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Abstract:

 Using a FeCoSiB amorphous wire and a coil wrapped around it, we have developed a sensitive magnetic sensor. When a 5 mm long amorphous wire with the diameter of 0.1 mm was used, the magnetic field noise spectrum of the sensor was about 30 pT/√Hz above 30 Hz. To show the sensitivity and the spatial resolution, the magnetic field of a thousand Japanese yen was scanned with the magnetic sensor.
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1. Introduction

Many kinds of high sensitive magnetic field sensors have been developed. Among them, the inductive coil sensor [1] is one of the most commonly used magnetic types. A highly sensitive inductive coil sensor with a noise level around 50 fT/√Hz at 10 kHz was fabricated using amorphous ribbon (Metglas 2714AF) with length of 150 mm, cross section of 5 × 5 mm2, and a coil of 10,000 wound turns [2]. However, inductive coil sensors cannot measure the DC magnetic field and it is difficult to obtain low noise levels at low frequency with small inductive coil sensors.

A fluxgate magnetometer can measure the DC magnetic field [3]. It consists of three coils wound around a ferromagnetic core: an AC excitation winding, a detection winding that indicates the zero field condition and a DC bias coil that creates and maintains the zero field. The use of modern materials for magnetic cores has improved the sensitivity of fluxgate magnetometers to about several pT/√Hz [4], but the operation frequencies of flux gate magnetometers are normally low, which limits their measuring bandwidth.

Giant magnetoresistive (GMR) sensors [5], anisotropic magneto resistive (AMR) sensors [6], and magneto-impedance (MI) sensors [7,8] can measure DC magnetic fields and have big measuring bandwidth. They have been developed and used in various areas like nondestructive evaluation, communication, geological exploration, medical diagnostics, security control, etc. [9–12]. Especially for the pulse-driven magnetoimpedance (PMI) sensor, pico-Tesla (pT) level magnetic field resolution has been obtained [13] and the sensors were used as biosensors to measure the biomagnetic fields in musculatures with spontaneous electric activity [14], biomagnetic activity in the heart [15] and anticancer drugs (curcumin) tagged to superparamagnetic (Fe3O4) nanoparticles [16].

The sensors of GMR sensors, AMR sensors and MI sensors normally have electrical connections with the sensing parts, which are not convenient to fabricate in some applications, such as the construction of magnetic microscopes, where a small distance of several micrometers between the sensor and the sample is needed. In this paper, we will describe a small simple sensitive magnetic field sensor using (Fe0.06Co0.94)72.5Si2.5B15 (FeCoSiB) amorphous wire with a coil wrapped around it.



2. Analysis of the Magnetic Sensor

Figure 1 shows the configuration of the magnetic sensor, which is composed by a coil and a FeCoSiB amorphous wire. An AC current and a DC current flow in the coil to produce the AC modulation magnetic field and DC bias magnetic field. The capacitors C1, C2 and the inductor L are used to isolate the DC current or AC current. When a proper DC bias field is applied to the sensor, due to the nonlinearity of the B-H curve of the amorphous wire, the amplitude of the AC voltage VAC changes with the external field. This is the principle of the magnetic sensor.

Figure 1. Configuration of the magnetic sensor.
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The inductance of the coil in Figure 1 can be estimated by following formula [17]:
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(1)




where, L is the inductance of the coil; l is the length of the coil; N is the turns of the coil; A is the cross area of the amorphous wire; μ0 is the vacuum magnetic permeability; μre is the effective relative magnetic permeability, which is related with the permeability of the amorphous wire, the diameter of the amorphous wire and the diameter of the coil; k is a constant factor determined by the geometry of the coil. For the frequency ω, the impedance Z of the coil can be expressed as:


[image: there is no content]



(2)




If a single frequency current source IAC = Iejωt flows in the coil; the voltage VAC across the coil can be expressed:
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(3)
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where, I is the amplitude of IAC and V is the amplitude of VAC. Due to the nonlinearity of the M-H curve of FeCoSiB amorphous wire, the effective relative permeability of the amorphous wire μre = əB/əH changes with the external magnetic field, then the amplitude of VAC also changes with the external field H.


3. Experiments and Results

Figure 2 shows the block diagram of the driving circuit of the magnetic sensor. A 5 mm-long FeCoSiB amorphous wire with the diameter of 100 μm is used, which is made by UNITIKA Ltd. (Nagoya, Japan) using water quenched spinning method.

