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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 frequency (V1st) and that at the second harmonic frequency
(V2nd) at both ends of the Cu wire. The maximumV2nd variation rate was∼150%/Oe which is about 15 times larger than
that of V1st. 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 for
high density magnetic recording and various sensing systems.
Since the giant magnetoresistance (GMR) effect was discov-
ered in superlattice films1,2) in 1988, it has been studied for
application to high density magnetic recording heads. A prac-
tical GMR sensor has not yet been realized because it requires
a strong magnetic field and exhibits a large hysteresis.

Recently, the magneto-impedance (MI) effect3–5) has been
investigated as regards applications to highly sensitive mag-
netic sensors. The MI effect is based on the impedance
change in a magnetic wire or a thin film which occurs when
a radio frequency (RF) current is passed through it and an
external magnetic field (Hex) is applied. One of the au-
thors also reported a magnetic (M)/conductor (C)/magnetic
(M) film sensor through which the RF current passes and
whose impedance changes withHex.6–8) A high-speed and
highly sensitive magnetic sensor was achieved by employ-
ing NiFe/SiO2 multilayer patterned film as the magnetic film
and operating it at a high frequency of several hundred MHz.
In these impedance-changing type sensors, the impedance
change is detected as a voltage change at a fundamental fre-
quency.

Another approach has been the development of the fluxgate
sensor which is also a highly sensitive magnetic sensor.9) A
fluxgate sensor is generally composed of a magnetic core sur-
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 component
at Hex 6= 0 Oe and contains no second harmonic component
at Hex = 0 Oe. This second harmonic component is propor-
tional to Hex and is used as a sensitive measure ofHex. Since
the second harmonic component is attributed to an asymmet-
ric hysteresis loop of the core whenHex is applied, a similar
phenomenon can be expected in the impedance-changing type
sensors. In this paper, we investigate the features of second
harmonic generation in an M/C/M sensor with the view to
further improving its sensitivity.

Figure 1 is a schematic diagram of the M/C/M sen-
sor. The sensor is composed of a Cu wire with two
current (I1, I2) and two voltage (V1, V2) electrodes and
of Co68.5(Fe, Mn, Mo)7.5(Si, B)24 amorphous ribbons which
sandwich the wire from above and below on a glass sub-
strate. The dimensions arelm = 10 mm,wm = 10 mm,
tm = 10 mm anddc = 0.2 mm. The ribbon exhibited a
saturation magnetization (4πMs) of 6 kG, an electric resistiv-
ity (ρm) of 120µÄ·cm, a saturation magnetostriction (λs) of

∼0 and a uniaxial anisotropy magnetic field (Hk) of∼4.8 Oe.
The easy axis of the ribbons was in thelm direction, andHex
(±60 Oe) was applied in thewm direction with a permanent
magnet. An RF current (I0) of 15 mA was supplied to elec-
trodesI1 and I2 with a generator (Kenwood, AG-203D), thus
causing a driving field (H0) in the amorphous ribbons. The
output signal from electrodesV1 andV2 was measured with
a spectrum analyzer (HP, 4195A). The RF current frequency
was 500 kHz. A 50Ä-resistance was connected between the
generator and the sensor to match the impedance.

First, we consider the second harmonic generation mech-
anism in the M/C/M sensor. Figure 2 shows the observed
(solid line) and idealized (dashed line) hysteresis loops for an
amorphous ribbon. The ribbon and the sensor had the same
shape. Measuring field was applied in the direction of the
hard axis. In Fig. 2, the driving field (H0) magnetization flux
density (B) and output voltage (V) are also shown.H0 is as-
sumed to be applied to the idealized hysteresis loop. The total
impedance (Zt) of a practical sensor is described as follows;

Fig. 1. Schematic diagram of the M/C/M sensor and measurement setup.
(a) in-plane, (b) cross-section.
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Zt = Zc+ Zm, (1)

whereZc is the impedance due only to the Cu wire.Zm is
the impedance related to the permeability of the ribbon and
changes greatly whenHex is applied. In order to simplify the
V2nd generation mechanism, we considered thatZt is com-
posed only ofZm. In Figs. 2(a) and 2(b),Hex = 0 and
Hex 6= 0 Oe, respectively. The relation betweenV and B
is presented as follows;

V = −d8/dt, (2)

where8 is magnetic flux and

8 = SB= L I0, (3)

whereS is the total section area of the ribbons, andL is the
inductance due to the ribbons. The above equations indicate
that the variation inB is equivalent to that inL. L is propor-
tional to Zm. When Hex = 0 Oe, the ribbon is magnetized
symmetrically every half cycle ofH0 and this results in the
symmetric variations inB andV as shown in Fig. 2(a). The
Fourier expansion ofV has only odd terms. WhenHex is
sufficiently large such thatH0 + Hex exceedsHk, as shown
in Fig. 2(b), B is partially saturated which is the reason for
difference between the positive and negative amplitudes of
B. Consequently, the Fourier expansion ofV contains even
terms. The first and second terms of the Fourier expansion
are respectively the amplitudes ofV at the fundamental fre-
quency (V1st) and the second harmonic frequency (V2nd).

