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Abstract: A novel magnetic field sensor using tilted fiber Bragg grating
(TFBG) interacting with magnetic fluid is proposed and experimentally
demonstrated. The TFBG is surrounded by magnetic fluid whose complex
refractive index changes with external magnetic field. The guiding
properties of cladding modes excited by the TFBG are therefore modulated
by the external magnetic field. As a result, the magnetic field strength
measurement is successfully achieved within a range up to 196 Gauss by
monitoring extinction ratio of cladding mode resonance. Furthermore,
temperature variation can be obtained simultaneously from the wavelength
shift of the TFBG transmission spectrum.
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1. Introduction

Magneto-optical sensors have attracted lots of research attentions due to their many
advantages including high sensitivity, high response frequency and small size as compared
with their conventional competitors [1,2]. Recently, optical fiber-based magneto-optical
sensors have been intensively studied by incorporating magnetic fluid [3—6], which is a novel
nano-material with diverse magneto-optical effects including Faraday effect, tunable
refractive index, field dependent transmission and birefringence [7,8]. By using the field
dependent birefringence of magnetic fluid, an optical fiber Sagnac interferometer based
magneto-optical fiber sensor has been realized [4]. By infiltrating magnetic fluid into air holes
in the cladding, a short length of index-guided photonic crystal fiber was converted into
photonic bandgap fiber with a tunable band gap so that magnetic field can be measured by
monitoring the bandgap wavelength [3]. By surrounding a long-period fiber grating or an
etched fiber Bragg grating (FBG) with magnetic fluid and measure wavelength shift of the
resonance, fiber gratings have also been used for magnetic field measurement and tunable
filters [5,6,9,10]. A two tilted fiber Bragg gratings (TFBGs) based ring resonance cavity
structure surrounded by magnetic fluid has also been reported for magnetic field
measurement, but the resonance structure based on ghost mode adds to the difficulty of
fabrication and cost [11].

In this work, a magnetic field sensor based on a TFBG incorporating with magnetic fluid
is proposed and experimentally demonstrated. It is well known that TFBGs belong to the
short period fiber grating family but possess the sensing property of long period gratings. By
tilting the grating planes related to the perpendicular of the fiber axis, they cannot only couple
the light from forward propagating core mode to backward propagating core mode as normal
FBGs do, but also couple the forward propagating core mode to backward propagating
cladding modes [12]. This makes them more advantageous than normal FBGs in sensing
applications as the exited cladding mode resonances in TFBGs are sensitive to surrounding
refractive index and fiber bending [12-20]. Here we surround a TFBG with magnetic fluid
whose complex refractive index is tunable with external magnetic field. By detecting
variations of extinction ratio of the TFBG’s cladding mode resonance and wavelength shift of
the optical spectrum, simultaneous measurement of magnetic field strength and temperature is
achieved.

2. Sensor fabrication and principle

In the experiment, the TFBG was manufactured by using phase mask method in a hydrogen-
loaded Germanium-doped single-mode fiber with a frequency-doubled Argon laser emitting
at 244 nm. The period of phase mask is 1080 nm. The achieved TFBG is 20-mm long with an
internal tilt angle of 2 degree. A transmission spectrum can be seen in Fig. 1. The magnetic
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fluid used in this experiment, EMG605 (from Ferrotec), is a water-based ferrofluid fabricated
by using the chemical coprecipitation technique. It is a black-brown translucent liquid with
real part in complex refractive index of around 1.41. The nominal diameter of the
nanoparticles, Fe;O4, is 10 nm. The volume concentration is 3.9%. The magnetic
susceptibility and saturation magnetization are 2.96 Gauss and 220 Gauss, respectively.

n
=

&
=3

Q
S

—Original one (In Air)

Transmission (dBm)

%
3

—In Magnetic fluid

-90 T T

1530 1535 1540 1545 1550 1555 1560 1565 1570
‘Wavelength (nm)

Fig. 1. Transmission spectra of the TFBG before and after magnetic fluid surrounding.

As analyzed in [12], wavelengths of the TFBG’s Bragg reflection, A, and the ith cladding
mode resonance, A.;, are determined by the phase matching conditions and can be expressed
as

Ay =2n, ,A/cos0, e

Ay =Ny, +1yp 0, ) A/ cOSO, ()
where 0 is tilt angle of the grating planes related to the perpendicular of the fiber axis, 7.4,
and ng;.,; are effective refractive index of the core mode and the ith cladding mode,
respectively. A corresponds to the nominal grating period and can be described as A =
Aqcos0, where A, denotes the grating period along the axis of the fiber.

