MAGNETIC SENSOR UTILIZING IMPEDANCE VARIATION OF A
SOFT MAGNETIC ELEMENT IN DEPENDENCE UPON A MAGNETIC

FIELD STRENGTH AND A METHOD OF MANUFACTURING THE SAME

Background of the Invention:

This invention relates to a magnetic sensor
exhibiting variation of an impedance in dependence upon
the strength of an external magnetic field and, in
particular, to a magnetic sensor for use as a magnetic
head and the like.

In recent years, development of small-sized and
high-performance electronic apparatuses has made a rapld
progress. As a reading head for small-sized and large-
capacity hard disks in computer-associated apparatuses, a
conventional magnetic head utilizing the electromagnetic
induction is being replaced by a magnetoresistive head
(MR head) utilizing a magnetoresistance effect. However,
even the MR head is insufficient to meet further increase
in recording density. Under the circumstances, there is
a strong demand for a new magnetic element exhibiting
wide variation in electric characteristics in response to
variation in strength of an external magnetic field.

Besldes, the MR head is insufficlent for use in
measurement and detection of a weak magnetic field, such

as measurement of geomagnetic strength or a brain



magnetic field.

In view of the above, proposal has been made of a
magnetic sensor (also referred to as a "magnetic
impedance element") comprising a soft magnetic wire to be
supplied with a high-frequency current. In response to
the variation in strength of the external magnetic field,
the soft magnetic wire exhibits the variation in
resistance and inductance, namely, the variation in
impedance. Thus, the impedance variation is utilized in
detection of magnetic field strength (Japanese Unexamined
Patent Publications Nos. 176930/1994 and 248365/1995,
Proc. of The Institute of Electrical Engineers of Japan,
Vol. E116, No. 1, page 7 (1996)). Such magnetic sensor
exhibits wide variation in impedance in response to the
variation in strength of the external magnetic field and
therefore has a good performance for a magnetic head.
However, the impedance variation rate (i.e., magnetic
field sensitivity) 1n dependence upon the variation in
magnetic field strength is as small as 10%/0Oe.

In order to remove the above-mentioned
disadvantage, proposal has been made of another magnetic
sensor comprising an oscillation circuit formed by a
combination of a transistor and a soft magnetic wire.
With this structure, LC resonance is utilized to improve
sensitivity (Journal of The Magnetics Society of Japan,
Vol. 19, page 469 (1995)). However, this magnetic sensor
not only requires active components but also a plurality

of resistors, capacitors, and diodes. Therefore, the



production cost inevitably becomes high.

On the other hand, consideration is made about
the use of a single layer of an amorphous metal magnetic
film in order to realize a small-sized magnetic sensor
(Proc. of The Institute of Electrical Engineers of Japan,
115-A, page 949 (1995)). In this magnetic sensor, an
electric current is directly supplied to the magnetic
film so as to detect impedance variation in dependence
upon the external magnetic field. However, as compared
with those metals, such as Cu, Al, and Ag, generally used
as a conductor line, the amorphous metal magnetic f£ilm
has a large electrical resistance. Accordingly,
efficient excitation can not be carried out and the
impedance variation rate is small.

Furthermore, proposal has been made of a yet
another magnetic sensor or magnetic impedance element
comprising a sputtered permalloy film of a stripe pattern
including a Cu film (Senda et al, The Institute of
Electrical Engineers, Technical Meeting on Magnetics,
MAG-95-126, 91 (1995)). In addition, proposal has been
made of a different magnetic sensor comprising CoSiB
films with uniaxial magnetic anistropy introduced and a
Cu conductor layer interposed therebetween (Morikawa et
al, Journal of The Magnetics Society of Japan, No. 20,
page 553 (1996)). These magnetic sensors exhibit the
impedance variation rate between -50 and +120% with
respect to the external magnetic field varying within a

certain range. However, magnetic field sensitivity is no



more than -5 to +10%/0Oe. In addition, it is difficult to
control the magnetic anisotropy.

In the meanwhile, in the above-mentioned magnetic
sensors using soft magnetic elements, the impedance of
the magnetic sensor is increased in a frequency band on
the order of several tens to several hundreds megahertz
{MBz) under the influence of the skin effect and the
increase in eddy current loss. This means that the
impedance variation in response to the variation in
strength of the external magnetic field is relativ;ly
small.

In the above-mentioned conventional magnetic
sensors, stray capacitance is produced between the
magnetic sensor and other circuit components or conductor
lines present around the magnetic sensor. This results
in unstable operation of the magnetic sensor.

Summary of the Invention:

It 1s a first object of this invention to provide
a magnetic sensor which is hardly disturbed by conductors
and dielectrics existing around the magnetic sensor and
1s therefore stably operable.

It is a second object of this invention to
provide a magnetic sensor which is high in magnetic field
sensitivity, simple in manufacture, and low in cost.

It is a third object of this invention to provide
a magnetic sensor which is not only excellent in magnetic
field sensitivity but also exhibits wide impedance

variation in response to the variation in strength of an



external magnetic field so that stable operation is
assured.

It is a fourth object of this invention to
provide a magnetic sensor which is capable of decreasing
a d.c. electric resistance so that a higher sensitivity
is achieved as compared with that comprising a magnetic
metal layer or wire to be used also as a conductor metal.

It is a fifth object of this invention to provide
a magnetlc sensor which 1s capable of suppressing eddy
current loss so as to improve magnetic characteristics in
a high-frequency band.

It is a sixth object of this invention to provide
a magnetic sensor having a large impedance variation
rate. |

It is a seventh object of this invention to
provide a method of manufacturing each of magnetic
sensors of the types described above.

According to this invention, there is provided a
magnetic sensor for detecting a magnetic fleld strength,
comprising an insulator substrate having flrst and second
surfaces opposite to each other; a soft magnetic element
having first and second ends opposite to each other and
mounted on the first surface of the insulator substrate;
a conductor mounted on the second surface of the
insulator substrate; and an ocutput port coupled to the
first and the second ends of the soft magnetic element
for deriving an impedance of the soft magnetic element

between the first and the second ends, the impedance
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changing in dependence upon a magnetic fileld strength

applied to the soft magnetic element.

According to this invention, there is also
provided a magnetic sensor comprising an insulator
substrate and a soft magnetic thin film element formed on
the substrate, which further comprises an inner conductor
layer surrounded by the soft magnetic thin film element
through an inner insulator layer. The soft magnetic thin
film element comprises a Co-Nb-Zr thin layer essentially
consisting of 80-87 at% Co, 10-17 at% Nb, and 1-6 at% Zr.

According to this invention, there is also
provided a method of manufacturing a magnetic sensor
comprising the steps of forming a first soft magnetic
film on an insulator substrate; forming a first insulator
film on the first soft magnetic film; forming a conductor
layer on the first insulator film; forming a second
insulator film to cover the conductor layer except both
ends thereof; and forming a second soft magnetic film to
cover the second insulator film so as to form a closed
magnetic loop comprising the first and the second soft
magnetic f£films. Each of the first and the second soft
magnetic films comprises a Co-Nb-Zr thin film essentially
consisting of 80~87 at% Co, 10-17 at% Nb, and 1-6 ats 2zZr.

Hereln, description will be made about the reason
why the above-specified composition is selected. In the
composition of the Co-Nb-Zr thin film, inclusion of more
than 87 at% of Co favorably increases saturation

magnetization but unfavorably increase magnetostriction
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which results in deterioration of soft magnetic
characteristics. Therefore, the impedance variation rate
in response to the variation in strength of the external
magnetic field is reduced. 1In addition, ah amorphous
film is difficult to obtain. On the other hand, less
than 80 at% of Co decreases saturation magnetization so
that the impedance variation rate in dependence upon the
vériation in strength of the external magnetic field
becomes small.

Zr has a function of transforming the Co-Nb-Zr
film into an amorphous film and the content of 1 at% or
more 1ls required. The content of more than 6 at% is
unfavorable because magnetostriction is increased to
result in deterioration of soft magnetic characteristics.

As regards Nb, the content of 10~16 at% is most
preferable because zero magnetostriction is achieved.
Less than 10 at% increases positive magnetostriction to
cause deterioration of soft magnetic characteristics,
i.e., deterioration of the impedance variation rate. On
the other hand, more than 16 at% is unfavorable because
saturation magnetization is degraded.

Thus, since the thin film technique is used in
this lnvention, fine process is easy to perform. Like
other thin film magnetic sensors, the magnetic sensor of
this invention is excellent in this respect as compared
with those using a wire material.

