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A compact optic-fiber vector magnetometer is proposed 
and experimentally demonstrated, which is based on an 
excessively tilted fiber grating (Ex-TFG) assistant with 
magnetic fluid (MF). Without any complicated processing, 
the cladding mode resonances of the bare Ex-TFG 
packaged by MF show high sensitivity to slight 
perturbations by the magnetic field. Due to the excellent 
magneto-optical properties of MF and the azimuth-
dependent RI sensitivity of Ex-TFG, such magnetometer 
can achieve both the intensity and orientation detection of  
magnetic field, which the intensity sensitivity of 
2.45nm/mT and the orientation sensitivity of 
0.41nm/deg, respectively. And based on the spectral 
interrogation, the detection limit of the magnetic field 
intensity could reach around 8.1μT at the minimum 
wavelength measurement accuracy of 0.02nm.     © 2018 
Optical Society of America 

http://dx.doi.org/10.1364/OL.99.099999 

A magnetometer or magnetic sensor is an important instrument to 
measure magnetism, which plays a crucial role in the applications 
of biomedical engineering, vehicle monitoring, geological 
prospecting, submarine hunting and so on [1]. Compared with the 
traditional magnetometers based on electronic systems, the optic-
based technology has outstanding advantages in magnetic sensing, 
including compact size, high sensitivity, tolerance to harsh 
environments and ease of integration. However, because of the 
electromagnetic immunization nature of optical fiber, the 
traditional optical fiber-based sensors can only detect the 
temperature, strain and surrounding refractive index, which can’t 
directly measure the magnetic field. To achieve magnetic field 
measurement, various technologies have been applied, such as 
utilizing Faraday rotation in a terbium-doped fiber [2], coating 

magnetostrictive thin films on fiber gratings [3], integrating 
magnetic fluids (MFs) with various fiber devices and so on. In 
general, the optical fiber-based sensors would need to be modified 
by functional materials, such as nickel [4], TbFeCo [5], MF, etc. 
Among them, MFs have excellent magnetic-optical properties 
including tunable refractive index (RI), thermal lens-effect and 
birefringence [6, 7]. Utilizing the RI tunability of MF under magnetic 
field, researchers have reported many types of optical fiber-based 
magnetometer, such as fiber Mach-Zehnder interferometers [8], 
Fabry–Perot interferometers [9], U-bent fibers [10], photonic 
crystal fibers (PCFs) [11] and long period fiber gratings (LPFGs) 
[12]. However, all these magnetometers are scalar sensors, which 
only detect magnetic intensity, and cannot detect direction of 
magnetic field.  Magnetic field is a vector field, which contains not 
only intensity information but also direction information. Hence, it 
is important to detect both the intensity and orientation of magnetic 
field. Based on the anisotropic property of MFs under the magnetic 
field, so far, several MFs-based optical fiber sensors have been 
proposed to achieve the vector magnetic measurement. For 
example, through eccentric fusion splicing, Yin et al. presented a 
vector magnetometer in three-dimensional space [13, 14]. Jiang et 
al. reported a high sensitivity vector magnetic field sensor by using 
side-polished fiber [15]. However, polish and eccentric fusion 
splicing greatly weaken the mechanical strength of fiber, and raise 
uncertainties that could not meet repeatability in practical 
production and application. Lin et al. proposed a two-dimensional 
vector magnetic field sensor based on tilted fiber Bragg grating 
(TFBG), which has low sensitivity and measurement accuracy 
based on intensity interrogation [16].  Then Zhang et al. proposed a 
vector magnetometer based on surface plasmon resonance and a 
gold-coated TFBG [17]. Though SPR can benefit the improvement 
of sensitivity, nanometer-scale metal coating would complicate the 
process of fabrication and increase costs. Therefore, there is an 
urgent need to design a magnetic field sensor possessing the 
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advantages of vector monitoring, simple structure, high sensitivity 
and reproducibility. 

