 ~52.00 Yes [42]
U-bent SMS Transmissive 3.19 5.00 X 1072 63.80 No [43]
Core-offset SMF Transmissive 0.41 1.50 X 1072 27.35 No [44]
Core-offset SMF Transmissive 0.17 2.50 X 1072 6.80  Yes [45]
Core-offset PCF Transmissive 0.115 ~3.04 X 1072 ~3.78 Yes [15]
Lateral-offset TCF Transmissive 0.22 1.97 X 1072 11.18  Yes [46]
TFBG + SPR Transmissive 1.80 ~1.00 X 1072 ~180.00 Yes [11]
Microfiber coupler Transmissive 1.31 2.50 X 1072 52.40 Yes [47]
Microfiber coupler Transmissive 97.86 6.50 X 1073 15050.87 No [38]
Tapered + SPR Transmissive 10.00 ~6.34 X 1073 ~1577.29 No [48]
Fabry—Perot Reflective 0.40 3.6 X107~ 11111.11  No [49]
Fabry—Perot Reflective 0.33 7x107°% 4714.29 No [50]
Fabry-Perot + Vernier Reflective 10.26 7.95X 107> 1324120.75 No [51]
Wedge-shaped + SPR  Reflective 11.67 ~6.15 X 107* 18975.61  Yes This work

The bold values means to emphasize that this is the work of this paper.
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but also has a significant advantage in spatial resolution,
which is one to two orders of magnitude superior to those
of other structures. The obtained FOM is as high as 18975.61
mT~1, which is around 200-5020 times higher than those
of the ordinary sensors (non-SPR and non-microfiber type).

Finally, our preliminary experiments show that the
optical fiber surface roughness affects the FWHM of
the reflectance spectrum and resonant wavelength. The
details of this will be investigated in future work with
the ultracompact multichannel sensor. Moreover, the size
ratio of the sensing surface to the reflective surface needs
to optimize to maximize both the reflective signal and
the corresponding extinction ratio, and then improve the
sensing performance further.

3 Conclusions

In conclusion, an ultracompact vector magnetometer
based on SPR and MF is proposed and experimentally
demonstrated. The MMF with 105 pm core diameter is
employed, whose large core diameter can accept reflection
angle with larger machining error. The sensing and reflec-
tive surfaces have no special requirements for grinding
depth, which makes the fabrication process easier. The
incident optical power can be higher with the MMF probe,
which will increase the SNR. The high sensitivity and
hyperspatial resolution are achieved. It is believed that
this structure can provide a novel scheme for designing
fiber-optic vector magnetic field sensing based on MF and
enable the realization of lab-on-a-fiber.

Author contributions: All the authors have accepted
responsibility for the entire content of this submitted
manuscript and approved submission.

Research funding: National Natural Science Founda-
tion of China (Grant No. 62075130, 61675132); Shanghai
“Shuguang Program” (Grant No. 165G40); Shanghai Talent
Development Fund (Grant No. 201529).

Conflict of interest statement: The authors declare no
conflicts of interest regarding this article.

Disclosures: The authors declare no conflicts of interest.
Data availability: The processed data required to repro-
duce these findings cannot be shared at this time as the
data also forms part of an ongoing study.

References

[1] D.Li, S.Pu,Y.Li, M. Yuan, and M. Lahoubi, “Magnetically
tunable fiber polarization beam splitter,” Instrum. Sci.
Technol., vol. 50, pp. 132—145, 2022.

[2]

(3]

(4]

5]

(6]

(7]

(8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

DE GRUYTER

Z.Peng, C. C. Chan, W. S. Lew, et al., ““Magneto-optical fiber
sensor based on magnetic fluid,” Opt. Lett., vol. 37,

pp. 398—-400, 2012.

S.Y.Yang, Y. P. Chiu, B.Y. Jeang, H. E. Horng, C.-Y. Hong, and
H. C. Yang, “Origin of field-dependent optical transmission of
magnetic fluid films,” Appl. Phys. Lett., vol. 79,

pp. 2372—2374, 2001.