According to this invention, the conductor layer

and the magnetic layer are electrically insulated from



each other so as to decrease the eddy current loss.
Therefore, characteristics in high-frequency band are
excellent.

Brief Description of the Drawing:

Figs. 1A and 1B show equivalent circuits of a
conventional magnetic sensor without any stray
capacitance and with stray capacitance, respectively;

Fig. 2 is a perspective view of a magnetic sensor
according to a first embodiment of this invention;

Fig. 3 shows an equivalent circuit of the
magnetic sensor of Fig. 2;

Fig. 4 is a perspective view of a magnetic sensor
according to a second embodiment of this invention;

Fig. 5 1s a perspective view of a magnetic sensor
according to a third embodiment of thils invention;

Fig. 6 1s a perspective view of a magnetic sensor
according to a fourth embodiment of this invention as a
modification of the magnetic sensor in Fig. 5;

Fig. 7 is a perspective view of a magnetic sensor
according to a fifth embodiment of this invention as
another modification of the magnetic sensor in Fig. 5;

Fig. 8 1s a perspective view of a magnetic sensor
according to a sixth embodiment of this invention as a
modification of the magnetic sensor in Fig. 6;

Fig. 9 is a graph showing the frequency

_dependency of an impedance with respect to various values

of Lo in the equivalent circuit in Fig. 3;



Flg. 10 1s a perspective view of a magnetic
sensor according to a seventh embodiment of this
invention;

Fig. 11 shows the external magnetic field
dependency of an impedance Z, a resistance R, and an
inductance L;

Fig. 12 is a perspective view of a magnetic
sensor according to an eighth embodiment of this
invention;

Fig. 13 1s a perspective view of a magnetic
sensor according to a ninth embodiment of this invention;

Fig. 14 is a sectional view of the magnetic
sensor in Fig. 13;

Fig. 15 1s a sectional view of a part of a
magnetic sensor according to a tenth embodiment of this
invention as a modification of that of Fig. 11;

Fig. 16 shows the frequency dependency of the
impedance of the magnetic sensor of Fig. 10;

Fig. 17 shows the frequency dependency of the
impedance Z, the resistance R, and the 1lnductance L of
the magnetic sensor of Fig. 13;

Fig. 18 is a perspective view of a magnetic
sensor according to a twelfth embodiment of this
invention;

Fig. 19 is a cross sectional view of the magnetic
sensor 1llustrated in Fig. 18;

Fig. 20 1s a longitudinal sectional view of the

magnetic sensor 1llustrated in Fig. 18;
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Figs. 21A, 21B, 21C, 21D, 21E, and 21F are views
for describing a manufacturing process of the magnetic
sensor illustrated in Fig. 18;

Fig. 22 shows the external magnetic field
dependency of the impedance of the magnetic sensor of
Fig. 18;

Fig. 23 is a sectional view of the magnetic
sensor according to a thirteenth embodiment of this
invention; and

Fig. 24 shows the external magnetic field
dependency of 2z, L, and R of the magnetic sensor of Fig.
23.

Description of the Preferred Embodiments:

Prior to description of preferred embodiments of
this invention, a conventional magnetic sensor will
hereafter be described for a better understanding of this
invention.

Referring to Fig. 1A, the conventional magnetic
sensor using a soft magnetic element such as wire is
represented by an equivalent circuit having two
terminals. The magnetic sensor detects the change in
strength of a magnetic field as the varlation in
impedance of the soft magnetic wire. The impedance is
represented by Z = R + jw L (®w being an angular
frequency of an a.c. current supplied to the soft
magnetic wire). Specifically, values of the resistance R
and the inductance L varies in dependence upon an

external magnetic field. Detailed description will be
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When the soft magnetic wire is supplied with a

given below.

high-frequency current, a magnetic field is formed to
circle the soft magnetic element. When the external
magnetic field Hex applied to the soft magnetic wire is
equal to zero, the soft magnetic wire 1s excited along an
easy magnetization axis and a magnetization process by
movement of a domain wall is carried out. Accordingly,
when a supply current has a frequency (f) in a frequency
band of several megahertz (MHz) or more, relative
permeability is substantially equal to 1 and the
inductance L has a small value determined by an alr core
by a conductor layer. On the other hand, when the
external magnetic field Hex 1s applied, magnetization is
inclined from an excitation direction and a magnetization
process by rotation of magnetization is carried out.
Accordingly, the relative permeability of the soft
magnetic wire is lncreased and has a maximum value at
Hex = Hk (Hk being an anisotropic magnetic field). 1In
addition, at Hex > Hk, magnetization is fixed in a
direction of the external magnetic fileld Hex, the
relative permeability is reduced again. Therefore, the
inductance L is changed in dependence upon the strength
of the external magnetic field Hex and has a maximum
value around Hex = HK.

On the other hand, the resistance R is
substantially determined by a d.c. resistance of the

conductor when the supply current has a frequency f in a
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frequency band of several megahertz (MHz). However, 1in a
frequency band on the order of 10 MHz or more, the
resistance R is increased under the influence of the eddy
current loss and the skin effect. The skin effect is
determined by a skin depth & given by Equation (1):

8 =v o /(7 fu), (1)

where o , £, and # represents resistivity, frequency,

and permeabllity, respectively. As will be understood
from Equation (1), at such a high frequency f that the
skin effect is not negligible with respect to a film
thickness, the skin depth is reduced and the electric
resistance is increased when the permeability g is
increased in dependence upon the external magnetic field
Hex. Therefore, in a high frequency range requiring
consideration about the skin depth & , the electric
resistance also changes in correspondence to the external
magnetic field Hex.

In the above-mentioned magnetic sensor, the
relative permeability is substantially equal to 1 in a
frequency band on the order of several megahertz (MHz).
Therefore, the change in inductance L in correspondence
to the external magnetic field is small. However, by
utilizing the feature that the relative permeabilility has
a maximum value when the external magnetic field is equal
in strength to the anisotropic magnetic field, the
variation in impedance in dependence upon the variation
in strength of the external magnetic field can be

increased.
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Thus, the magnetic sensor using the soft magnetic
element can detect the variation in strength of the
external magnetic field as the variation in impedance.

Referring to Fig. 1B, in the conventional
magnetic sensor, stray capacitance C is produced between
the sensor element and other circuit components and
conductor lines therearound. The stray capacitance C
constitutes a factor of unstable operation.

Now, description will proceed to preferred
embodiments of this invention with reference to the
drawing.

First Embodiment

Referring to Fig. 2, a magnetic sensor 31
according to a first embodiment of this invention
comprises an insulator substrate 37, a conductive soft
magnetic wire 33 as a soft magnetic element supported on
an upper surface of the insulator substrate 37, a ground
conductor film 35 formed on a rear surface of the
insulator substrate 37, and a connecting conductor 39
extending from a part of the upper surface of the
insulator substrate 37 to a part of a side surface
thereof to connect one end of the soft magnetic wire 33
and one end of the ground conductor film 35.

The magnetic sensor 31 is a two-terminal element
having two input terminals (upper right side in the
figure) extracted from the soft magnetic wire 33 and the
ground condutor f£ilm 35, respectively. This two-terminal

element has an equivalent circuit illustrated in Flg. 3.
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In Fig. 3, a capacitance C is produced between the ground
conductor film 35 and the soft magnetic wire 33. A
resistance R, a reactance X, an impedance %, and a
resonant frequency f0 of the equivalent circuit are given

by Equations (2) through (5):

Ro ZRO
Rt 2, 2.2 (2}
2 w Lo C” + w (R0 c” - 4Loc) + 4
4 2 2. 2
a>L0 w (21’..0 - RO C - w L0 C)
X = * 4. 2.2 2 2.2 (3)
2 @ Lo C” + o (RO c® - 4L0C) + 4
Z =R+ jwX {4)
1 2
f0 = — f— (5)
2z L.C

0
In the magnetic sensor having the equivalent

circuit in Fig. 3, the impedance variés in response to
the variation in strength of an external magnetic field
and drastically varies around the resonant frequency f£0.
Thus, the impedance variation around the resonant
frequency £0 is greater than in a frequency band much
lower than the resonant frequency £0.

In the magnetic sensor according to the first
embodiment of this invention, the impedance varies in
response to application of the external magnetic field.
As a consequence, the resonant frequency of the magnetic
sensor varies also. Therefore, by optimizing the
frequency of the electric current supplied to the

magnetic sensor, the variation in external magnetic field
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can be detected as a very large impedance variation rate.
In other words, magnetic field sensitivity can be
increased.