The Ex-TFGs were first reported by Zhou et al. in 2006 [18], 
which have the related long period and large tilt angle compared 
with TFBG. Because of asymmetric structure and relative longer 
period, the Ex-TFGs show polarization-dependent mode coupling 
behavior, and couple the forward propagating TM and TE core 
modes into forward propagating TM and TE cladding modes, 
respectively [19]. The polarization related coupling property 
promoted the grating to be applied as twisting [20] and transverse 
loading sensors [21]. Besides of these, Ex-TFGs have high RI 
sensitivity and low temperature sensitivity [22], and in the 
experiment, we find the Ex-TFGs have orientation-dependent RI 
sensitivity, which can be employed to achieve vector field detection, 
such as the magnetic and electrical field. In this letter, we propose a 
vector magnetometer based on the Ex-TFG integrated with 
magnetic fluid, which could achieve both the intensity and 
orientation measurement of the external magnetic field. The 
experiment results show that such vector magnetometer has the 
magnetic field intensity sensitivity of 2.45nm/mT and the 
orientation sensitivity of 0.41nm/deg. And based on the minimum 
wavelength measurement accuracy of the interrogation system 
(0.02nm), the detection limit of the magnetic field intensity is 
around 8.1μT. 

 

Fig. 1.  The schematic diagram of the proposed sensor. 

The configuration of Ex-TFG based vector magnetometer is 
shown in Fig. 1, in which the Ex-TFG was encapsulated in the 
capillary tube filled with MF (EMG 705). Both ends of the capillary 
were sealed by glue to prevent leakage. In this work, the Ex-TFGs 
were UV inscribed in H2-loaded fiber by using a frequency-doubled 
Ar+ laser and the amplitude-mask scanning technique. And the 
amplitude mask with a period of 5μm was tilted at 80° with respect 
to the normal of fiber axis, to generate a 28.8μm axial grating period, 
which would ensure that the cladding modes resonantly excited in 
the C-L band [13]. The transmission spectrum of the grating at two 
orthogonal polarizations is plotted in Fig. 2(a), in which could 
observe four pairs of dual-peaks at the wavelength range between 
1450nm and 1650nm. Before integrating with MFs, the RI sensing 
performance of the Ex-TFG is evaluated with different RI from 1.33 
to 1.39 along the fast and slow axis of grating, respectively. The fast 
and slow axis of grating have been marked in Fig.1. And the results 
are plotted in Figs. 2(b) and 2(c), in which experiment results show 
that the Ex-TFGs have orientation-dependent RI sensitivity. The RI 
sensitivity of TM peak at 1.38 (the RI of MFs is around 1.38) along 
the slow axis of grating is around 846nm/RIU, which is twice of the 
one along the fast axis of grating (402nm/RIU). Such azimuth-
dependent RI sensitivity promotes that the Ex-TFGs could be 

employed to detect the dielectrically anisotropic of MFs under the 
magnetic field.  

 

 

Fig. 2.  (a) The transmission spectra of the Ex-TFG originally (black) and 
after packaging (red, the peak marked by a red asterisk “*” was chosen 
for vector magnetic sensing); (b) the spectral responses to RI along the 
fast and slow axis of Ex-TFG; (c) the wavelength shift versus different RI. 

According to our previous work, the cladding modes excited by 
the Ex-TFG are closely related to the RI of the MF around the grating 
region, and the TM cladding mode has a higher RI sensitivity than 
the one of the TE cladding mode.  At the high RI, the TM and TE peak 
would overlap together. Therefore, the dual-peak of Ex-TFG 
disappear after immersed into the MF, and only one resonance peak 
appears in the transmission spectrum, as seen in Fig. 2(a). 

 

Fig. 3.  The schematic diagram of MF (a) without magnetic field, (b) 
under magnetic field, (c) while inserting a fiber. 