J. ). Chieh, S.Y.Yang, H. E. Horng, C.-Y. Hong, and H. C. Yang,
“Magnetic-fluid optical-fiber modulators via magnetic
modulation,” Appl. Phys. Lett., vol. 90, p. 133505,

2007.

Y. Zhao, Y. Zhang, R. Lv, and Q. Wang, “Novel optical devices
based on the tunable refractive index of magnetic fluid and
their characteristics,” J. Magn. Magn. Mater., vol. 323,

pp. 2987—2996, 2011.

R.-Q. Lv, Y. Zhao, D. Wang, and Q. Wang, “Magnetic fluid-filled
optical fiber Fabry—Pérot sensor for magnetic field
measurement,” |EEE Photonics Technol. Lett., vol. 26,

pp. 217—219, 2014.

K. Bae, J. Zhu, C. Wolenski, et al., “Indium tin oxide
nanoparticle-coated silica microsphere with large optical
nonlinearity and high quality factor,” ACS Photonics, vol. 7,
pp. 3042—3048, 2020.

L. Chen, X. Huang, J. Zhu, G. Li, and S. Lan, “Fiber magnetic-
field sensor based on nanoparticle magnetic fluid and
Fresnel reflection,” Opt. Lett., vol. 36, pp. 2761—2763,

2011.

J. Xia, F. Wang, H. Luo, Q. Wang, and S. Xiong, ‘A magnetic
field sensor based on a magnetic fluid-filled FP-FBG
structure,” Sensors, vol. 16, p. 620, 2016.

L. Zhu, N. Zhao, Q. Lin, L. Zhao, and Z. Jiang, “Optical fiber SPR
magnetic field sensor based on photonic crystal fiber with the
magnetic fluid as cladding,” Meas. Sci. Technol., vol. 32,

p. 075106, 2021.

Z.Zhang, T. Guo, X. Zhang, et al., “Plasmonic fiber-optic
vector magnetometer,” Appl. Phys. Lett., vol. 108, p. 101105,
2016.

H. Wang, S. Pu, N. Wang, S. Dong, and J. Huang, “Magnetic
field sensing based on singlemode —multimode—singlemode
fiber structures using magnetic fluids as cladding,” Opt. Lett.,
vol. 38, pp. 3765—3768, 2013.

). Wang, L. Pei, J. Wang, et al., “Magnetic field and
temperature dual-parameter sensor based on magnetic fluid
materials filled photonic crystal fiber,” Opt. Express, vol. 28,
pp. 1456 —1471, 2020.

J. Yin, P. Yan, H. Chen, et al., “All-fiber-optic vector
magnetometer based on anisotropic magnetism-manipulation
of ferromagnetism nanoparticles,” Appl. Phys. Lett., vol. 110,
p. 231104, 2017.

J.Yin, S. Ruan, T. Liu, et al., “All-fiber-optic vector
magnetometer based on nano-magnetic fluids filled
double-clad photonic crystal fiber,” Sens. Actuators B,

vol. 238, pp. 518 —524, 2017.

Z.)ia, S. Py, J. Rao, Y. Zhao, Y. Li, and T. Yao, “Temperature
self-compensative all-fiber magnetic field sensing structure
based on no-core fiber cascaded with fiber Bragg gratings,”
Opt. Lasers Eng., vol. 119, pp. 26 —29, 2019.

C. Zhang, S. Pu, Z. Hao, B. Wang, M. Yuan, and Y. Zhang,
“Magnetic field sensing based on whispering gallery mode



DE GRUYTER

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

[32]

with nanostructured magnetic fluid-infiltrated photonic
crystal fiber,” Nanomaterials, vol. 12, p. 862, 2022.

Y. Zhang, S. Pu, Y. Li, et al., “Magnetic field and temperature
dual-parameter sensor based on nonadiabatic tapered
microfiber cascaded with FBG,” IEEE Access, vol. 10,

pp. 15478 —15486, 2022.

R. Gao, D. Lu, Q. Zhang, et al., “Temperature compensated
three-dimension fiber optic vector magnetic field sensor
based on an elliptical core micro fiber Bragg grating,” Opt.
Express, vol. 28, pp. 7721—7733, 2020.