Furthermore, the first embodiment includes the
ground conductor f£ilm 35 so that occurrence of the stray
capacitance in the prlor art can be suppressed. In
addition, electric field due to the electric current
supplied to the soft magnetic wire 33 concentrates to an
area between the ground conductor £ilm 35 and the
connecting conductor 39 through which the electric
current flows. Therefore, the magnetic sensor is
unsusceptible to disturbance and is therefore stable in
operation as compared@ with the conventional magnetic
sensor which does not have the ground conductor film 35,
Accordingly, detection of the magnetic field can be
stably carried out even when the magnetic sensor is
operated in a frequency band lower than the resonant
frequency in LC.

An example of the magnetic sensor of the first
embodiment is as follows.

By the use of a permalloy wire having a diameter
of 50 £ m and a length of 5mm as the soft magnetic wire
33 and a polyimide film as the insulator substrate 37
having a total thickness of 140mm. The polyimide £ilm
has 35mm-thick Cu foils formed on both surfaces thereof.
One of the Cu foils on the polyimide film was used as the
ground conductor film 35 while the other Cu foill was

partially removed to leave the connecting conductor 39 to
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be short circuited to the one Cu foil as the ground
conductor film 35. Furthermore, one end of the permalloy
wire was soldered to the other Cu foll as the connecting
conductor 39.

The magnetic sensor 31 thus obtained was
subjected to measurement of the impedance variation.
Specifically, a high-frequency current of 10MHz was
supplied between the other end of the permalloy wire 33
and the ground conductor f£ilm 35. The external magnetlic
field Hex was applied in a longitudinal direction of the
permalloy wire 33. In this event, the impedance
varlation rate had a maximum value of 38%/0Oe at Hex = 30e
on the basis of a reference value at Hex = 0OQe.

Second Embodiment

Referring to Fig. 4, a magnetic sensor 41
according to a second embodiment comprises an insulator
film 45 as an insulator substrate, a soft magnetic wire
33 as a soft magnetic element attached to one surface of
the insulator £ilm 45, a conductor wire 43 as a ground
conductor attached to the other surface of the insulator
film 45 in parallel to the soft magnetic wire 33, and a
short-circuiting conductor wire 47 as a connecting
conductor connecting one ends of the soft magnetic wire
33 with the ground conductor wire 43. The magnetic
sensor 41 is a two-terminal element having two external
connection terminals at the other ends of the soft
magnetic wire 33 and the ground conductor wire 43,

respectively.
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In the magnetic sensor 41, the soft magnetic wire
33, the ground conductor wire 43, the short-circuiting
conductor wire 47, and the insulator film 45 correspond
to the soft magnetic wire 33, the ground conductor f£ilm
35, the insulator 37, and the connecting conductor 39 in
the magnetic sensor 31 of Fig. 2, respectively.
Therefore, the magnetic semsor 41 is also represented by
the equivalent circuit in Fig. 3 and its operation is
substantially similar to that of the first embodiment.

An example of the magnetic sensor 41 of the
second embodiment is as follows.

A permalloy wire having a diameter of 50 £ m and
a length of 5mm as the soft magnetic wire 33 and a Cu
wire having a ditameter of 50 £ m and a length of 5mm as
the ground conductor wire 43 were adhered to both
surfaces of a polyimide f£ilm having a thickness of 70 # m
as the insulator film 45, respectively. One ends of the
permalloy wire and the Cu wire were short-circuited by
the short-circuiting conductor wire 47 to obtain the
magnetic sensor 41. The magnetic sensor 41 was then
subjected to measurement of the impedance variation.
Specifically, a high-frequency current of 10 MHz was
supplied between the other ends of the permalloy wire 33
and the Cu wire 43. In addition, an external magnetic
field Hex was applied in the longitudinal direction of
the permalloy wire 33. In this event, the impedance
variation rate had a maximum value of 29%/Oe at Hex =

300e.
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First Comparative Example

For the purpose of comparison, a permalloy wire
having a diameter of 50 £ m and a length of 5mm was used
alone and a high-frequency current of 10 MHz was supplied
between both ends of the single permalloy wire. Then,
an external magnetic field Hex was applied in the
longitudinal direction of the permalloy wire. 1In this
state, the impedance varliation was detected. As a
result, the impedance variation rate at Hex = 300e was no
more than 8%/0e.

Third Embodiment.

Referring to Fig. 5, a magnetic sensor 49
according to a third embodiment is similar to the
magnetic sensor 31 of Fig. 2 except that the soft
magnetic wire 33 1s replaced by a soft magnetic tube 51
with a conductor wire inserted therethrough as a core
wire 53. One end of the core wire 53 is connected to a
connecting conductor 39 by soldering or the like.

As will readily be understood, the magnetic
sensor 49 forms a two-terminal element also represented
by the equivalent circuit in Fig. 3.

An example of the magnetic sensor 49 of the third
embodiment is as follows.

Through a permalloy tube having an outer diameter
of 200 £ m as the soft magnetic tube 51, a Cu wire having
a diameter of 100z m as the core wire 53 was inserted in

a generally coaxial form. A combination of the permalloy
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tube and the Cu wire will hereafter be called a coaxial
soft magnetic wire for brevity of description. By the
use of the coaxial soft magnetic wire and a polyimide
film similar to that used in the first embodiment (i.e.,
having a total thickness of 140mm with Cu films formed on
both surfaces thereof), the magnetic sensor 49 in Fig. 5
was manufactured in the manner similar to the first
embodiment. The magnetic sensor 49 thus obtained was
subjected to measurement of the impedance variation.
Specifically, a high-frequency current of 1 MHz was
supplied between one ends of the core wire of the coaxial
soft magnetic wire and a ground conductor f£ilm 35.
Furthermore, an external magnetic field Hex was applied
in the longitudinal direction of the permalloy tube. As
a result, the impedance variation rate had a maximum
value of 21%/0Oe at Hex = 40e.

Fourth Embodiment

Referring to Fig. 6, a magnetic sensor 55
according to a fourth embodiment of this invention is a
modification of the magnetic sensor of Fig. 5. The
ground conductor £ilm 35 and the ground conductor 39 in
the magnetic sensor of Flg. 5 are replaced by a ground
conductor wire 43 and a short-circuiting conductor wire
47, respectively, and a coaxial soft magnetic wire (51,
53) and the ground conductor wire 43 are attached to both
surfaces of an insulator f£ilm 45, respectively, in the

manner similar to the second embodiment (Fig. 4).
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An example of the magnetic sensor 55 of the
fourth embodiment is demonstrated as follows.

By the use of the coaxial soft magnetic wire (51,
53) comprising a permalloy tube (51) having an outer
diameter of 200 xm and a Cu wire (53) having a diameter
of 100 x m, together with a Cu wire (43) and a polyimide
film (45) similar to those used in the second embodiment,
the magnetic sensor 55 in Fig. 6 was manufactured. The
magnetic sensor 55 thus obtalned was subjected to
measurement of the impedance variation in dependence upon
the strength of an external magnetic field. Specifi-
cally, a high-frequency current of 1 MHz was supplied
between one ends of the Cu wire 53 of the coaxial soft
magnetic wire and the ground conductor wire 43 and the
external magnetic field Hex was applied in the longi-
tudinal direction of the permalloy tube 51. As a result,
the impedance variation rate had a maximum value of
16%/0e at Hex = 4Qe.

Second Comparative Example

Except that the ground conductor wire 43 was
removed, a magnetic sensor similar to the magnetic sensor
55 of Filg. 6 was prepared as a comparative exaﬁple. An
electric current of 1 MHz was supplied between both ends
of a conductor wire of a coaxial soft magnetic wire of
the comparative example. In this state, the magnetic
field dependency of an impedance was measured. As a
result, the impedance varlation rate had a maximum value

as small as 6%/0e at Hex = 40e.
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Fifth Embodiment

Referring to Fig. 7, a magnetic sensor 57
according to a fifth embodiment is a modification of the
magnetic sensor of Fig. 5. Specifically, the magnetic
sensor 57 has an insulator layer 59 interposed between a
soft magnetic tube 51 and a core wire 53 forming a
coaxial soft magnetic wire.

An example of the magnetic sensor 57 of the fifth
embodiment is demonstrated as follows.

