
1. Introduction 

 

Thin-film type miniature sensors are advantageous over bulk sensors[1] on the space resolution, 

mass-production capability and integration capability with semiconductor circuit, 

etc. Therefore high frequency carrier type thin-film magnetic sensors using impedance change of soft 

magnetic thin-films have been studied because the sensor have high sensitivity, coilless configuration, 

etc. It has been proposed that the high frequency carrier type sensor 

is applicable in the three dimensional position sensor of a small magnetic marker[2]. The high sensitivity and 

simple directivity are required to detect the position of the marker which has a very weak and localized 

magnetic field. The gain of 2.0V/Oe has already been demonstrated by us for bridge connected sensor[3] 

with CMOS-IC detection circuit whose carrier frequency was 15 MHz and dc bias field along hard axis of 

magnetization of 4.5 Oe. The purpose of this paper is to examine the directivity and sensitivity of the sensor 
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Abstract 

 

We discuss the directivity and sensitivity of high frequency carrier type thin-film magnetic sensor (or so-called 

MI sensor.) The inductance of the sensor changes as a function of the angle, θ, between the applied 

magnetic field, Hdc, direction and the length direction of the sensor. The relation 

between the inductance and the angle is cos3θ because the inductance varies as Hdc
3. The effective magnetic field 

inside the magnetic thin-film is proportional to Hdc cosθ because of the rectangular shape. Moreover, the high 

sensitivity of 2 x 10-4 Oe has been demonstrated provided a 140 MHz carrier current and lock-in amplifier 

detection. 
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considering the noise. 

 

2. Experimental Procedures 

 

Fig.1 shows the schematic view of the fabricated sensor. The element is a rectangular strip of an amor-

phous Co84.85Nb12Zr3.15 thin-film. 3 or 6 µm thick CoNbZr films were rf-sputter deposited onto soda glass sub-

strates and then patterned into 100 µm wide and 5 mm long rectangle. The sensor element was annealed dur-

ing 2 hours at 400 °C in a 60 rpm rotating magnetic field of 500 Oe, followed by 1 hour at 400 °C in a static 

magnetic field of 500 Oe in order to induce uniaxial magnetic anisotropy. The anisotropy field, Hk, of the sensor 

was 5 ~ 6 Oe. Sensor’s easy axis of magnetization is along the width direction. 

Applying high frequency current of 10 MHz to the length direction of the element which is 6 µm thick, 

we measured the impedance of the elements using a network analyzer (HP8752A). The element 

was submitted to an external dc field, Hdc, in order to determine the directivity of the sensor elements. 

Let the angle between the applied magnetic filed direction and the length direction of the sensor be θ as shown 

in Fig. 2. The external dc field was applied using a helmholtz coil. 

Amplitude and phase of the output voltage of the sensor element were detected with a high frequency lock-in 

amplifier (SRS-SR844) at 140 MHz, when the sensor was supplied a small dc magnetic field change of 10-3 ~ 

10-4 Oe to clarify the sensitivity of the sensor. In this case, the thickness of the sensor was 3 µm. In 

order to obtain a high sensitivity, a constant dc bias field of 5.5 Oe was applied. The sensor was set in a 

magnetic shield case and we used chemical batteries to supply a constant current to solenoid 

coils so the external noise could be decreased. 

 

3. Results and Discussion 

 

Fig. 3 shows the dependence of the impedance, Z, resistance, R, and inductance, L, on the external 

dc field, Hdc, at carrier frequency of 10 MHz when θ changed from 0 to90 degree on the film plane. Z, R and L 

at 0 deg. increased with the increase of the dc magnetic field, and 

were maximum when Hdc nearly equals Hk of the magnetic films. Maximum values of Z, R and L were 13.6 Ω, 

12.8 Ω and 69.6 nH respectively. The magnetic field at which Z reached a maximum, increased 

with the increase of θ from 0 to 80 deg. And Z, R and L were roughly constant at 90 deg.  

Fig. 4 shows the dependence of Z, R and L on the Hdc when the sensor 

was rotated perpendicularly to the film plane. The θ was 0, 30, 60 and 90 

deg. Results are quantitatively identical to the case of the in-plane rotation as shown in Fig. 

3. The reason for the results is that the length of the sensor is much longer than the thickness and width. 



Values of inductance, resistance and impedance at Hdc = 5 Oe were obtained from Fig. 4. The data is shown 

as a function of the angle, θ, in Fig. 5. Zθ, Rθ and Lθ are the normalized impedance, resistance and induc-

tance as follows. 

