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Magnetic field vector detection at the millitesla
level using a YIG microcavity optical sensor
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Abstract: Millitesla-level magnetic field vector detection based on a yttrium iron garnet (YIG)
microcavity optical sensor with a quality factor of ∼105 is proposed and demonstrated. The sensor
leverages external magnetic field variations to change the dielectric constant of the material,
thereby achieving refractive index sensing. The spectrum of YIG microcavities with different
crystal orientations exhibits redshift with increasing magnetic field strength, reaching a maximum
intensity sensitivity of approximately 0.357 pm/mT and a saturation magnetic field strength of
around 45 mT. Additionally, the sensor enables 360° magnetic field direction rotation detection,
with a maximum directional sensitivity of 0.132 pm/rad. The optical sensor has a small footprint,
a simple structure, and a wide measurement range.

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

1. Introduction

Magnetic sensors are widely used in aerospace, medical diagnostics, geological exploration, and
other fields [1–6]. Traditional magnetic sensors operate based on electromagnetic induction
[7–10]. However, strong magnetic field instruments are often accompanied by strong electric
fields, which may degrade the sensing performance. To address these challenges, novel approaches
and electric-field-insensitive materials are needed to enhance magnetic sensing capabilities. In
recent years, whispering-gallery-mode (WGM) optical microresonators have emerged as crucial
components in modern optics, offering promising properties such as high-quality (Q) factors and
small mode volumes to enhance light-matter interactions. These properties have made WGM
microresonators attractive for various sensing applications, including magnetic sensing [11–20].

WGM microcavity-based magnetic sensors have been developed as an effective solution
[21–26]. However, most WGM magnetic sensors are composite microcavities formed by
combining magnetic materials with WGM microcavities [27–30]. For instance, Liu et al.
proposed a magnetic sensor using a microbubble cavity filled with magnetic fluid [27]. Yu et al.
developed a capillary microcavity magnetic sensor filled with magnetic fluid or magnetostrictive
material direct current (DC) magnetic field detection [28,29]. However, composite microcavities
typically require complex nanofabrication techniques. In contrast, a new type of microcavity
made of magneto-optical crystal, offering a simple magnetic sensor structure that is easier to
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implement reducing manufacturing complexity and structural difficulty. Due to advantages such
as shallow magnetic loss, YIG has been widely used in magnetic sensing [31–33].

In this work, we utilize a magneto-optical crystal to detect steady-state magnetic fields,
achieving a magnetic field vector sensor based on YIG microsphere cavities with a Q factor
of approximately 105. In the experiment, two static magnets were placed side by side, and the
YIG microsphere cavity positioned midway between them, where the magnetic field lines were
parallel. The spectra of YIG microsphere cavities with different crystallographic orientations
show a red shift as the external magnetic field strength increases. The maximum sensitivity to
magnetic field strength is 0.357 pm/mT, reaching a saturation point at around 45 mT. Furthermore,
the sensor can detect the direction of the magnetic field across 360° with a maximum sensitivity
of 0.132 pm/rad. This magnetic field vector sensor offers a compact footprint, a simple structure,
and a wide measurement range. It employs all-optical technology to achieve millitesla-level
measurement, making it particularly suitable for complex electromagnetic environments and
providing an efficient, safe, and reliable solution for magnetic field sensing.

2. Math and equation

When the external magnetic field changes, the refractive index of the YIG optical resonator
also changes due to the opto-magnetic effect, thereby shifting the resonance wavelength of the
resonator.

The resonance shift based on the magneto-optical effect in the cylindrical coordinate system is
[34]:

G =
f ε0
2

∫ dx3[(iujru∗j∅MZ − iu∗jzujrM∅ + iuj∅u∗jzMr) + h.c.], (1)

where: f = 2√εr ∅r
k0Ms

, εr is the relative permittivity, ∅r is the faraday rotation coefficient, k0 is the
wave number, Ms is the saturation magnetization; ε0 is the vacuum permittivity, u is the light
field mode, Mr, Mz, and M∅ denote the magnetization components along the r, z, and ∅ directions
in the cylindrical coordinate system, respectively. h.c. is the Hermitian conjugate of the previous
term, and x ∈ {r, ∅, z}. Since the sensing direction of light is perpendicular to the direction
of the magnetic field, only the magnetization component Mz responds. This corresponds to
the first term in the integral of the formula, which is determined by the optical mode and the
magnetization component Mz. Since Mz is considered a constant, optimizing the optical mode
is key to improving sensing sensitivity. When the applied magnetic field strength is within the
linear region of Mz magnetization, the sensing sensitivity exhibits a good linear relationship
with the frequency shift of the optical mode. Additionally, in the YIG microsphere cavity, the
magnetism is only related to spin, and the frequency shift is calculated using the perturbation
formula, which is independent of lattice characteristics.