A Cu wire having a diameter of 0.5mm as the core
wire 53 was coated with a vinyl coating film as the
insulator layer 59. Furthermore, the insulator layer
59 was coated with a permalloy foil having a thickness
of 50 # m as the soft magnetic tube 51 to obtain the
coaxial soft magnetic wire. Then, by the use of a
polyimide film with Cu foils, the magnetic sensor 57 was
manufactured in the manner similar to the first
embodiment. The magnetic sensor 57 thus obtained was
subjected to measurement of the impedance variation in
dependence upon an external magnetic field. Speci-
fically, a high-frequency current of 10 MHz was supplied
between one ends of the core wire 53 of the coaxial soft
magnetic wire and a ground conductor f£ilm 35.
Furthermore, the external magnetic field Hex was applied
in the longitudinal direction of the permalloy tube. As
a result, the impedance variation rate had a maximum

value of 48%/0e at Hex = 3Qe.
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Sixth Embodiment

Referring to Fig. 8, a magnetic sensor 61
according to a sixth embodiment is a modification of the
fourth (Fig. 6) or the fifth (Fig. 7) embodiment.
Specifically, in the manner similar to Fig. 7, an
insulator layer 59 is Interposed between a soft magnetic
tube 51 and a core wire 53 forming a coaxial soft
magnetic wire in Fig. 6.

An example of the magnetic sensor 61 is
demonstrated below.

By the use of a coaxial soft magnetic wire
similar to that used in the fifth embodiment together
with a Cu wire and a polyimide film similar to those used
in the second embodiment, the magnetic sensor 61 in Fig.
8 was manufactured. The magnetic sensor 61 was then
subjected to measurement of the impedance variation in
dependence upon the strength of an external magnetic
field. Specifically, a high-frequency current of 10 MHz
was supplied between one ends of the core wire 53 of the |
coaxial soft magnetic wire and a ground conductor wire
43. PFurthermore, the external magnetic field He# was
applied in the longitudinal direction of the permalloy
tube. As a result, the impedance variation rate had a
maximum value of 31%/0e at Hex = 30e.

Third Comparative Example

As a third comparative example, the ground
conductor wire 43 in the magnetic sensor 61 of Fig. 8 was

removed to form a magnetic sensor comprising a coaxial
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soft magnetic wire having an insulator layer 59. An
electric current of 10 MHz was supplied between both ends
of the magnetic sensor to measure the magnetic field
dependency of an impedance. As a result, the impedance
variation rate had a maximum value as small as 8%/Oe at
Hex = 30e.

As described above, the magnetic sensor according
to each of the first through the sixth embodiments of
this invention has the ground conductor so as to have the
equivalent circuit illustrated in Fig. 3. In this case,
the impedance variation in response to the variation in
strength of the external magnetic field can be enlarged
further by the use of LC resonance. To demonstrate the
above, the value of the inductance L is changed in the
equivalent circuit while the resistance R and the
capacitance C are kept constant at 3Q and 200pF,
respectively. According to Equations (2) through (4),
the impedances Z are calculated and plotted in Fig. 9.

In the foregoing embodiments, permalloy is ‘
selected as a soft magnetic material. Instead, most of
those metal materials generally used as the soft magnetic
material can be used to achieve the similar effect as far
as such material can be formed into a wire, for example,
Co-Fe-Si-Bi.

As described above, the magnetic sensor according
to each of the first through the sixth embodiments of
this invention comprises the soft magnetic wire or the

coaxial soft magnetic wire with the conductor core
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inserted therethrough, the ground conductor, and the
insulator interposed therebetween. With this structure,
it is possible to suppress occurrence of the stray
capacitance between the soft magnetic element and
surrounding conductors and to achieve stable operation by
protection against the disturbance. In addition, by
utilizing the capacitance produced from addition of the
insulator and the conductor, the LC resonance frequency
can be freely designed. By utilizing the drastic change
in impedance following the variation of the inductance L
in dependence upon the external magnetic field, the
sensitivity can be remarkably improved from several times
to several tens of times as compared with the
conventional sensors. In addition, the magnetic sensor
of this invention simply comprises the wire material as
the soft magnetic element to which the insulator
including the conductor layer or a combination of the
insulator and the conductor wire is added. Thus, the
number of components is reduced and an expensive
installation such as a sputtering apparatus is not
required so that the magnetic sensor is obtained at a low
cost. Therefore, the magnetic sensor of this invention
is extremely useful for use as a magnetic head and the
like.

Seventh Embodiment

Referring to Fig. 10, a magnetlc sensor 63
according to a seventh embodiment of this invention

comprises a dlelectric plate member or a glass substrate
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65 as an lnsulator substrate having upper and lower
surfaces along a predetermined direction, and a linear
strip-like soft magnetic thin film 71 as a soft magnetic
element having a preselected width and deposited on a
part of the upper surface of the glass substrate 65 to
extend in the predetermined direction. The soft magnetic
thin film 71 has opposite ends as input and output ends
67 and 69 for supply of an electric current therebetween.
The magnetic sensor 63 is for detecting, as the impedance
variation, the variation in electric current which is
caused when the soft magnetic thin film 71 is applied
with a magnetic field in a direction intersecting the
predetermined direction. In the magnetic sensor 63, the
capacitance is intentionally provided by depositing a
ground conductor £ilm 35 as a conductor on the lower
surface of the glass substrate 65.

The soft magnetic thin £ilm 71 forms a two-
terminal element having the input and the output ends 67
and 69. The two-terminal element has an equivalent
circuit as illustrated in Fig. 3. In Fig. 3, C
represents a capacitance intentionally formed between the
ground conductor film 35 and the soft magnetic thin film
71. The equivalent circuit has a resistance R, a
reactance X, and an impedance Z given by Equations (2)
through (4), respectively, and has a resonant frequency
given by Equation (5), as described in the foregoing.

In the element having the equivalent circuit in

Fig. 3, the impedance of the element varies in response
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to the variation in external magnetic field. It is noted
here that the impedance drastically varies around the
resonant frequency. Therefore, by monitoring the
variation of impedance around the resonant frequency,
wider output variation can be obtained as compared with
monitoring at a low frequency range much lower than the
resonant frequency.

The magnetic sensor in this embodiment has the
capacitance C intentionally provided so that the
operation is stable as compared with the conventional
magnetic sensors which does not have the ground conductor
film 35. Accordingly, detection of the magnetic field
can be stably carried out even when the magnetic sensor
is operated in a frequency band lower than the resonant
frequency in LC resonance of the above-mentioned
conventional magnetlc sensor.

Description will be made about a method of
manufacturing the magnetic sensor 63 in the seventh .
embodiment (Fig. 10) by the use of high-frequency
magnetron sputtering.

At first, the glass substrate 65 having a
thickness of 200 #m, a width of 10mm, and a length of
20mm was prepared. Then, the linear strip-like soft
magnetic thin f£film 71 of Co-Nb-Zr having a thickness of 4
4 m, a width of 4mm, and a length of 14 mm was deposited
on a part of the upper surface of the glass substrate 65
by the sputtering. Subsequently, the ground conductor

film 35 of Cu having a thickness of 1 £ m, a width of
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10mm, and a length of 20mm was also deposited on the

lower surface of the glass substrate 65. The soft
magnetic thin film 71 was analyzed by EPMA (Electron
Probe Microanalysis) to have a composition of 83.7 ats
Co, 2.8 ats Zr, and 13.5 at% Nb,

The magnetic sensor 63 was heated at 400°C for 2
hours in a vacuum of 5.0 x 10'5 Torr or less under a
rotating magnetic field of H = 5000e to relax magnetic
anisotropy having been introduced during deposition of
the fillms. Thereafter, in a vacuum of the same degree
under a static magnetic field of the same level, heat
treatment was carried out to introduce uniaxial magnetic
anisotropy in a widthwise direction of the magnetic
sensor 63.

The magnetic sensor 63 as treated was supplied
with an electric current of 40 MHz and was measured for
the impedance dependent on various external magnetic
field (Hex). The measured data are illustrated in Fig.
11. The impedance variation rate was 188%/7.60e and the
average magnetic field sensitivity was 24.7%/0e. The
maximum magnetic field sensitivity was 65.8%/0Oe at Hex =
70e.

Fourth Comparative Example

As a fourth comparative example, a magnetic
sensor was experimentally prepared which is simllar to
the magnetic sensor of the seventh embodiment (Fig. 10)
except that the ground conductor £ilm 35 1is not formed

under the glass substrate 65. A process of forming the
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soft magnetic thin film 71 of Co-Nb-Zr on the upper
surface of the glass substrate 65 was carried out in the
similar manner as the manufacture of the example of the
magnetic sensor 31 of the seventh embodiment of Fig. 10.
After forming the soft magnetic thin f£ilm 71, heat
treatment was also carried out in the similar manner.

