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Magnetic Sensor Using Second Harmonic Change in Magneto-Impedance Effect
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This study reports on a magnetic sensor composed of a Cu wire sandwiched between Co-based amorphous ribbons. The
impedance of the Cu wire largely depends on the permeability of the amorphous ribbons and changes with an external field. This
phenomenon results in a change in the voltage at the fundamental freqigggyd that at the second harmonic frequency
(Vong) at both ends of the Cu wire. The maximwhq variation rate was-150%/Oe which is about 15 times larger than
that of V15 The detection of the second harmonic voltage offers the potential for a great improvement in the magnetic field
sensitivity.
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Magnetoresistance (MR) sensors have been developed -
high density magnetic recording and various sensing systen
Since the giant magnetoresistance (GMR) effect was disca
ered in superlattice films?) in 1988, it has been studied for 50Q
application to high density magnetic recording heads. A pra
tical GMR sensor has not yet been realized because it requil w
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a strong magnetic field and exhibits a large hysteresis.
Recently, the magneto-impedance (MI) effeéthas been
investigated as regards applications to highly sensitive ma
netic sensors. The MI effect is based on the impedant
change in a magnetic wire or a thin film which occurs whel
a radio frequency (RF) current is passed through it and ¢
external magnetic fieldHex) is applied. One of the au- (a)

thors also reported a magnetic (Mpnductor (Cymagnetic

(M) film sensor through which the RF current passes ar L Vs H,,
whose impedance changes withy.68 A high-speed and Z
highly sensitive magnetic sensor was achieved by emplo
ing NiFe/SiO, multilayer patterned film as the magnetic film
and operating it at a high frequency of several hundred MH. v AN )
In these impedance-changing type sensors, the impedat ﬂ;; £

change is detected as a voltage change at a fundamental- 1

quency. - W, -

Another approach has been the development of the fluxgate
sensor which is also a highly sensitive magnetic sefsar. Fig. 1. Schematic diagram of the/@/M sensor and measurement setup.
fluxgate sensor is generally composed of a magnetic core sur) in-plane, (b) cross-section.
rounded by two wound coils. An AC input current is supplied
to one coil and an output voltage is detected from the other.

The output voltage contains a second harmonic componer0 and a uniaxial anisotropy magnetic fieldy) of ~4.8 Oe.

at Hex # 00e and contains no second harmonic componeithe easy axis of the ribbons was in fhedirection, andHey

at Hex = 00e. This second harmonic component is propoi=-60 Oe) was applied in the, direction with a permanent
tional to Hex and is used as a sensitive measurélgf. Since magnet. An RF currentl§) of 15 mA was supplied to elec-
the second harmonic component is attributed to an asymmaéiedesl; andl, with a generator (Kenwood, AG-203D), thus
ric hysteresis loop of the core whety is applied, a similar causing a driving field Klo) in the amorphous ribbons. The
phenomenon can be expected in the impedance-changing typeput signal from electrodeg, andV, was measured with
sensors. In this paper, we investigate the features of secamdpectrum analyzer (HP, 4195A). The RF current frequency
harmonic generation in an MC/M sensor with the view to was 500kHz. A 5@-resistance was connected between the
further improving its sensitivity. generator and the sensor to match the impedance.