3. Results and discussion

In the experiment, magneto-optical interaction was characterized by measuring the optical
resonance spectra under different external magnetic field. As shown in Fig. 1(a), the diameter of
the YIG microsphere cavity is 500 µm. The lasing light was coupled in and out of the microcavity
through a tapered fiber that had a diameter of about 4 µm. The crystallographic orientation
of the YIG microsphere resonant cavity in the experiment includes random direction, (110)
direction, and (111) direction. Therefore, we are able to analyze the relationship between YIG
crystal orientation and the performance of the magnetic field sensor. The coupling position
between the YIG microsphere cavity and the tapered fiber was precisely controlled using a
three-dimensional displacement platform, monitored by a CCD camera. Coupling was achieved
via a momentum-matched evanescent field, enabling efficient excitation and precise regulation of
the whispering-gallery mode. To ensure stability, both the YIG microsphere cavity and tapered
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fiber were transferred to separate glass slides before coupling. Subsequently, overcoupling
was used to improve coupling stability. Ultraviolet glue was applied to fix the positions of the
sensing devices, achieving a semi-packaged structure to further reinforce coupling stability. This
packaging method not only ensures efficient and stable coupling performance but also effectively
alleviates environmental contamination.

Fig. 1. (a) Schematic diagram of YIG microsphere cavity magnetic field vector sensing
experimental device (left panel), TL, tunable laser; PD, photodetector; AFG, arbitrary
function generator; PC, polarization controller; OSC, oscilloscope; VOA, variable optical
attenuator; Physical image and optical microscope image of YIG microsphere cavity (right
panel), scale bar: 100 µm. (b) Typical transmission spectrum of resonance modes of YIG
microsphere cavity with (110) crystal orientation.

In the experiment, two NdFeB permanent magnets (50 mm× 10 mm) were placed side by
side on a rotating and lifting z-axis stage. The YIG microsphere cavity was positioned at the
middle gap between the magnets, where magnetic field lines are parallel. This ingenious design
ensures both a strong magnetic field intensity and effectively avoids temperature noise caused by
the use of electromagnets [35]. The magnetic field direction can be continuously tuned from
0° to 360° by rotating the stage. A Gaussmeter monitors the magnetic field strength above
the YIG microsphere cavity in real-time. In addition, the linewidth of the YIG microcavity is
related to surface roughness, which depends on surface contamination and structural defects. To
remove surface attachments, ultrasonic cleaning is performed. The Q factors of YIG microsphere
cavities were measured to be on the order of 105. Figure 1(b) shows that the Q factor of the YIG
microsphere cavity magnetic sensor at (110) orientation, which is about 3.56× 105.

To assess the performance of the sensor, the stability of the YIG microsphere cavity was first
characterized. As shown in Fig. 2(a), the shift of the resonant wavelength at room temperature
was monitored in real-time. The results showed that the resonant wavelength remained stable
within 5 minutes and the wavelength fluctuation variance is ∼ 0.036 pm. The optical response
of the microsphere cavity to the external magnetic field strength is shown in Fig. 2(b). As the
magnetic field intensity increases from 10 mT to 70 mT, the resonant wavelength is redshifted
from 1553.4784 nm to 1553.4818 nm. This process is also reversible.

The reversible response proves that the YIG microcavity has good reversibility of magnetic
field strength. In addition, the magnetic field direction sensing capability of the YIG microsphere
cavity was measured by tracking changes of the single-mode resonant wavelength under different
rotation angles of the stage. The real-time response of the resonance wavelength to the magnetic
field orientation angle is shown in Fig. 2(c). When the magnetic field direction was changed back
to the initial value after rotating 30°/45°, the resonant wavelength also went back close to the
initial value. The small uncertainty of the measurement is due to the manual operation of the
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Fig. 2. (a) The long-time stability of YIG microcavity at room temperature. (b) Magnetic
field strength response of YIG microcavity. Resonant wavelength experiences a red shift
(red line) when magnetic field strength is increased from 10 mT to 70 mT, and a blue shift
(blue line) when magnetic field strength is decreased from 70 mT to 10 mT. (c) Real-time
wavelength shifts with progressively increasing and decreasing magnetic field direction.