The soft magnetic thin film 71 was also analyzed to have
a composition of 83.6 at% Co, 2.7 at% Zr, and 13.7 at%
Nb. An electric current of 40 MHz was supplied to the
magnetic sensor of the fourth comparative example and the
external magnetic field dependency of the impedance was
measured. The impedance variation rate was 37%/8.60e and
the average magnetic field sensitivity was 4.3%/0e. The
maximum magnetic field sensitivity was 9.5%/0e at Hex =
700e.

Eighth Embodiment

Referring to Fig. 12, a magnetic sensor 73
according to an eighth embodiment manufactured by
magnetron sputtering is different from that of the
seventh embodiment as will hereafter be described in
detail.

The magnetic sensor 73 of the eighth embodiment
was manufactured as follows. A glass substrate 65 having
a thickness of 200 g m, a width of 10mm, and a length of
20mm was prepared. Then, a lower portion of a linear
strip-like soft magnetic thin film 71 of Co-Nb-Zr having
a thickness of 4 £ m, a width of 4mm, and a length of

l4mm was deposited on a part of the upper surface of the
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glass substrate 65. Subsequently, a Cu film 75 having a

thickness of 1 u#m, a width of 2mm, and a length of 20mm
was formed on a center line of the lower portion of the
soft magnetic thin £ilm 71. Thereafter, on the lower
portion of the soft magnetic thin film 71 over the upper
surface of the Cu film 75, an upper portion of the soft
magnetic thin £ilm 71 of Co-Nb-Zr was deposited to have a
maximum thickness of ¢ £ m, a width of 4mm, and a length
of 14mm. Finally, on the lower surface of the glass
substrate 65, a ground conductor f£ilm 35 of Cu was
deposited which has a thickness of 1 £ m, a width of
10mm, and a length of 20mm.

The soft magnetic thin film 71 was also analyzed
to have a composition of 83.4 at% Co, 3.0 at% Zr, and
13.6 ats Nb.

In the manner similar to the seventh embodiment,
uniaxial magnetic anisotropy was introduced into the
magnetic thin film 71 in a widthwise direction thereof.
Subsequently, the magnetic sensor 73 was supplied with an
electric current of 80 MHz and the impedance variation
rate was measured by application of the external magnetic
field varied. The impedance varlation rate was 85%/8.10e
and the average magnetic field sensitivity was 10.7%/Oe.
The maximum magnetic field sensitivity was 25.1%/0Oe at
Hex = 70e.

Fifth Comparative Example

A magnetic sensor of a fifth comparative example

was experimentally prepared which is similar to the
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magnetic sensor 73 of the eighth embodiment (Fig. 12)
except that the ground conductor £ilm 35 was not formed
on the lower surface of the glass substrate 65. Thus,
the magnetic sensor of the fifth comparative example
comprises the soft magnetic thin film 71 of Co-Nb-Zr and
the Cu film 75 formed on the upper surface of the glass
substrate 65.

Under the conditlion similar to the eighth
embodiment, heat treatment was carried out to introduce
magnetic anisotropy. Thereafter, an electric current of
80 MHz was supplied. 1In this state, the external
magnetic field (Hex) dependency of the impedance was
measured. As a result, the impedance variation rate was
50%/90e and the average magnetic field sensitivity was
about 6%/0e. The maximum magnetic field sensitivity was
12.3%/0e at Hex = 70e.

Ninth Embodiment

Referring to Figs. 13 and 14, a magnetic sensor
77 according to a ninth embodiment was manufactured by
magnetron sputtering in the manner which will presently
be described. At first, a glass substrate 65 having a
thickness of 200 £ m, a width of 10mm, and a length of
20mm was prepared. Then, a first linear strip-like soft
magnetic thin £ilm 79 of Co-Nb-Zr having a thickness of 4
#m, a width of 4mm, and a length of 14mm was deposited
on a part of the upper surface of the glass substrate 65.
Thereafter, on the first soft magnetic thin £ilm 79, a

first Sio2 film 81 having a thickness of 0.5 xm, a width
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of 3mm, and a length of 18mm was formed. Subsequently, a
Cu film 75 having a thickness of 1 £ m, a width of 2mm,

and a length of 20mm was deposited on the first Si0, film

2

8l1. Furthermore, on the first §10, film 81 and the Cu

2

£ilm 75, a second S$10, film 83 having a thickness of 0.5

2
£ m, a width of 3mm, and a length of 18mm was formed.
Furthermore, on the first soft magnetic thin film 79 and

the second Si0, f£ilm 83, a second linear strip-like soft

2
magnetic thin film 85 having a thickness of

4 #m, a width of 4 mm, and a length of 14 mm was formed.
Finally, a ground conductor £ilm 35 of Cu having a
thickness of 1 #m, a width of 10mm, and a length of 20mm
was deposited on the lower surface of the glass substrate
65.

Each of the first and the second soft magnetic
thin f£films 79 and 85 had a composition of 84.1 ats Co,
2.7 a% Zr, and 13.2 at% Nb as analyzed by EPMA.

In the manner similar to the seventh embodiment,
uniaxial magnetic anisotropy was introduced into the
magnetic thin films 79 and 85 in a widthwise direction
thereof. Then, the magnetic sensor 77 was supplied with
an electric current of 120MHz and the impedance was
measured as the external magnetic field Hex of various
strengths is applied. As a result, the impedance
variation rate was 35%/8.00e and the average magnetic
field sensitivity was 43.8%/0e. At Hex = 70e, a curve
representative of the impedance variation with respect to

the external magnetic fileld Hex exhibited the maximum
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gradient with the maximum impedance varliation rate of
205%/0e.

Sixth Comparative Example

A magnetlc sensor of a sixth comparative example
was experimentally prepared which is similar £o the
magnetic sensor 77 of the ninth embodiment {Figs. 13 and
14) except that the ground conductor film 35 was not
formed on the lower surface of the glass substrate 65.

Under the condition similar to the ninth
embodiment, heat treatment was carried out to introduce
magnetic anisotropy. Thereafter, an electric current of
120 MHz was supplied. In this state, the external
magnetic field dependency of the impedance was measured.
As a result, the impedance variation rate was 120%/8.20e
and the average magnetic field sensitivity was about
14.6%/0e. The maximum magnetic field sensitivity was
23%/0e at Hex = 70e.

Tenth Embodiment

Referring to Fig. 15, a magnetic sensor 85
according to a tenth embodiment has a structure similar
to the magnetic sensor 77 of the ninth embodiment (Figs.
15 and 16) except that the first and the second soft
magnetic thin films 79 and 85 are replaced by first and
second soft magnetic layers 87 and 91 each of which has a
stacked structure.

The magnetic sensor 95 was manufactured in the
following manner. At first, a glass substrate 65 having

a thickness of 200 g m, a width of 10mm, and a length of
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20mm was prepared. Then, on a part of the upper surface
of the glass substrate 65, a soft magetic thin £ilm 87a
of Co~Nb-Zr having a thickness of 1 #m, a width of 4mm,
and a length of 14mm was deposited. Subsequently, on the
soft magnetic thin film 87a, an AIN film 8%a having a
thickness of 0.1 g m, a width of 4mm, and a length of
18mm was formed. Likewilise, similar soft magnetic thin
films 87b through 874 and similar AIN films 89b and 89c:
were alternately deposited to form the first soft
magnetic layer 87 of a stacked structure with three ALN
films interposed. Thereafter, on the first soft magnetic
layer 87, specifically, on a part of the upper surface of
the topmost soft magnetic thin £ilm 874, an ALN film 81
having a thickness of 0.5 g m, a width of 3mm, and a
length of 18mm was deposited. Subsequently, a Cu f£ilm 75
having a thickness of 1 g m, a width of 2mm, and a length
of 20mm was formed on the AIN £film 81 except both ends
therecf. Then, on the ALN £film 81 and the Cu film 75, an
AlN film 83 having a thickness of 0.5 £ m, a width of
3mm, and a length of 18mm was formed. Then, on the AlN
film 83 and on the first soft magnetic layer 87, namely,
on the uppermost soft magnetic thin £ilm 874, another set
of soft magnetic thin films 91a through 914 of Co-Nb-Zr
and three AIN films 93a through 93¢ are alternately
deposited to form the second soft magnetic layer 91 with
the three AIN films interposed. Finally, a ground
conductor film 35 of Cu having a thickness of 1 ¢t m, a

width of 10mm, and a lengthof 20mm was deposlited on the
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lower surface of the glass substrate 65. Each of the

soft magnetic thin films 87a through 874 and 9l1a through
914 had a composition of 83.5 at% Co, 3.1 at%s Zr, and
13.4 ats Nb.