J. Homola, “On the sensitivity of surface plasmon resonance
sensors with spectral interrogation,” Sens. Actuators, B,

vol. 41, pp. 207—211,1997.

R. C.Jorgenson and S. S. Yee, “A fiber-optic chemical sensor
based on surface plasmon resonance,” Sens. Actuators, B,
vol. 12, pp. 213—-220, 1993.

R. Slavik, J. Homola, and J. Ctyroky, “Single-mode optical fiber
surface plasmon resonance sensor,” Sens. Actuators, B,
vol. 54, pp. 74—79, 1999.

A. Hassani and M. Skorobogatiy, ‘“Design of the
microstructured optical fiber-based surface plasmon
resonance sensors with enhanced microfluidics,” Opt.
Express, vol. 14, p. 11616, 2006.

J. Cao, M. H. Tu, T. Sun, and K. T. V. Grattan, “Wavelength-
based localized surface plasmon resonance optical fiber
biosensor,” Sens. Actuators, B, vol. 181, pp. 611—-619,

2013.

D. Monzén-Hernandez and ). Villatoro, “High-resolution
refractive index sensing by means of a multiple-peak surface
plasmon resonance optical fiber sensor,” Sens. Actuators B,
vol. 115, pp. 227—231, 2006.

M. Piliarik, J. Homola, Z. Manikova, and J. Ctyroky, “Surface
plasmon resonance sensor based on a single-mode
polarization-maintaining optical fiber,” Sens. Actuators B,
vol. 90, pp. 236—242, 2003.

A. K. Sharma, R. Jha, and B. D. Gupta, “Fiber-optic sensors
based on surface plasmon resonance: A comprehensive
review,” IEEE Sens. /., vol. 7, pp. 1118 —1129,

2007.

Y. Zhao, R. ). Tong, F. Xia, and Y. Peng, “Current status of
optical fiber biosensor based on surface plasmon resonance,
Biosens. Bioelectron., vol. 142, p. 111505, 2019.
Z.Lliu,Y.Wei, Y. Zhang, et al., “Twin-core fiber SPR sensor,”
Opt. Lett., vol. 40, pp. 2826 —2829, 2015.

B. Zhu, T. F. Taunay, M. F. Yan, et al., ““Seven-core multicore
fiber transmissions for passive optical network,” Opt.
Express, vol. 18, p. 11117, 2010.

L. Yuan, Z. Liu, and J. Yang, “Coupling characteristics between
single-core fiber and multicore fiber,” Opt. Lett., vol. 31,

pp. 3237—-3239, 2006.

Y. S. Dwivedi, A. K. Sharma, and B. D. Gupta, “Influence of
skew rays on the sensitivity and signal-to-noise ratio of a
fiber-optic surface-plasmon-resonance sensor: a theoretical
study,” Appl. Opt., vol. 46, pp. 4563 —4569,

2007.

Z. Hao et al.: Ultrahigh-performance vector magnetic field sensor

(33]

(34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

— 3527

P. Vaiano, B. Carotenuto, M. Pisco, et al., “Lab on fiber
technology for biological sensing applications,” Laser
Photonics Rev., vol. 10, pp. 922—961, 2016.

P. I. Nikitin, A. A. Beloglazov, V. E. Kochergin, M. V. Valeiko,
and T. I. Ksenevich, “Surface plasmon resonance
interferometry for biological and chemical sensing,” Sens.
Actuators, B, vol. 54, pp. 43—50, 1999.

M. Kagami, A. Kawasaki, M. Yonemura, M. Nakai, P. V. Mena,
and D. R. Selviah, “Encircled angular flux representation of
the modal power distribution and its behavior in a step index
multimode fiber,” J. Lightwave Technol., vol. 34,

pp. 943-950, 2016.

W. J. Wadsworth, R. M. Percival, G. Bouwmans, et al., “Very
high numerical aperture fibers,” IEEE Photonics Technol. Lett.,
vol. 16, pp. 843—845, 2004.

J.-l. Sakai and T. Kimura, “Birefringence and polarization
characteristics of single-mode optical fibers under elastic
deformations,” IEEE J. Quantum Electron., vol. 17,

pp. 1041—1051, 1981.