Figure 3 shows the equivalent circuit of the sensor. When
I0 is supplied toI1 and I2 H0 of about 1.3 Oe is reflected
and/or absorbed in the ribbons, andZm is then generated.8,9)

An increase of the impedance change requires a higherZm
and lowerZc. Zt at 500 kHz was measured with a network
analyzer (HP, 85047A). TheZt values atHex = 0 andHex =
500 Oe were 650 and 3l0 mÄ, respectively. From this result
Zm was calculated to be 340 mÄ which is almost the same as
Zc.

Then, we calculate the voltage at the fundamental fre-
quency (V1st) and that at the second harmonic frequency
(V2nd). Figure 4 shows theHex dependences ofV1st andV2nd
represented in dBm.H0 is assumed to beHk/2. V1st and

V2nd are normalized byV1st at Hex = 0 Oe (V1st(0)) andHex
is normalized byHk. Lines 1 and 2 showV1st/V1st(0) and
V2nd/V1st(0) at Zc = 0Ä, respectively. Lines 3 and 4 show
V1st/V1st(0) andV2nd/V1st(0) at Zc = Zm, respectively. As
Hex is increasedV1st/V1st(0) at Zc = 0Ä (line 1) begins
to drop atHk − H0 and disappears atHk + H0. The rate
of decrease ofV1st is then maximum atHex = Hk + H0.
By contrast,V2nd/V1st(0) at Zc = 0Ä (line 2) appears at
Hex = Hk − H0, reaches its maximum atHex = Hk and dis-
appears atHex = Hk + H0. The variation rate inV2nd has its
maximum atHex = Hk ± H0. WhenZc = Zm, V1st/V1st(0)
(line 3) begins to decrease atHex = Hk − H0 and attains a
certain value atHex = Hk + H0. The maximum rate of de-
crease inV1st which is obtained atHex = Hk is smaller than
that atZc = 0Ä. On the other handV2nd/V1st(0) at Zc = Zm
(line 4) shows a similar variation to that atZc = 0Ä (line
2); the variation rate inV2nd is maximum atHex = Hk ± H0.
Consequently, it is estimated that the variation rate inV2nd is
larger than that inV1st in a practical case such asZc = Zm.

Experimental results are shown in Fig. 5. The variations in
V1st andV2nd show the same tendencies as the theoretical ones
(lines 3 and 4 in Fig. 4). Neither hysteresis nor a Barkhausen
jump are detected. The variation rate inV1st(V R1st) and that
in V2nd(V R2nd) are defined as follows.

V R1st= 10[{V1st(H+1)−V1st(H)}/20]%/Oe, (4)
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Fig. 2. Observed (solid line) and idealized (dashed line) hysteresis loops,
and the second harmonic generation mechanism. (a)Hex = 0 Oe, (b)
Hex 6= 0 Oe.

Fig. 3. Equivalent circuit of the M/C/M sensor.

Fig. 4. Relation between the external field and the calculated outputs at the
fundamental and second harmonic frequencies.
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V R2nd= 10[{V2nd(H+l )−V2nd(H)}/20]%/Oe. (5)

whereV1st(H) andV2nd(H) are respectively theV1st andV2nd
values whenHex = H Oe. V R1st reaches its maximum
(9.8%/Oe) at Hex = 4.8 Oe (; Hk). V R2nd has its maxi-
mum values of 140.6 and 151.0%/Oe atHk = 3.6 and 5.6 Oe
(; Hk±H0), respectively. The fact that the maximumV R2nd
value is about 15 times larger than that ofV R1st illustrates
the great advantage of detectingV2nd in terms of developing
a highly sensitive magnetic sensor.

In summary, we investigated, theoretically and experi-
mentally, the second harmonic generation mechanism in an
impedance-changing type sensor which was composed of a
Cu wire sandwiched between Co-based amorphous ribbons.

The variations in output voltage, which are proportional to
the impedance, at the fundamental and second harmonic fre-
quencies were in good agreement with the calculated values.
We obtained a maximum voltage variation rate of 9.8%/Oe at
the fundamental frequency and of 151.0%/Oe at second har-
monic frequency. This large voltage variation rate in the sec-
ond harmonic is promising as regards successfully developing
a higher sensitivity than the previously reported impedance-
changing type sensors, in which a voltage change at the fun-
damental frequency is detected.
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Fig. 5. External field (Hex) dependence of the outputs at the fundamental
and second harmonic frequencies.