In the manner similar to the seventh embodiment,
unlaxial magnetic anisotropy was introduced into the soft
magnetic layers in a widthwise directions thereocf. Then,
the magnetic sensor 95 was supplied with an electric
current of 120 MHz and the impedance was measured in the
external magnetic field (Hex) with the strength variously
changed. As a result, the impedance variation rate was
212%/8.00e and the average magnetic field sensitivity was
26.5%/0e. The maximum magnetic sensitivity was 128%/0Oe
at Hex = 70e.

Seventh Comparative Example

A magnetic sensor of a seventh comparative
example was experimentally prepared which is similar to
the magnetic sensor 77 of the ninth embodiment (Fig. 15)
except that the ground conductor film 35 is not formed on
the lower surface of the glass substrate 65. Heat
treatment was carried out in the condition similar to
that of the ninth embodiment to introduce magnetic
anisotropy. Thereafter, an electric current of 120 MHz
was supplied. 1In this state, the external magnetic field
dependency of the impedance was measured. As a result,
the impedance variation rate was 83%/8.50e and the

average magnetic field sensitivity was about 9.8%/Ce.
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The maximum magnetic field sensitivity was 22.5%/0e at
Hex = 70e.

Eleventh Embodiment

A magnetic sensor according to an eleventh
embodiment 1s similar to the magnetic sensor 77 of the
ninth embodiment (Figs. 13 and 14) except that the soft
magnetic thin films 81 and 83 of Co-Nb-Zr are replaced by
permalloy of 4 g m thickness.

The magnetic sensor was heated at 500°C for 2

6 Torr or less under a

hours in a vacuum of 5.0 x 10
static magnetic fleld of H = 5000e to introduce uniaxial
magnetic anisotropy in a widthwise directlon thereof.
Thereafter, the magnetic sensor was supplied with an
glectric current of 40 MHz, and the external magnetic
field (Hex) dependency of an impedance, an inductance,
and a resistance was measured. The impedance variation
rate was 72%/400e and the average magnetic field
sensitivity was 18.0%/0e. The maximum magnetic field
sensitivity was 43%/0e at Hex = 2.50e.

Eighth Comparative Example

A magnetic sensor of an eighth comparative
example was experimentally manufactured which is similar
to the magnetic sensor in the eleventh embodiment except
that the ground conductor £ilm (35 in Figs. 13 and 14) is
omitted. Like in the eleventh embodiment, an electric
current of 40 MHz was supplied. In this state, the

magnetic field dependency of the impedance was measured.
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As a result, the impedance variation rate was 35%/4.10e
and the average magnetic fileld sensitivity was about 8.5
%/0e. The maximum magnetic field sensitivity was 16%/0Oe
at Hex = 2.50e.

According to each of the seventh through the
eleventh embodiments of this inventions described above,
in the magnetic sensor using the soft magnetic thin film
to detect, as impedance variation, variation in strength
of the external magnetic field, the ground conductor f£ilm
{(ground electrode) is formed so as to intentionally
provide the capacitance. Therefore, the magnetic sensor
is advantageous in that the operation is stable and that
the drastic change in impedance accompanying LC resonance
in the equivalent circuit in Fig. 3 can be utilized.
Thus, the disadvantages in the above-mentioned
conventional sensors can be readily removed.

The value of the capacitance C in the equivalent
circuit in FPig. 3 can be selected to a specific value in
a design stage. The resistance RO and the inductance L0
illustrated in the figure vary in dependence upon the
external magnetic field.

Specifically, in the equivalent circuit having
the impedance given by Equations (2) through (4), the
inductance L is variously changed with the resistance R
and the capacitance C kept constant at 3Q and 200 pF,
respectively. 1In this state, the impedance is calculated

as plotted in Fig. 16. As already described, in the
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magnetic sensor of each of the seventh through the
eleventh embodiments of this invention, the permeability
of the soft magnetic films is varied under the influence
of the external magnetic field. Therefore, the variation
of the inductance L shown in Fig. 16 is actually caused
by the external magnetic field. For example, it is
assumed that, when an electric current of 70 MHz is
supplied, the permeability 1is increased by application of
the external magnetic field and the inductance L varies
from 20nH to S0nH. 1In this event, the impedance varies
from 12Q to 80Q , exhibiting the variation rate of 600%
or more. Practically, since the electric resistance is
varied under the influence of the skin effect, the
situation 1is not so simple.

Fig. 17 shows the frequency dependency of the
impedance measured in the ninth embodiment, which has a
tendency substantially identical with that illustrated in
Fig. 16. Thus, it will be noted that the impedance
variation following application of the magnetic field to
the magnetic sensor causes the variation of the resonant
frequency of the magnetic sensor. Therefore, by
optimizing the frequency of the electric current
supplied, the variatlon in strength of the external
magnetic field can be detected as a very large impedance
variation rate.

In the ninth and the tenth embodiments, the soft

magnetic thin £1ilm is formed by amorphous Co-Nb-Zr. In
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the eleventh embodiment, permalloy is used. However, any
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material excellent in soft magnetic effect can be used
instead. 1In place of the Cu film, any material selected
from low-resistance electrode metals such as Al, Ag, and
Au can be used. The insulator f£ilm may be formed by
various compounds excellent in insulation, such as A1203

and §i instead of 810, and AlN.

374’ 2

Now, description will be made as regards a
magnetic sensor having the soft magnetic element
comprising a Co-Nb-Zr film similar to the ninth and the
tenth embodiments shown in Figs. 13, 14, and 15 but
having no ground conductor film as have been described as
the sixth and the seventh comparative examples. It
should be noted that the magnetic sensor without the
ground conductor film is provided with an improved
magnetic field sensitivity above 15%/0Oe by the use of the
Co-Nb-Zr film of a specific composition essentially |
consisting of 80-87 at% Co, 10-17 at% Nb, and 1-6 ats Zr.

Twelfth Embodiment

This embodiment is similar to the ninth
embodiment of Figs. 13 and 14 but without the ground
conductor film 35 as in the sixth comparative example.

Referring to Figs. 18 through 20, a magnetic
sensor 85 according to a twelfth embodiment of this
invention comprises a glass substrate 65 as an insulator
substrate, and a soft magnetic element formed on the

glass plate 65. The magnetic element is a clad type
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structure and comprises, as an outer clad layer of the
soft magnetic element, a soft magnetic layer 99
conmprising a Co-Nb-Zr film having a thickness of lg m,
a Cu £ilm 75 as a core conductor of the soft magnetic
element, having a thickness of 1 g m and formed at a
center portion, an insulator layer 101 comprising

0.5 # m-thick $i0, films 81 and 83 interposed between

2
the soft magnetic layer 99 and the conductor layer 75.

The soft magnétic layer 99 comprises a first soft
magnetic thin film 79 formed on the glass substrate 65,
and a second soft magnetic thin film 85 formed on and
above the first soft magnetic thin £ilm 79. The
insulator layer 101 comprises the Sio2 films 81 and 83 as
first and second insulator f£ilms. The first insulator
film 81 is interposed between the Cu film 75 and the
first soft magnetic thin film 79 while the second
insulator film 83 is interposed between the Cu f£ilm 75
and the second soft magnetic thin film 85. The first and
the second insulator films 81 and 83 are kept in tight
contact with each other at opposite peripheral portions
thereof.

The magnetic sensor 97 of the twelfth embodiment
was manufactured as follows to obtain samples 1 through
10. 1In addition, comparative samples 11 through 15 were.
obtained as a ninth comparative example.

Referring to Figs. 21A through 21F, the magnetic

sensor 97 having the structure illustrated in Figs. 18
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through 20 was manufactured on the glass substrate 65
having a thickness of i1mm. By the use of Co-Nb-Zr alloy
targets of a several kinds of compogitions, an Nb pellet,
and a Zr pellet, Co-Nb-Zr films of different compositions
were formed. The compositions of the Co-Nb-Zr films
deposited were analyzed by EPMA.

