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o (57) Abstract: The invention is to provide a magnetic sensor capable of detecting magnetic particles over a wide range of number

and of suppressing an increase in a detection area. The magnetic sensor includes a detection part, a selecting device connected
electrically to an end of the detecting part, and a sensing amplifier for receiving a signal from the detecting part, wherein the detecting
part includes at least two magnetoresistive films serially connected.
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DESCRIPTION
MAGNETIC SENSOR

TECHNICAL FIELD
The present invention relates to a sensor for
detecting a magnetic material, and a biosensor

utilizing such magnetic sensor.

BACKGROUND ART

For immunoassay, various methods have been
proposed and practiced such as an rédioactive
immunoassay, and an enzyme antibody method. For
example a radio immunoassy (RIA) or immunoradiometric
assay (IRMA) utilizes a marking of a competitive
antigen or an antibody with a radioactive nucleus and
quantitatively determines the‘antigen by a
measurement of specific radioactivity. Thi§ method
is advantageous in a high sensitivity, but is
associated with the safety of the radiocactive nuclei
and necessitates a facility and apparatuses exclusive
for the assay. Also the anzyme antibody method
utilizing an enzyme for the antibody marking is
easier in handling in comparison with the radiocactive
immunoassay and has a practical sensitivity, but
further impréﬁements in the sénsitivity and in the

easy of handling are being desired.

t
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On the other hand, a method of utilizing a
magnetoresistive film for detecting a magnefic
particle coupled with a target substance thereby
easily detecting the target substance is proposed by
D. L. Graham et al.,'Biosensors & Bioelectronics 18,
483(2003) (reference 1). The reference 1 utilizes
two GMR (giant magnetic resistance effect) film of a
size of 2 x 6 um for detecting a magnetic particle of

a diameter of 2 pm. Biotin is bonded to the surface

of a GMR film for enabling fixation of the magnetic
particle, but is not bonded to the other GMR film.
Also ﬁhe magnetic particle is modified with avidin.
Since avidin and biotin are bonded very
strongly, the magnetic particle is fi%ed on a GMR
film but not on the other. The GMR film on which the
magnetic particle is influenced by a floating ‘
magnetic field from the magnetic particle, and shows
a resistance different from that of the GMR film on
which the magnetic particle is not fixed. The GMR
film is basically cOnstituted.of a multi-layered film
structure including two magnetic films and a non-
magnetic metal film positioned therebetween. 1Its
resistance depends on the relative directions of
magnetization of the two magnetic films, and 1is
relatively small when the directions of magnetization
are parallel but relatively large when the directions

of magnetization are antiparallel. In order to
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realize magnetizations of parallel and antiparallel,
one of the two magnetic films constituting the GMR
film is fixed in the direction of magnetization,
while the other is formed by a magnetic'material of a
coercive force capable of a ﬁagnetic inversion by the
floating magnetic field from the magnetic particle.

When a magnetic field is applied to the
magnetic particle and the GMR film in a longitudinal
direction thereof, thereby directing the
magnetization of the magnetic particle in a direction
of the applied magnetic field, a floating magnetic
field 904 generated from the magnetic particle 1001
is, as shown in Fig. 9, applied to the GMR film 905
in a direction opposite to that of the external
magnetic field 903. Therefore, magnetizations 902 by
the two magnetic films of thg GMR film 905 do not
become parallel in the vicinity of the magnetic
particle 901. On the other hand, the magnetic films
of the GMR film 905 on which the magnetic particle 1is
not fixed, not being influenced by the floating

magnetic field 904, show parallel magnetizations over

‘the entire film. Thus the two GMR film 905 shows

different states of magnetization, thereby generating
a difference in the resistance and enabling detection
of the magnetic particle.

As described above, the method of detecfing the

magnetic particle with the GMR film is based on
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magnetizing the magnetic particle in a desired
direction and changing the direction of magnetization
of the magnetoresistive film by the floating magnetic
field generated from the magnetic particle, and can
easily detect the magnetic particle.

Also G. Li et al., J. Appl. Phys. 93,

7557 (2003) (reference 2) diséloses a sensor prepared'
by forming a GMR film capable of fixing a magnetic
particle and a GMR film incapable of fixing a
magnetic particle on a siiicon wafer, and
constructing a Wheatstone bridge with these GMR films
and two other resistors, in which a detection signal
of a magnetic particle is supplied through a sensing
amplifier to a locking amplifier.

The reference 1 describes that a detection
signal of the magnetic particles utilizing a single
GMR film varies depending on the number of magnetic
particles. This is because an area of the GMR film
influenced by the floating magnetic field from the
magnetic particles varies by the number of the
magnetic particles. In case the area influenced by
the floating magnetic field from the magnetic
particles represents a very small ratio with respect
to the entire area of the GMR film, the detection
signal becomes very weak, whereby the magnetic
particles ‘become undetectable. According to the

reference 1, for a detection current of 8 mA, a
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detection of a magnetic particle of a diameter of 2
um with a GMR f£ilm of 2 x 6 pm provides a detection
signal of 400 pV or less, whereby the two GMR films
provides a resistance difference of 0.05 Q or less.
As wiil be apparent from these experimental results,
a GMR film can only detect one to several magnetic
particles at maximum. Therefore the detection system
described in reference 1 is incapable of detecting
the magnetic particles over a wide range. |

The reference 2 discloses a configuration in
which plural GMR films are connected in parallel, of
which a half is covered by a photoresist film and is
therefore incapable of fixing the magnetic particles
on the surface. Such configuration, though capable
of detecting the magnetic particles over a wide range,
is associated with a drawback that wirings and,
peripheral circuits require a large area. It also
involves a drawback that the GMR filme cannot be
arranged densely because of a complicated wiring
arrangement, thereby increasing the eﬁtire detection

area.