When the TFBG is surrounded by magnetic fluid and external magnetic field with
variable strength is applied, the effective refractive indices of cladding modes would depend
on the magnetic field-induced surrounding refractive index change. The Fe;O,4 nanoparticles
around the TFBG form a kind of granular metal film. Since the refractive index of metals is
complex, an additional effect comes into play as the effective index of the cladding modes
also becomes complex, i.e. the cladding modes become lossy [21]. The perturbation in the
imaginary part of cladding modes’ complex effective refractive indices will lead to the
attenuation in the guiding properties of the cladding modes and reduction in amplitude of
cladding mode resonances as a result [21,22]. Meanwhile, the real part of magnetic fluid’s
complex refractive index increases with the external magnetic field strength and the cladding
mode resonances will become attenuated and gradually disappear as the modes become lossy
(they are no longer totally internally reflected by the cladding boundary as its evanescent field
penetrates more and more into the magnetic fluid). As a result, extinction ratio of the cladding
mode resonances will decrease as the magnetic field strength increases.

The detailed complex refractive index variation mechanism of magnetic fluid under
applied magnetic field can be analyzed as follows. When an external magnetic field is
applied, the structural pattern state of magnetic fluid is changed from random homogenous to
field dependent structural pattern. The nanoparticles in magnetic fluid agglomerate and
further form chains and magnetic columns along the direction of magnetic field.
Consequently, the complex dielectric constant of the magnetic fluid and hence the complex
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refractive index of the magnetic fluid, especially the imaginary part, is changed [8,23]. And
further research indicates that the relationship between real part in complex refractive index
of magnetic fluid and external magnetic field strength follows Langevin function [24].

While environmental temperature changes, resonant wavelengths of Bragg mode and
cladding modes will change due to thermal expansion and thermo-optic effects of the optical
fiber. Wavelength changes of Bragg mode and the ith cladding mode can be given
respectively by

- dn, .
AL, =2 Porco AA | A Do AT, (3)
cos@ dT' cos@ dT

A = [(nejf,co + nej],cl,i) d_A+ A d(neﬂ",m + nezﬁfl’f)]AT’ 4

o cos@ dT  cos@ dT

where AT denotes the change of temperature. From these wavelength changes, temperature
can be monitored simultaneously.
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Fig. 2. Experimental setup for magnetic field measurement.
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Fig. 3. (a) Transmission spectra of the TFBG under various magnetic field strengths; (b)
Evolution of the selected cladding mode resonance with magnetic field.

3. Experimental results and discussions

Figure 2 illustrates the experimental setup for magnetic field measurement with the proposed
fiber grating sensor. The TFBG was placed in a magnetic fluid-filled capillary tube with inner
diameter of ~500 um. A variable magnetic field was generated by an electromagnet (EM4-
HVA, LakeShore) and calibrated by a gaussmeter (Model 425, LakeShore). The magnet has
two poles of 10 cm diameter, and the air gap between the two poles was fixed at 15 cm in the
experiment. The fiber sensor was placed in the centre of the uniform field zone and the
transverse Hall probe of the gaussmeter was fixed near the sensor head. The magnetic field
was applied perpendicularly to the fiber axis. Light from a broadband light source (BBS) was
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launched into the sensor from the lead-in single mode fiber. Transmission spectrum of the
TFBG was monitored synchronously by using an optical spectrum analyzer (OSA, AQ6370).

After surrounded by the magnetic fluid, intensity of the TFBG’s cladding mode
resonances, as also shown in Fig. 1, is decreased significantly as compared with that of the
original one. The change in TFBG transmission spectrum is similar with that when the TFBG
is deposited by metal nanoparticles reported in [22] and [25], further demonstrating that the
amplitude and wavelength change of the cladding modes are caused by the complex refractive
index of the covered magnetic fluid. Particularly, the reduction of the top envelope
transmission spectrum after magnetic fluid surrounding is resulted from the perturbation in
the imaginary part of the cladding modes’ complex effective refractive indices and the
scattering effect caused by the evanescent field of the cladding modes propagating through
the metal nanoparticles on the optical fiber surface. The imaginary part of the complex
refractive index may lead to significant attenuation in amplitude of cladding mode resonance
of TFBGs (a calculated attenuation up to 17 dB is reported for imaginary part of refractive
index of ~2.9 x 107 for a copper nanoparticle-deposited TFBG [25]).