At filrst referring to Fig. 21A, a mask was formed
on the glass substrate 65 having a dimension of 10mm x 20
mm. As illustrated in Fig. 21B, the first soft magnetic
thin film 79 of Co-Nb-Zr having a width of 4mm, a length
of 14mm, and a thickness of 1 £ m was formed by
sputtering. Next referring to Fig. 21C, the first
insulator film 81 of 8102 having a width of 3mm, a length
of lémm, and a thickness of 0.5 ¢ m was formed by RF
magnetron sputtering by the use of a mask. Next
referring to Fig. 21D, on the first insulator £ilm 81,
the Cu film 75 having a width of 2mm, a length of 20mm,
and a thickness of 1 £ m was formed to extend in the
longitudinal direction beyond the both ends of the first
insulator f£ilm 81. Then, as ilustrated in Fig. 21E, the

second insulator £ilm 83 of 810, having a width of 3mm, a

2
length of 16mm, and a thickness of 0.5 £ m was formed to
cover the center portion of the Cu film 75 and to overlap
the first insulator film 81. Thereafter, as illustrated
in Fig. 21F, the second soft magnetic thin film 85 of
Co~Nb-Zr having a width of 4mm, a length of 14mm, and a

thickness of 1 4 m was formed to cover the second
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insualtor film 83. Thus, the magnetic sensor 97 was
obtained. The magnetic sensor 97 experimentally
manufactured had a dimension such that the Co-Nb-Zr film
had a length of 14mm and a width of 4mm and that the Cu
film (Cu electrode) had a length of 20mm and a width of
2mm. The magnetlc sensor 97 was subjected to heat
treatment at 400C for 2 hours in a vacuum of 5.0 x 1()-'6
Torr or less and under a rotating magnetic field of H =
5000e to relax magnetic anisotropy having been introduced
during deposition of the films. Thereafter, heat
treatment was carried out 1in a vacuum of the same degree
and a static magnetic field of the same level to
introduce uniaxial magnetic anisotropy in a widthwise
direction of the magnetic sensor 97.

Then, with opposite ends of the Cu film 75 of the
magnetic sensor 97 used as input terminals, an electric
current of 10 MHz was supplied. 1In this state, the
external magnetic field dependency of the impedance was
measured. The impedance variation rate and the result of
analysis of the composition by EPMA are shown in Table 1.
For Sample 1 in Table 1, the external magnetic field
dependency is plotted in Fig. 22. 1In Table 1, Samples 1
through 10 use the compositions of Co-Nb-Zr film of this
invention while Samples 11 through 15 according to the

ninth comparative example use other compositions

different from this invention.
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Table 1
Sample Composition Impedance Magnetic
No. Variation Field Sen-
Co Nb Zr Rate sitivity
(at%) | (ats) | (at%) (%/0e)

1|84.3 12.6 3.1 107%/6.50e 16.5

2| 83.8 13.5 2.8 103%/6.20e 16.6
3(83.2 13.5 3.3 100%/6.00e 16.7
4 | 86.5 10.5 3.0 130%/8.20e 15.9
Twelfth
Embodi- 5]80.3 13.6 6.1 95%/5.90e 16.1
ment

6| 84.1 13.9 2.0 115%/7.50e 15.3

7] 85.5 12.2 2.3 126%/8.20e 15.4

8| 84.5 13.7 1.8 145%/8.80e 16.5

9] 83.2 11.5 5.3 109%/6.60e 16.5

10 ] 82.2 16.3 1.5 99%/6.20e 16.0

11| 88.6 10.9 0.5 143%/180e 7.9
Ninth 12 | 84.2 9.0 6.8 135%/150e 9.0
Com-
para- 13§ 80.2 18.5 1.3 56%/8.90e 6.3
tive
Example | 14§ 79.2 15.6 5.2 80%/80e 10.0
15 | 87.2 9.2 3.8 138%/160e 8.6

It is noted from Table 1, Samples 1-10 has a
magnetic field sensitivity above 15%/0e comparing with
Comparative Examples 11-15.

Tenth Comparative Example

As a magnetic sensor of a tenth comparative
example, a Co-Nb-Zr film having a thickness of 2 g m, a
length of 4mm, and a thickness of 4mm was formed alone on

the glass substrate 65 having a thickness of lmm in the
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twelfth embodiment.. In the manner similar to the twelfth
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embodiment, the heat treatment was carried out within a
magnetic field. The soft magnetic element was directly
supplied with an electric current of 10MHz. In this
state, the external magnetic field dependency of the
impedance was measured. As a result, the impedance
variation rate was 30%/70e and the magnetic field
sensitivity was 4.3%/0e. The film had a composition of
83.8 at% Co, 13.3 at% Nb, and 2.9 at% Zr. As compared
with Sample 2 in the twelfth embodiment, the magnetic
sensor of the twelfth embodiment (Fig. 20) having the
core conductor 75 in addition to the soft magnetic layer
39 is obviously superior.

Eleventh Comparative Example

As an eleventh comparative example, a magnetic
sensor was prepared which is similar to the magnetic
sensor of the twelfth embodiment (Figs. 18 through 20)
except that the insulator layer 101 comprising the Sio2
film is removed. Thus, the soft magnetic element
comprises the glass substrate 65, the Cu film 75, and the
Co-Nb-Zr film as the soft magnetic layer 99. 1In the
manner similar to the twelfth embodiment, magnetic heat
treatment was carried out. In the manner simllar to the
twelfth embodiment, the soft magnetic element is supplled
with an electric current of 10MHz. In this state, the
external magnetic field dependency of the impedance was
measured. As a result, the impedance variation rate was

50%/70e and the magnetic field sensitivity was 6%/0Oe.
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The Co-Nb~Zr £ilm had a composition of 83.3 ats% Co, 13.8
ats Nb, and 2.9 at% Zr. As compared with Sample 3 in the
twelfth embodiment, the magnetic sensor of the twelfth
embodiment (Figs. 18 through 20) having the insulator
layer between the soft magnetic layer and the conductor
layer is obviously superior.

Twelfth Comparative Example

As a twelfth comparative example, a magnetic
sensor similar to the magnetic sensor 97 of the twelfth
embodiment (Figs. 18 through 20) except that the soft
magnetic layer 99 is formed by permalloy instead of
Co-Nb-Zr was prepared. The magnetic sensor was evaluated
for magnetic impedance characteristics. In the manner
similar to the twelfth embodiment, an electric current of
10MHz was supplied. In this state, the external magnetic
field dependency of the impedance was measured. As a
result, the impedance variation rate was 45%/90e and the
magnetic field sensitivity was 5%/Ce.

Thirteenth Embodiment

This embodiment is similar to the tenth
embodiment of Fig. 15 but without the ground conductor
film 35 as in the sixth comparative example.

Referring to Fig. 23, a magnetic sensor 109
according to a thirteenth embodiment is similar to that
of the twelfth embodiment (Figs. 18 through 20) except
that the first and the second soft magnetic thin films
79 and 85 each of which comprises a single layer of the

Co-Nb~-Zr film are replaced by first and second soft
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magnetic layers 103 and 107 each of which has a stacked

i

structure.

As illustrated in Fig. 23, the first soft
magnetic layer 103 comprises four soft magnetic thin
films 87a through 87d of Co-Nb-Zr each having a thickness
of 0.25 gz m with three insulator films 8%a through 89c¢
each having a thickness of 0.1 £ m interposed. Likewise,
the second soft magnetic layer 107 comprises four soft
magnetic thin films 91a through 914 of Co-Nb~Zr each
having a thickness of 0.25 g m with three insulator films
93a through 93¢ each having a thickness of 0.1 um
interposed. A combilnation of the first and the second
soft magnetic layers 103 and 107 forms the magnetic
sensor or magnetic Ilmpedance element 109.

In the manner similar to the twelfth embodiment,
magnetic heat treatment was carried out. An electric
current of 40 MHz was supplied to the Cu £ilm 75. 1In
this state, the external magnetic field dependency of
each of an impedance, an inductance, and an reslstance
was measured. As a result, the impedance, the
inductance, and the resistance exhibit the variation as
illustrated in Fig. 24. In this case, the impedance
variation rate was 12%/80e and the magnetic field
sensitivity was 15%/0e. Each of the soft magnetic thin
film had a composition of 84 ats Co, 12.8 at% Nb, and 3.2
at% Zr. As compared with a thirteenth comparative
example which will be described in the following, this

magnetic sensor is excellent in characteritiecs in a high
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frequency range.

Thirteenth Comparative Example

The magnetlc sensor of Comparative Sample 11 in
Table 1 was supplied with an electric current of 40MHz,
in the manner similar to the thirteenth embodiment. In
this state, the external magnetic field dependency of the
impedance was measured. As a result, the impedance
variation rate was 80%/80e and the magnetic field
sensitivity was 10%/0Ce.