Figure 1 is a schematic diagram of the/@®/M sen- First, we consider the second harmonic generation mech-
sor. The sensor is composed of a Cu wire with twanism in the MC/M sensor. Figure 2 shows the observed
current (1,12) and two voltage V1, V2) electrodes and (solid line) and idealized (dashed line) hysteresis loops for an
of Cosgs(Fe, Mn, MoY 5(Si, B),4 amorphous ribbons which amorphous ribbon. The ribbon and the sensor had the same
sandwich the wire from above and below on a glass sulshape. Measuring field was applied in the direction of the
strate. The dimensions atg = 10mm, wy, = 10mm, hard axis. In Fig. 2, the driving fieldHp) magnetization flux
tn = 10mm andd. = 0.2mm. The ribbon exhibited a density B) and output voltage\() are also shownHp is as-
saturation magnetization£Ms) of 6 kG, an electric resistiv- sumed to be applied to the idealized hysteresis loop. The total
ity (om) of 120u£2-cm, a saturation magnetostrictions of  impedanceZy) of a practical sensor is described as follows;
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Fig. 3. Equivalent circuit of the WIC/M sensor.
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Fig. 2. Observed (solid line) and idealized (dashed line) hysteresis loops :f - E
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where Z. is the impedance due only to the Cu wirgy, is *g’ .40 hl \
the impedance related to the permeability of the ribbon an( ~ 5 ;
changes greatly wheHgy is applied. In order to simplify the E: - '
Vang generation mechanism, we considered thats com- g [, ’ Ly L Ly
posed only ofZy. In Figs. 2(a) and 2(b)Hex = 0 and = -60 0 0.5 1 1.5 9
ively. i B Z
_Hex # 00e, respectlv'ely The relation betwe¥nand (H, —H,) (H,) (H, +H,)
is presented as follows; _
Normalized external field : H,,/H,
V = —do/dt, (2)
. . Fig. 4. Relation between the external field and the calculated outputs at the
where® is magnetic flux and fundamental and second harmonic frequencies.
® =SB= LIy, (3

whereS is the total section area of the ribbons, dnds the

inductance due to the ribbons. The above equations indicatg,y are normalized by at Hex = 0 Oe (V15¢(0)) and Hex

that the variation irB is equivalent to that ir.. L is propor- is normalized byHg. Lines 1 and 2 showgy/ V1s¢(0) and

tional to Z,. WhenHgx = 00Oe, the ribbon is magnetized V,ng/ V1s((0) at Zc = 0<, respectively. Lines 3 and 4 show

symmetrically every half cycle oHp and this results in the Vigy/ Vis(0) andVong/ Vist(0) at Zg = Zm, respectively. As

symmetric variations irB andV as shown in Fig. 2(a). The Hey is increasedVisy Vis(0) at Zc = 0 (line 1) begins

Fourier expansion oV has only odd terms. Whehlex is  to drop atHx — Ho and disappears atly + Ho. The rate

sufficiently large such thatlyp + Hex exceedsHk, as shown of decrease o¥/gt is then maximum aHex = Hyx + Ho.

in Fig. 2(b), B is partially saturated which is the reason forBy contrast,Vong/ Visi(0) at Zc = 0 (line 2) appears at

difference between the positive and negative amplitudes #fex = Hx — Ho, reaches its maximum étex = Hy and dis-

B. Consequently, the Fourier expansion\bfcontains even appears aHex = Hk + Ho. The variation rate ifvopg has its

terms. The first and second terms of the Fourier expansiamaximum atHex = Hy &= Hp. WhenZ¢ = Zpy, Visy/ Vist(0)

are respectively the amplitudes ¥fat the fundamental fre- (line 3) begins to decrease Bty = Hx — Hp and attains a

quency V1) and the second harmonic frequent®g{y). certain value aHex = Hi + Hp. The maximum rate of de-
Figure 3 shows the equivalent circuit of the sensor. Whetrease invist which is obtained aHey = Hy is smaller than

lo is supplied tol; and |2 Hp of about 1.3 Oe is reflected that atZ; = 0. On the other hantlang/ Vist(0) at Z¢ = Zn,

and/or absorbed in the ribbons, aig, is then generate¥?)  (line 4) shows a similar variation to that 2 = 0% (line

An increase of the impedance change requires a higher 2); the variation rate itVong is maximum atHex = Hy £ Ho.

and lowerZ.. Z; at 500kHz was measured with a networkConsequently, it is estimated that the variation rat¥sgy is

analyzer (HP, 85047A). Thg; values atHex = 0 andHex =  larger than that ifVist in a practical case such @& = Zn,.