M. Yuan, S. Pu, D. Li, et al., ““Extremely high sensitivity
magnetic field sensing based on birefringence-induced
dispersion turning point characteristics of microfiber
coupler,” Results Phys., vol. 29, p. 104743,

2021.

Y. Chen, W. Sun, Y. Zhang, et al., “Magnetic nanoparticles
functionalized few-mode-fiber-based plasmonic vector
magnetometer,” Nanomaterials, vol. 9, p. 785,

2019.

Y. Li, S. Pu, Y. Zhao, et al., “All-fiber-optic vector magnetic
field sensor based on side-polished fiber and magnetic fluid,”
Opt. Express, vol. 27, pp. 35182 —35188, 2019.

Y. Chen, Y. Hu, H. Cheng, et al., “Side-polished
single-mode-multimode-single-mode fiber structure for the
vector magnetic field sensing,” J. Lightwave Technol., vol. 38,
pp. 5837—-5843, 2020.

Y. Li, S. Pu, Z. Hao, S. Yan, Y. Zhang, and M. Lahoubi, “Vector
magnetic field sensor based on U-bent single-mode fiber and
magnetic fluid,” Opt. Express, vol. 29, pp. 5236 —5246, 2021.
R. Zhang, T. Liu, Q. Han, Y. Chen, and L. Li, “U-bent
single-mode—multimode —single-mode fiber optic magnetic
field sensor based on magnetic fluid,” Appl. Phys. Express,
vol. 7, p. 072501, 2014.

R. Zhang, S. Pu, Y. Li, et al., “Mach-Zehnder interferometer
cascaded with FBG for simultaneous measurement of
magnetic field and temperature,” IEEE Sens. J., vol. 19,

pp. 4079—4083, 2019.

Z.Hao, S. Pu, Y. Li, and D. Li, “Vector magnetic field sensor
based on orthogonal off-set spliced optical fiber cladded with
magnetic fluid,” J. Opt. Soc. Am. B: Opt. Phys., vol. 38,

pp. 2494—2501, 2021.

J. Yin, P. Yan, H. Chen, M. Zhang, and S. Ruan, “Anisotropic
nanochain-clusters of nanoferrofluid and its applications in
vector magnetometer,” in Conference on Lasers and
Electro-Optics Pacific Rim (CLEO-PR), Washington, DC, USA,
Optica Publishing Group, 2017, p. s1261.



3528 —— 7Z.Hao etal.: Ultrahigh-performance vector magnetic field sensor

[47]

(48]

[49]

F. Wei, D. Liu, A. K. Mallik, et al., “Magnetic field sensor based
on a tri-microfiber coupler ring in magnetic fluid and a fiber
Bragg grating,” Sensors, vol. 19, p. 5100, 2019.

E. Rodriguez-Schwendtner, N. Diaz-Herrera, M. C. Navarrete,
and A. Gonzalez-Cano, “Esteban, 0. Plasmonic sensor based
on tapered optical fibers and magnetic fluids for measuring
magnetic fields,” Sens. Actuators A, vol. 264, pp. 58— 62,
2017.

Y. Zhao, R. Lv, D. Wang, and Q. Wang, “Fiber optic Fabry-Perot
magnetic field sensor with temperature compensation using a

(50]

(51]

DE GRUYTER

fiber Bragg grating,” IEEE Trans. Instrum. Meas, vol. 63,

pp. 2210—2214, 2014.

Y. Zhao, R. Lv, Y. Ying, and Q. Wang, “Hollow-core photonic
crystal fiber Fabry—Perot sensor for magnetic field
measurement based on magnetic fluid,” Opt. Laser Technol,
vol. 44, pp. 899—-902, 2012.

Y. Zhao, X. Wang, R. Lv, G. Li, H. Zheng, and Y. Zhou, “Highly
sensitive reflective Fabry—Perot magnetic field sensor using
magnetic fluid based on Vernier effect,” IEEE Trans. Instrum.
Meas., vol. 70, pp. 1—8, 2020.



	1 Introduction
	2 Results and discussion
	3 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