 

Zθ = (Z – Z90) / (Z0 – Z90)  (1) 

 

Rθ = (R – R90) / (R0 – R90)  (2) 

 

Lθ = (L – L90) / (L0 – L90)  (3) 

 

where Z90, R90 and L90 are impedance, resistance and inductance at θ = 90 deg. and Z0, R0 and L0 are Z, R and 

L at θ = 0. In Fig. 5, Lθ was proportional to cos2 θ in the case of θ = 0 ~ 30 deg. and was proportional to cos3 θ 

at θ = 50 ~ 90 deg. This relation holds for both rotation 

in the film plane and rotation perpendicularly to the film plane.  

Magnetic field dependence of inductance when θ = 0 deg. is shown in a log-to-log scale in Fig. 6. This fig-

ure is the re-write of the corresponding data as obtained in Fig. 3(a) and Fig. 4(a). Here the inductance is nor-

malized form as follows. 

 

LH = (L – L0) / (L5 – L0)  (4) 

 

where L0 is the inductance at Hdc = 0 and L5 is the inductance at Hdc = 5 

Oe. The inductance was minimum at Hdc = 0 and was maximum at Hdc = 5 Oe. Therefore the range of LH 

was between zero and unity. LH varied as LH =0.008 Hdc
3 when Hdc = 1.5 ~ 5 Oe. Let define the effective field 

intensity in the sensor element as Hin. The direction of Hin was always along the length direction. If θ = 0, Hin 

equals Hdc because the demagnetizing factor, Nl = 0.000048, along the length direction of the sensor element 

was much smaller than the demagnetizing factor along another two axes, Nw = 0.059986, Nt = 

0.939966. Therefore LH is given by the following expression. 

 

LH = 0.008 Hdc
3=0.008 Hin

3  (5) 

 

If θ was deviated from zero, magnetic field intensity along the length direction of the sensor element 

was Hdccosθ. But the effective field intensity Hin did not always equal Hdccosθ because the direction of mag-

netization of a rectangular magnetic body is deviated from the length direction at the edge as simulated in Fig. 7 

by FEM. It is also seen in Fig. 7 that the direction of magnetization at the film center remained almost paral-



lel to the length direction except θ = 90 deg. portion. This means that it 

is a reasonable approximation that the direction of the effective field Hin is along the length 

direction. Assuming that the value of inductance in Fig. 5 varies as a function of the effective field Hin, we can 

graphically estimate Hin as a function of θ as follows: (i) For a given angle θx in Fig. 5, find out a 

corresponding normalized inductance Lθ = Lx. (ii) Calculate the inductance L = Lx* using eq.(3). (iii) In Fig. 

4(a) on the θ = 0 deg. curve, find out a magnetic field intensity Hx corresponding to Lx*. Then Hin=Hx. 

(iv) Repeating (i)-(iii) for different angles, we obtain Fig. 8. The Hin varies as cosθ for both in-plane rotation 

and perpendicular to plane rotation as shown in Fig. 8. Because of the results, Hin 

agrees with the Hdccosθ. Substituting this relation into eq. (5), we obtain Lθ ∝ cos3θ, which. well 

explains the physical meaning of Fig. 6. This simple relation of Hin = Hdccosθ is very useful when 

detecting the direction of magnetic field. Fig. 9 shows the amplitude of the sensor output when dc field step ∆Hdc of 2 x 10-4 Oe was applied. The cor-

responding output voltage change, ∆V, was about 15 µV. The fluctuation of the background noise were about 10 

~ 15 µV. The field resolution was thus estimated to be 2 x 10-4 Oe.  

 

4. Conclusion 

 

The cos3θ relation between the inductance of the high frequency carrier type thin-film magnetic sensor 

and the applied magnetic field direction was obtained. If the inductance was proportional to the external mag-

netic field, simple relation of Hin = Hdccosθ could be achieved. The sensor was estimated to exhibit a field reso-

lution of 2 x 10-4 Oe. 
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Fig. 1. Schematic view of the high frequency car-
rier type thin-film sensor. 
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Fig. 2. External magnetic field direction.
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(c) Impedance 

Fig. 3. Dependence of the inductance, resistance and imped-
ance on the external dc magnetic field when the sensor was rotated 
on the film plane. 
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 (c ) Impedance 

Fig. 4. Dependence of the inductance, resistance and 
impedance on the external dc magnetic field when the sensor 
was perpendicularly rotated to the film plane. 
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Fig. 5. Dependence of Rθ, Lθ and Zθ on the θ at Hdc = 5 Oe. 
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Fig. 6. Dependence of L on the external field. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Magnetization inside rectangular magnetic material[4]. 
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Fig. 8. Dependence of the effective field inside mag-
netic thin-film on the angle. 



 

 

 

 

 

 

 

 

 

 

 

80

90

100

110

120

130

140

150

0 2 4 6 8 10

Si
gn

al
-in

 V
ol

ta
ge

 (µ
V

)

Time (s)

2 x 10-4 Oe step

 
Fig. 9. Amplitude of the sensor output at the small dc field change, 
∆Hdc, of 2 x 10-4 Oe. 