MF is a kind of stable suspension made of magnetic particles 
highly dispersed in a liquid carrier [23]. Without applied magnetic 
field (H=0), the ferromagnetic particles are randomly distributed, 
and the fluid is dielectrically isotropic [Fig. 3(a)]. When H≠0, 
ferromagnetic particle moments become oriented along the 
magnetic field and form magnetic chain clusters, resulting in that 
the fluid becomes dielectrically anisotropic. And along the magnetic 
field direction, the MF has high particle concentration, which owns 
high RI [24]; at the normal of magnetic field direction, the MF has 
lower RI [Fig. 3(b)]. The direction of magnetic field could be 
determined by detecting the direction of high RI. Due to the 



diamagnetic property of the optical fiber, when fiber is inserted into 
the MF, the ferromagnetic nanoparticles tend to deviate from the 
upper and underneath surfaces and cluster on the left and right 
surfaces of the fiber under the magnetic field [Fig. 3(c)], thus, the 
refractive index around the fiber in the direction of the magnetic 
field is higher than that in the direction perpendicular to the 
magnetic field [13,14,17]. Based on the anisotropic distribution of 
nanoparticles around the fiber and the azimuth-dependent RI 
sensitivity of the Ex-TFG, we can achieve an optical fiber vector 
magnetometer and measure the intensity and orientation of 
magnetic field simultaneously. 

 

Fig. 4.  The experimental setup of the magnetic sensing system. 

The experimental setup of the magnetic sensing system is shown 
in Fig. 4. The interrogation system is based on spectral analysis, 
which consists of broadband light source (BBS), polarizer, two fiber 
rotators, polarization controller (PC) and optical spectrum analyzer 
(OSA). The PC is used to control the polarization state of light 
launched into Ex-TFG. The uniform magnetic field generated by 
parallel plate magnets is subjected perpendicularly to the fiber 
sensor section. The intensity of magnetic field is adjusted by 
changing the distance between two parallel plate magnets and 
calibrated by a Gauss meter with a resolution of 0.1mT. The rotators 
are used to fix and adjust the direction of fiber sensor section from 
0° to 360° with respect to the magnetic field, here, the initial position 
(0°) is defined as the slow axis of Ex-TFG parallel to the magnetic 
field. 

To verify vector magnetic sensing property, we have investigated 
the orientationally sensing performance of Ex-TFGs based vector 
magnetometer by rotating the grating from 0° to 360° with a 15° 
increment under a constant uniform magnetic field. During the 
sensing process, the light polarization launched into the Ex-TFG is 
controlled to eliminate the effect of twist on polarization after each 
rotation by adjusting the PC. Fig. 5(a)-(d) have shown the 
transmission spectrum of Ex-TFG based vector magnetometer with 
the different azimuth of optical fiber sensing section under 6mT 
magnetic field intensity, which can be observed that the evolution 
of the spectrum exhibits regular and repeatable results. As shown 
in Figs. 5(a) and (c), the resonance peak of Ex-TFG is red-shift to the 
longer wavelength as rotating the fiber sensing section from 0° to 
90°, and from 180° to 270°. Conversely, the resonance peak shifts to 
the shorter wavelength as the sensing section rotated from 90° to 
180°, and from 270° to 360°, as shown in Figs 5(b) and (d). The 
above phenomena are in good consistent with the previous analysis, 
which can be explained that the nanoparticles mostly agglomerate 
on the sides of fiber that parallel to the magnetic field, causing a 
higher RI than other regions, and the maximum RI sensitivity of Ex-
TFG corresponds to the direction of slow axis so that it is 
predominate in sensing performance. Thus, when the slow axis of 
Ex-TFG parallel with magnetic field, the resonance wavelength 
shifts to minimum, and for the perpendicular situation, it shifts to 
the minimal resonance wavelength. With the same procedures, the 

directional sensitivities at different magnetic intensity, 6mT and 
12mT, are also characterized, the results of which are depicted in 
the polar coordinate system [Fig. 5(e)]. As shown clearly in the 
figure, we could see that the responses of wavelength shift for rotate 
angle both exhibit an “8” shape, obviously, the higher magnetic field 
intensity, the stronger orientation dependence, indicating that 
more nanoparticles lead to more RI change. Furthermore, they both 
show that the wavelength shifts around 90° (270°) are larger than 
that around 0° (180°), providing the maximal orientation 
sensitivities with 0.27nm/deg and 0.41nm/deg under 6mT and 
12mT, respectively. 