Fourteenth Embodiment

A magnetic sensor according to a fourteenth
embodiment is similar to the magnetic sensor 97 in the
twelfth embodiment (Figs. 18 through 20) except that

813N4

of Sioz. In the manner similar to the twelfth

embodiment, magnetic heat treatment was carried out. 1In

films were used as the insulator layer 101 instead

the state where an electric current of 10 MHz was
supplied, the impedance variation rate was measured at
various strengths of the external magnetic field. As a
result, the impedance variation rate was 110%/6.50e and
the magnetic field sensitivity was 16.9%/Oe.

Fifteenth Embodiment

A magnetic sensor according to a fifteenth
embodiment is similar to the magnetic sensor 97 in the
twelfth embodiment (Figs. 18 through 29) except that

A1203 films were used as the insulator layer 101 instead

of Sioz. In the maﬁner gimilar to the twelfth

embodiment, magnetic heat treatment was carried out. 1In
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the state where an electric current of 10 MHz was
supplied, the impedance variation rate was measured at
various strengths of the external magnetic fleld. As a
result, the impedance variation rate was 113%/6.70e and
the magnetic field sensitivity was 16.9%/0Oe.

Sixteenth Embodiment

A magnetic sensor according to a sixteenth
embodiment is similar to the magnetic sensor 97 in the
twelfth embodiment (Figs. 18 through 20) except that the
insulator layer 101 of 8102 is replaced by AlN films. In
the manner similar to the twelfth embodiment, magnetic
heat treatment was carried out. 1In the state where an
electric current of 10 MHz was supplied, the impedance
variation rate was measured at various strengths of the
external magnetic field. As a result, the impedance
variation rate was 103%/6.30e and the magnetic field
sensitivity was 16.3%/0e.

As described above, according to each of the
twelfth through the sixteenth embodiments of this
invention, the magnetic thin film of Co-Nb-Zr amorphous
metal including the conductor metal layer is used as the
soft magnetic element in the magnetic sensor. with this
structure, as compared with the conventlional sensor which
uses the magnetic metal layer or the magnetic metal wire
also as the conductor metal, the d.c. electric resistance
is reduced so that a higher sensitivity is achleved.

In addition, in each of the twelfth through the

sixteenth embodiments of this invention, the glass
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ceramic insulator layer is interposed between the
conductor metal layer and the Co-Nb-Zr amorphous metal
magnetic thin film. Therefore, the d.c. current for
application of the external magnetic field does not flow
through the amorphous metal magnetic thin film. It is
therefore possible to reduce the eddy current loss and to
improve the magnetic characteristics in a high frequency
band as compared with the structure having no insulator
layer.

In the twelfth through the sixteenth embodiments
of this invention, the Co-Nb-Zr layer does not have a
single-layer structure but has a stacked structure with
the glass ceramic layers interposed. It is therefore
possible to cope with a still higher frequency band.

In the twelfth through the sixteenth embodiments
of this invention, by selecting the appropriate
composition of the amorphous Co-Nb-Zr magnetic metal
layer, the magnetic sensor achieves the impedance
variation rate greater than that obtained by the
conventional sensors using the permalloy thin f£film or the

Co~8i-B thin film.
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WHAT IS CLAIMED IS:

1. A magnetic sensor for detecting a magnetic
field strength, comprising:

an insulator substrate having first and second
surfaces opposite to each other;

a soft magnetic element having first and second
ends opposite to each other and mounted on said first
surface of saild insulator substrate;

a conductor mounted on saild second surface of
said insulator substrate; and

an output port coupled to said first and said
second ends of said soft magnetic element for deriving an
impedance of sald soft magnetic element between said
first and said second ends, sald impedance changing in
dependence upon a magnetic field strength applied to saild
soft magnetic element.

2. A magnetic sensor as claimed in claim 1,
wherein sald soft magnetic element 1s a soft magnetic
wire and said conductor is a ground conductor to be
grounded, saild magnetic sensor further comprising a short
circulting conductor connecting said first end of said
soft magnetic wire with said ground conductor, said
output port being coupled to saild short circuiting
conductor and said second end of said soft magnetic wire.

3. A magnetic sensor as claimed in claim 2,
whereln saild soft magnetic wire ls a coaxial soft

magnetic wire comprising an outer soft magnetic portion
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and an inner conductor wire enclosed therein, said inner
conductor wire being connected to said ground conductor
layer.

4. A magnetic sensor as claimed in claim 3,
wherein sald soft magnetic element further comprises an
insulator layer interposed between said external soft
magnetic portion and said internal conductor wire of said
coaxial soft magnetic wire.

5. A magnetic sensor as claimed in claim 2,
wherein said ground conductor comprises a conductor f£ilm
formed on said second surface of saild insulator
substrate.

6. A magnetic sensor as claimed in claim 2,
wherein said ground conductor comprises a conductor wire
attached to said second surface of sald insulator
substrate.

7. A magnetic sensor as claimed in claim 1,
wherein said soft magnetic element substantially
comprises a soft magnetic thin film.

8. A magnetic sensor as claimed in claim 7,
wherein said conductor is a ground conductor to be
grounded and comprising Cu, Ag, Au, Al, or an alloy
containing at least one of Cu, Ag, Au, and Ai.

9. A magnetic sensor as claimed in claim 1,
wherein said soft magnetic element comprises an inner
conductor layer extending in a longitudinal direction of
said soft magnetic element, an insulator layer

surrounding an outer periphery of said inner conductor
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layer, and a soft magnetic thin film covering said
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insulator layer, sald inner conductor layer comprising
Cu, Ag, Au, Al, or an alloy containing at least one of
Cu, Ag, Au, and Al, said insulator layer comprising at

least one of Sioz, Si3N and AlIN.

4

10. A magnetic sensor as claimed in claim 1,
wherein said soft magnetic element comprises an inner
conductor layer and a stacked structure around said inner
conductor layer, said stacked structure comprising a
plurality of soft magnetic thin films stacked with
insulator layers interposed, said inner conductor layer
being made of at least one selected from a group of Cu,
Ag, Au, Al, and alloys thereof, each of sald lnsulator
layers being made of at least one of 8102, 813N4, and
AlN.

11. A magnetic sensor comprising an insulator
substrate and a soft magnetic thin film element formed on
said substrate, which further comprises an inner
conductor layer surrounded by said soft magnetic thin
£ilm element through an inner insulator layer, said soft
magnetic thin film element comprising a Co-Nb-Zr thin
layer essentially consisting of 80-87 at% Co, 10-17 at%
Nb, and 1-6 at% Zzr.

12. A magnetic sensor as claimed in claim 11,
wherein said inner conductor layer is of at least one of
Cu, Ag, and Al, said inner insulator layer being of at
Al

least one of 8102, 513N4, 203 and AlLN.

[

(AR D A



This Sheet Has Been Replaced

T ];

13. A magnetic sensor as claimed in clalm 12,

wherein said soft magnetic thin film element comprises a
plurality of said Co-Nb-Zr thin layers successively
stacked with insulator layers interposed.

14. A magnetic sensor as claimed in claim 13,
wherein each of saild interposed insulator layers is of at
least one of Sioz, Si3 4 A1203, and AlN.

15. A method of manufacturing a magnetic sensor
comprising the steps of:

forming a first soft magnetic f£ilm on an
insulator substrate;

forming a first insulator film on sald first soft
magnetic £ilm;

forming a conductor layer on said first insulator
£ilm;

forming a second insulator film to cover said
conductor layer except both ends thereof; and

forming a second soft magnetic film to cover said
second insulator film so as to form a closed magnetic
loop comprising said first and said second soft magnetic
films;

each of said first and said second soft magnetic
films comprising a Co-Nb-Zr thin film essentially
consisting of 80-87 ats Co, 10-17 at% Nb, and 1-6 at% Zr.

16. A method of manufacturing a magnetic sensor
as claimed in claim 15, wherein each of said first and
said second insulator films is of at least one of 8102,

Al 03, and Al1N, said conductor layer being of at

Si3N4, 2
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least one of Cu, Ag, Al, and Au.

17. A method of manufacturing a magnetic sensor
as claimed in claim 15, wherein each of said soft
magnetic films comprises a plurality of Co-Nb-Zr thin
films successively stacked with a plurality of insulator
films interposed.

18. A method of manufacturing a magnetic sensor
as claimed in claim 17, wherein each of said first
through said third insulator films is of at least one of
8102, Si3N4, A1203, and AlN, said conductor layer being

of at least one of Cu, Ag, Al, and Au.
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