Figure 2. Block diagram of the driving circuit of the magnetic sensor.
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For this FeCoSiB amorphous wire with the ratio of Fe (0.06) and Co (0.94), the magnetostriction value λS is close to zero [18], and the B-H curve is steep with small hysteresis [19]. The saturation magnetization of the wire is about 0.81 T with relative permeability at zero magnetic field of about 2000. The saturation magnetic field is about 300 A/m. The wrapped coil is 30 turn single layer coil. The diameter D of the coil is about 0.6 mm. The signal generator is used to supply a sine wave current. In our experiments, 1 MHz sine wave current is used and the amplitude is about 20 mA. A DC current is used to produce the bias DC magnetic field, which is necessary to achieve the best operation of the magnetic sensor. The AC voltage across the coil is amplified by a preamplifier. A demodulator is used to get the amplitude of the AC voltage. After the demodulator, an amplifier is used and the output DC voltage is adjusted to zero when there is no external magnetic field. The signal of VOUT corresponds to the external magnetic field.

Figure 3 shows the output voltage changes with the external magnetic field when the bias DC magnetic field is about 2.5 Gauss. For external magnetic field between −2 Gauss and +2 Gauss, the magnetic field response is nearly linear. The output voltage was about 0.9 V/Gauss.

Figure 3. Output voltage changes with the external magnetic field when the static bias magnetic field is about 2.5 Gauss.
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To measure the magnetic field noise spectrum, we first measure the noise spectrum of the output voltage of the GMI sensor using a spectrum analyzer, then divide it by the value of 0.9 V/Gauss obtained from Figure 3. Figure 4 shows the magnetic field noise spectrum of the magnetic sensor measured in a 1 mm one layer permalloy shielding box. The peaks are the 50 Hz inference and its harmonics. The white magnetic field noise spectrum is about 30 pT/√Hz.

Figure 4. Magnetic field noise spectrum of the magnetic sensor measured in a 1 mm one layer permalloy shielding box.
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4. Application and Discussion

Due to the small diameter of the amorphous wire, this magnetic sensor can be used to construct a magnetic microscope. To prove the sensitivity and the spatial resolution of the sensor, we measured the magnetic field produced by a Japanese thousand yen bill, which is printed with magnetic ink. The bill is put on an X-Y stage for the scanning with scanning steps of 0.1 mm. The lift off between the bill and the sensor is about 0.1 mm. The measurement is done in an unshielded environment. Figure 5 shows the scanning result. The number 1000 is clearly observed.

Figure 5. Scanning result of Japanese thousand bill using the magnetic sensor.
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Because the magnetic properties of FeCoSiB amorphous wire change with the temperature, the variance of environmental temperature will cause low frequency drift of the sensor. In our scanning measurements of the thousand yen bill and eddy current testing using the sensor, the influence is small because the measuring time is not long. In the future, we will develop a bridge type magnetic sensor to reduce the influence of the variance of environmental temperature.



5. Conclusions

A simple small high sensitive magnetic sensor with FeCoSiB amorphous wire was developed. This sensor can be used for magnetic microscope and eddy current nondestructive evaluation.






Acknowledgments

We thank UNITIKA LTD. for the supplying of the FeCoSiB amorphous wire.



Author Contributions

Dongfeng He was responsible for the design, fabrication and experiments. Mitsuharu Shiwa was responsible for the analysis.



Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
Tumanski, S. Induction coil sensors—A review. Meas. Sci. Technol. 2007, 18, R31–R46. [Google Scholar]

	2. 
Prance, R.J.; Clark, T.D.; Prance, H. Ultra low noise induction magnetometer for variable temperature operation. Sens. Actuators A: Phys. 2000, 85, 361–364. [Google Scholar]

	3. 
Afanas'ev, Y.V. Prospects for noise reduction in ferromodulation transducers. Meas. Technol. 1991, 34, 68–72. [Google Scholar]

	4. 
Koch, R.H.; Rozen, J.R. Low-noise flux-gate magnetic-field sensors using ring- and rod-core geometries. Appl. Phys. Lett. 2001, 78, 1897–1899. [Google Scholar]

	5. 
Bernieri, A.; Betta, G.; Ferrigno, L.; Laracca, M. Improving performance of GMR sensors. IEEE Sens. J. 2013, 13, 4513–4521. [Google Scholar]

	6. 
He, D.F.; Tachiki, M.; Itozaki, H. Highly sensitive anisotropic magnetoresistance magnetometer for Eddy-current nondestructive evaluation. Rev. Sci. Instrum. 2009, 80, 036102. [Google Scholar]