 

 

Fig. 5.  The transmission spectral responses (a), (b), (c), (d) to the 
different orientation from 0° to 360° under a magnetic field intensity of 
6mT; (e) wavelength shift as a function of magnetic field orientation in 
polar coordinate system under fixed magnetic field intensities as 6mT 
and 12mT, respectively.  

After verifying orientationally sensing, we have conducted an 
experiment to investigate the magnetic field intensity response, 
which can be measured with the increasing magnetic field intensity 
while fixing three different intersection angles θ between the slow 
axis of Ex-TFG and the orientation of magnetic field (0°, 45°, 90°). 
The spectral and wavelength shift responses are shown in Figs. 
6(a)-(d), which indicate that when the magnetic field is parallel with 
slow axis, there is a blue-shift with a sensitivity of -0.33nm/mT 
(0mT-20mT), on the contrary, resonance wavelength shows a red-
shift in vertical condition with a maximum sensitivity of 
2.45nm/mT (0mT-13mT), and when the slow axis is oriented at 45° 



relative to the magnetic field, the sensor shows a low sensitivity of 
0.07nm/mT (0mT-20mT). These differences of sensitivity and 
detection range result from the movement of nanoparticles with the 
increasing magnetic field intensity and the sensitivity characteristic 
of Ex-TFG. According to our analysis, when the slow axis of the Ex-
TFG parallels with magnetic field (0°), nanoparticles around the 
slow axis gradually decrease with increasing magnetic field 
intensity, leading to the decrease in RI. On the contrary, the 
nanoparticles gradually accumulate around slow axis for the 
perpendicular situation (90°), resulting in an increase in RI. And as 
for 45° position, the number of nanoparticles has no obvious change 
with the increasing magnetic field intensity, thus, presenting the 
insensitive response. Moreover, it has the highest sensitivity in 
vertical condition (90°), but the smallest detection range compared 
to other conditions, which results from that resonance peak would 
disappear, as the RI of MF is larger than the mode effective index 
when magnetic field intensity is over 13mT. The sensitivities 
obtained in this work are higher than that of most sensor 
configurations based on MF and varied fiber structures, such as a 
PCF infiltrated with MF (0.11nm/mT) [25], Mach-Zehnder 
interferometer (0.222nm/mT) [13], TFBG based on SPR 
(1.8nm/mT) [17]. 

 

Fig. 6.  The transmission spectral responses (a), (b), (c) to the different 
magnetic field intensity at three different relative direction between 
slow axis of Ex-TFG and magnetic field (0°, 45°, 90°); (d) wavelength 
shift versus magnetic field intensity with intersection angle θ of 0°, 45° 
and 90°. 

 In conclusion, a vector magnetometer based on an Ex-TFG 
packaged within MF has been experimentally demonstrated. By 
utilizing azimuth-dependent RI sensitivity of Ex-TFG and 
anisotropic distribution of MF, the sensor shows superior 
performance with the capability of magnetic field orientation and 
intensity sensing. The experimental results confirm that the 
sensitivities to magnetic field orientation and intensity can reach as 
high as 0.41nm/deg and 2.45nm/mT, respectively, and the 
detection limit of the magnetic field intensity can reach 8.1μT. 
Moreover, the proposed sensor owns the advantages of high 
sensitivity, vector monitoring, simple structure, good 

reproducibility, which has great potential in many fields such as 
aerospace, military, industry, power transmission system and so on. 
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