500 Oe were 650 and 3109 respectively. From this result Experimental results are shown in Fig. 5. The variations in

Zm was calculated to be 340which is almost the same as VistandVang show the same tendencies as the theoretical ones

Ze. (lines 3 and 4 in Fig. 4). Neither hysteresis nor a Barkhausen
Then, we calculate the voltage at the fundamental fregamp are detected. The variation rateMps(V Risy) and that

guency ¥is) and that at the second harmonic frequencin Vand(V Reng) are defined as follows.

(Vong). Figure 4 shows thélex dependences &fst andVapg _ 1{(VastH+1D)—Vig(H)}/20]

represented in dBm.Hg is assumed to bélk/2. Vig and V Ryst = 100l %/08 ()
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The variations in output voltage, which are proportional to

0 T T T T T T T T . .
| v ] the impedance, at the fundamental and second harmonic fre-
T —y guencies were in good agreement with the calculated values.
g 0 VR,,=9.8 %/Oe ] We obtained a maximum voltage variation rate of 9/8% at
% . \ ] the fundamental frequency and of 15109 at second har-
ER) TS esios monic frequency. This large voltage variation rate in the sec-
5 VR,,;=151.0 %/Oe ] ond harmonic is promising as regards successfully developing
© | VR,,=140.6 %/Oe 1 a high e ; : N
.60 ‘ gher sensitivity than the previously reported impedance
I  foa ] changing type sensors, in which a voltage change at the fun-
8 damental frequency is detected.
’ :lmn—n— —H \u\u—-n—j:
S : ' Acknowledgment
0 1 2 3 4 5 6 7 8
H,, [Oe] The authors thank Dr. Masakatsu Senda at NTT Labora-

tories and Mr. Kazumasa Makita at Yamagata University for

Fig. 5. External field Klex) dependence of the outputs at the fundamentatheir useful discussions. The authors would like to thank Mr.

and second harmonic frequencies. Shunsuke Arakawa of Hitachi Metals, Ltd. for supplying Co-
based Amorphous ribbons.

V Rond = 10[{V2nd(H+|)—V2nd(H)}/20]%/Oe (5)
1) M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen, V. Dau, F. Petroff, P.

whereVisi(H) andVang(H) are respectively theisiandVapg Etienne, G. Creuzet, A. Friedrich and J.Chazelas: Phys.63g1988)

— i ; 2472.
Valuoes whenHe, = HOe. V Ry reaches its maXImu.m 2) T. Sinjo and H. Yamamoto: J. Phys. Soc. J#(1990) 3061.
(9.8%/Ce) atHex = 4.80e & Hy). V Reng has its maxi- 3) K. Mobhri, T. Kohzawa, K. Kawashima, H. Yoshida and L. V. Panina:
mum values of 140.6 and 151.0%@e atHy, = 3.6 and 5.6 Oe IEEE Trans. Magn28(1992) 3150.
(= Hk % Ho), respectively. The fact that the maximifRyng 4 L. V. Paninaand K. Mohri: J. Magn. Soc. JA&(1994) 245.

; ; : 5) K. Bushida, M. Noda, L. V. Panina, H. Yoshida, T. Uchiyama and K.
value is about 15 times larger than that\6Ryg; illustrates Mohri: J. Magn. Soc. Jpri8 (1994) 493,

the_great adV?-.ntage of dgteCtngnd in terms of developing ) wm. senda, O. Ishii, Y. Koshimoto and T. Toshima: IEEE Trans. Magn.
a highly sensitive magnetic sensor. 30(1994) 4611.
In summary, we investigated, theoretically and experi-7) M. Senda, O. Ishii, Y. Koshimoto and T. Toshima: J. Magn. Soc. I9n.
. ) L (1995) 465.
_menta”y' the SGCO_ﬂd harmonic gener_atlon mechanism in M. Senda, K. Takei, O. Ishii and Y. Koshimoto: IEEE Trans. Mag.
impedance-changing type sensor which was composed of a (1996) 3485.

Cu wire sandwiched between Co-based amorphous ribbong. D. I. Gordon and R. B. Brown: IEEE Trans. MagtAG-8 (1972) 76.