	7. 
Mohri, K.; Humphrey, F.B.; Panina, L.V.; Honkura, Y.; Yamasaki, J.; Uchiyama, T.; Hirami, M. Advances of amorphous wire magnetic over 27 years. Phys. Status Solidi A 2009, 206, 601–607. [Google Scholar]

	8. 
Phan, M.H.; Peng, H.X. Giant magnetoimpedance materials: Fundamentals and applications. Prog. Mater. Sci. 2008, 53, 323–420. [Google Scholar]

	9. 
He, D.F.; Zhang, Y.Z.; Shiwa, M.; Moriya, S. Development of eddy current testing system for inspection of combustion chambers of liquid rocket engines. Rev. Sci. Instrum. 2013, 84, 014701. [Google Scholar]

	10. 
Mohri, K.; Uchiyama, T.; Shen, L.P.; Cai, C.M.; Panina, L.V. Amorphous wire and CMOS IC-based sensitive micro-magnetic sensors (MI sensor and SI sensor) for intelligent measurements and controls. J. Magn. Magn. Mater. 2002, 249, 351–356. [Google Scholar]

	11. 
Devkota, J.; Ruiz, A.; Mukherjee, P.; Srikanth, H.; Phan, M.H. Magneto-impedance biosensor with enhanced sensitivity for highly sensitive detection of nanomag-D beads. IEEE Trans. Magn. 2013, 49, 4060–4063. [Google Scholar]

	12. 
Uchiyama, T.; Nakayama, S.; Mohri, K.; Bushida, K. Biomagnetic field detection using very high sensitivity magnetoimpedance sensors for medical applications. Phys. Status Solidi A 2009, 206, 639–643. [Google Scholar]

	13. 
Melo, L.G.C.; Menard, D.; Yelon, A.; Ding, L.; Saez, S.; Dolabdjian, C. Optimization of the magnetic noise and sensitivity of giant magnetoimpedance sensors. J. Appl. Phys. 2008, 103, 033903. [Google Scholar]

	14. 
Nakayama, S.; Atsuta, S.; Shinmia, T.; Uchiyama, T. Pulse-driven magnetoimpedance sensor detection of biomagnetic fields in musculatures with spontaneous electric activity. Biosens. Bioelectron. 2011, 27, 34–39. [Google Scholar]

	15. 
Nakayama, S.; Sawamura, K.; Mohri, K.; Uchiyama, T. Pulse-Driven Magnetoimpedance Sensor Detection of Cardiac Magnetic Activity. PLoS One 2011, 6, e25834. [Google Scholar]

	16. 
Devkota, J.; Wingo, J.; Mai, T.T.T.; Nguyen, X.P.; Huong, N.T.; Mukherjee, P.; Srikanth, H.; Phan, M.H. A highly sensitive magnetic biosensor for detection and quantification of anticancer drugs tagged to superparamagnetic nanoparticles. J. Appl. Phys. 2014, 115, 17B503. [Google Scholar]

	17. 
Johnson, C.; Jasik, H. Antenna Engineering Handbook, 2nd ed.; McGraw-Hill Book Company: New York, NY, USA, 1961; Chapter 5. [Google Scholar]

	18. 
Kamruzzaman, M.; Rahman, I.Z.; Rahman, M.A. A review on magneto-impedance effect in amorphous magnetic materials. J. Mater. Process. Technol. 2001, 119, 312–317. [Google Scholar]

	19. 
Zhukova, V.; Ipatov, M.; Zhukov, A. Thin magnetically soft wires for magnetic microsensors. Sensors 2009, 9, 9216–9240. [Google Scholar]

















© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license ( http://creativecommons.org/licenses/by/3.0/).







media/file4.png
Scanning area

¥ position (mm)

(ww) vogrsod X
W0 e 9z

Scanning result





nav.xhtml


  sensors-14-10644


  
    		
      sensors-14-10644
    


  




  





media/file3.png
1
™
F O
-—
I
- O
-—
L ©
—
)
o)

T — T

© o~ - v

o o o

AN:N_._\ 1d) wnuyoads asiou pjay onsubep

Frequency (Hz)





media/file0.png





media/file1.png
DC current

Generator
$EI





media/file2.png
Output voltage (V)

L
.,./

o
v

5

4 3 2 1 0 1 2 3 4
External magnetic field (Gauss)