Fig. 3. (a) Transmission spectra of YIG microsphere resonators with different crystal
orientations (random direction; (110); (111)) as the magnetic field strength increases from
10 mT to 70 mT. (b) Relationship between magnetic field strength and wavelength shift; data
set in the blue-shaded region is used to extract the sensitivity by linear fitting. The gray
dashed line represents the saturation magnetic field strength.

rotation stage. This indicates a good reversibility of the YIG microcavity to the magnetic field
direction.

Figure 3(a) shows the transmission spectra of YIG microsphere cavities at different crystal
orientations as a function of the external magnetic field strength that was tuned from 10 mT to
70 mT. The black dotted arrows denote tracked sensing modes, which are sufficiently separated
from other modes to avoid crosstalk. Figure 3(b) demonstrates the relationship between resonant
wavelength shift and magnetic field strength. The transmission spectra exhibit a redshift with an
increased magnetic field before reaching the saturation threshold at around 45 mT. And there
is a linear relationship between the resonant wavelength and the magnetic field strength before
saturation. Notably, the fitting results reveal differences in sensitivity among the three YIG
microsphere cavities with distinct crystal orientations. As analyzed theoretically in Sec. 2, crystal
orientation does not influence sensitivity, which is solely determined by the optical mode. In
the experiments, three YIG microsphere cavities with different crystal orientations were used.
Although their shapes and dimensions are nominally identical, minor manufacturing variations
prevent complete consistency. Consequently, different YIG microsphere cavities excite distinct
optical modes, resulting in observed sensitivity variations. A linear fit of the experimental data
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Fig. 4. (a) Transmission spectra of YIG microsphere resonators with different crystallo-
graphic orientations as the magnetic field direction changes from 0° to 360° in steps of 15°.
(b) The correlation between the direction of the magnetic field and wavelength shift. (c) The
wavelength varied periodically with the magnetic field angle.

in the shaded area yields a maximum strength sensitivity of 0.357 pm/mT in random direction.
In addition, as shown in Fig. 2(a), the short-time noise of the resonance wavelength of the YIG
cavity (the standard deviation of the 1s internal resonance wavelength shift) is about 0.07 pm.
Combined with sensing sensitivity, the detection limit of the YIG magnetic field sensor is about
0.196 mT.

The direction is also a significant parameter for the magnetic field sensing applications. The
transmission spectra of the YIG microsphere cavities with different crystallographic orientations
as a function of the external magnetic field direction angle were measured as shown in Fig. 4(a).
We tuned the magnetic field direction angle from 0° to 360° at a step of 15° while keeping the
magnetic field strength at 40 mT. The black dotted lines indicate the tracked sensing modes. The
shift of the resonant wavelength of the microsphere cavities is dependent on the direction of
the external magnetic field. In the measurement, the magnetic field angle 0°/90° is defined in
a way that the light propagation direction in the fiber is parallel/perpendicular to the magnetic
field direction. The resonant wavelength had a blueshift when the magnetic field angle was
changed from 0° to 90°. After that, when the angle was changed from 90° to 180°, there was a
redshift. The resonant wavelength was periodically changed as a function of the magnetic field
angle as shown in Fig. 4(b). A linear fit of the experiment data for the angle range from 0° to
90°at random crystal orientation in Fig. 4(b) yields a magnetic field directional sensitivity of
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0.132 pm/rad. Finally, the resonant wavelength response to the magnetic field angle is plotted
in the polar coordinate system. There are symmetric “8-shaped” curves as shown in Fig. 4(c),
indicating that the magnetic field directional sensitivity is not obviously influenced by the YIG
crystal orientation.

4. Conclusion

In conclusion, A magnetic field sensor based on 500-µm-radius YIG microsphere cavities has
been demonstrated. The measured magnetic sensitivity is 0.357 pm/mT, with a saturation
threshold of 45 mT. Furthermore, the sensor can detect the direction of the magnetic field,
achieving a maximum directional sensitivity of 0.132 pm/rad. Our all-optical on-chip magnetic
sensor is attractive for weak magnetic vector signal detection at the millitesla level and has a
compact footprint. Moreover, the sensor has good stability and repeatable performance showing a
promising future for the distributed sensing scenarios in complex electromagnetic environments.
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