When the strength of the applied magnetic field was increased, it can be observed that
extinction ratio of the cladding mode resonances decreases gradually with the enhancement of
the magnetic field strength. Figure 3(a) shows several measured transmission spectra of the
TFBG under different magnetic field strength. Because the imaginary part in complex
refractive index of magnetic fluid acts the key role in changing the extinction ratio of TFBG
cladding mode resonances but contributes little to TFBG spectrum wavelength shift [21].
Moreover, the scattering effect, analyzed in the last part, is also a dominant factor in the
spectral attenuation of the cladding modes under the applied magnetic fields. Thus, as shown
in Fig. 3(a), the extinction ratio of cladding mode resonances is modulated strongly by the
external magnetic field.

It is notable that the wavelengths of cladding mode resonances are nearly not changed by
the external magnetic field based on the measured results. It is reasonable since the
wavelength shift is already very small when the TFBG was immerged in the magnetic fluid
from air (i.e. when its surrounding refractive index was changed from 1 to 1.41), even for the
highest order cladding mode, as shown in Fig. 1. So the real part of the complex refractive
index of the magnetic fluid, which is changed little by the external magnetic field, has nearly
no effect on cladding mode resonances wavelength-shift in the transmission of the TFBG in
this case, neither the magnetic field-induced birefringence in the magnetic fluid. The fixed
cladding mode resonance wavelength with magnetic field is useful for temperature
referencing, which is based on wavelength monitoring.
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Fig. 4. Relationship between extinction ratio and magnetic field strength.

To study the relationship between extinction ratio and external magnetic field strength, we
chose one of the cladding modes with resonance wavelength around 1556.8 nm to test. The
zoomed transmission spectrum changes are shown in Fig. 3(b). The extinction ratio,
determined as the difference between the peak power and the dip power in the transmission
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spectrum, is shown in Fig. 4 as a function of magnetic field strength. The average data of
extinction ratio for three measurements fit very well to quadratic function with fitting degree
of 0.9892. The fitting function is y = 0.0006x’-0.2359x + 29.98 with x corresponding to
magnetic field strength and y corresponding to extinction ratio. The variation of the results is
indicated by the size of the error bars in Fig. 4 and the maximum measurement deviation (at
26 Gauss) is + 1.5 Gauss.

For temperature measurement, we put the sensor in a thermotank, changed the
temperature between 20 and 60 °C with no external magnetic field applied, and recorded the
wavelength shifts of the Bragg mode resonance and one of the cladding mode resonance at
~1556.8 nm. The measurement results are shown in Fig. 5. The calculated sensitivity is 8.35
pm/°C and 8.38 pm/ °C for the Bragg mode resonance and cladding mode resonance,
respectively. The two values are very close and agree well to the typical temperature
sensitivity of normal FBG sensors. This same sensitivity to temperature can be explained by
Egs. (3) and (4), where the difference between the wavelength shifts Alz and Al.; is
proportional to d(nepco-tege)/dT, which is a very small factor that can be neglected.
Therefore, we can measure temperature by monitoring only one of the modes. What’s more,
extinction ratio of the selected cladding mode resonance keeps nearly fixed when temperature
changes. This means the temperature measurement will not affect the magnetic field
measurement.
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Fig. 5. Measured wavelength shifts against temperature.

4. Conclusion

In summary, we have proposed a novel TFBG-based magnetic field fiber sensor by
interacting magnetic fluid. Complex refractive index of magnetic fluid changes with magnetic
field and thus affects guiding properties of cladding modes excited by the TFBG. By
monitoring extinction ratio of TFBG’s cladding mode resonance, magnetic field strength up
to 196 Gauss has been successfully measured. Meanwhile, temperature measurement with
sensitivity of 8.4 pm/°C has been achieved simultaneously by detecting wavelength shift of
the transmission spectrum with no cross effect. The presented magneto-optical fiber sensor
keeps the advantages of robustness, easy fabrication and low cost.
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