DISCLOSURE OF THE INVENTION

In consideration of the foregoing, an object of
the present invention is to provide a magnetic sensor
capable of detecting magnetic particles over a wide

range and suppressing an increase in the detection
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- area.

The present invention provides a magnetic
sensor for detecting a mégnetic particle with a
magneforesistive film, including a detection element
in which plural magnetoresistive films are connected
serially, a selecting transistor connected to the
detection element, and a sensing amplifier.

More specifically, the magnetic sensor of the
present invention includes plural détection pafts, a
selecting device connected to an end of the plural
detection parts, énd a sensing amplifier for
receiving a signal from the detection parts, wherein
each of the detection parts includes at least two

magnetoresistive films electrically connected in

series.

A sensor of the present invention utilizes. any
one of the aforementioned magnetic sensors and
detects a target substance which fixed, in a desired
position, a magnetic material to be detected by the
magnetic sensor.

A detection kit of the present invention
includes an aforementioned sensor, and a magnetic
material bearing a substance capable of selectively
bonding with a target substance.

Other features and advantages of the present
invention will be apparent from the following

description taken in conjunction with the
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accompanying drawings, in which like reference
characters designate the same or similar parts

through the figures thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a circuit diagram of a magnetic
sensor of the present invention.

Fig. 2 is a schematic cross-sectional view of a
detection part and a seleéting transistor of the
magnetic sensor of the present invention.

Fig. 3 is a schematic cross-sectional view of é
detection part and a selecting transistor of the
magnetic sensor of the present invention, in which
the selecting transistor is formed under the
detection part.

Fig. 4 is a circuit diagram of a magnetic
sensoxr of the present invention, having a reference
cell.

Fig. 5 is a circuit diagram of aAmagnetic
sensor of an example 1 of the present invention.

Fig. 6 ié a schematic view showing a film
structure of a magnetoresistive film employed in the
magnetic sensor of the embodiment 1 of the present
invention.

Fig. 7 is a schematic view showing a film
struFture of a magnetoresistive film employed in the

magnetic sensor of an embodiment 2 of the present
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invention.

Fig. 8 is a schematic view showing a mode of
fixation of a magnetic particle in a biosensor in an
embodiment 3 of the present invention.

5 Fig. 9 is a schematic view showing a direction
of a floating magnetic field generated from a
magnetic particle.

The éccompanying drawings, which are
incorporated in and constitute a part of the

10 specification, illustrate embodiments of the
invention and, together with the description, serve

to explain the principles of the invention.

BEST MODE FOR CARRYING OUT THE INVENTION

15 As explained above, a GMR filmlincludes two
magnetic films, one of which has a magnetizing
direction easily following a direction of an external
magnetic field, while the other of which has a fixed
magnetizing direction. A magnetic film having a

20 magnetizing direction easily following a direction of
an external magnetic field can for example be NiFe,
but because of a low change réte in the magnetic
resistance, is often formed by NiFeCo or an exchange
coupled fiim of NiFe and FeCo. 1In case . of an

25 exchange coup-lied film, a FeCo film inducing a large
magnetic resistance change rate is so positioned as

to be in contact with a non-magnetic material such as
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Cu, provided between two magnetic‘materials. The

'magnetic resistance change rate means a rate of

resistance chénge when magnetizing directions of the
two magnetic films shift from a parallel state to an
antiparallel state. Thus a larger magnetic
resistance change rate provides a larger detection
signal.

The magnetoresistive film includes a TMR
(tunneling magnetic resistance effect) film, in
addition to the GMR film. A TMR film has a basic
structure obtained by replacing the non-magnetic
mnetal film in the GMR film with a thin dielectric
film. A detection current is applied in a direction
perpendicular to the surface of the TMR film, thereby
causing a tunneling of electrons through the
dielectric film. The TMR filﬁ has a larger magnetic
resistance change rate and a higher resistance, in
comparison with the GMR film. It is therefore

scarcely influenced by the resistance of wirings and

‘'is suitable for a sensor utilizing a large-scale

integrated circuit. The dielectric film to be used
in the TMR film is usually constituted of Al,03 or MgO.
The two magnetic films of the manetoresistive
film are influenced by a static magnetic coupling on
the interface and have a tendency that the
magnetizing directions do not easily become

antiparallel. Therefore, in case the two magnetic
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films have little difference in the magnetization
inverting magnetic fields, the magnetizations do not
easily become antiparallel whereby a large change in
the magnetic resistance cannot be obtained.
Therefore, there is proposed a spin valve type
magnetoresistive film in which the magnetic film with
a fixed magnetizing direction is exchange coupled
with an antiferromagnetic film thefeby realizingAan
antiparallel state. The antiferromagnetic film is a

magnetic material in which adjacent spins are

-directed mutually oppositely thereby showing no

apparent magnetization and not causing an inversion
of the direction of spin even under a strong magnetic
field. Therefore, with an exchange coupling of the
ferromagnetic film with such antiferromagnetic film,
an inversion of magnetization of the ferromagnetic
film is difficult as it also requires to invert the
spins of the antiferromagnetic film.

A magnetic‘film of transition metals such as
NiFe or FeCo, ordinarily employed in the
magentoresistive film, is a longitudinally ﬁagnetized
film. A decrease in the size of the magnetic sensor
causes an increase in the antimagnetic field, thereby
resulting in an eddying magnetization or an increase
in the coefcive force thereby requiring a large
magnetic field for the magnetic inversion. For

avoiding such drawback, there is known a method of
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employing, for the magnetic film, a magnetic material
which is easily magnetized perpendicularly to the
film plane. Such material can be, for example, an
alloy film or a multi-layered film of a rare earth
metal and a transition metal, an artificial lattice
film of a precious metal and a transition metal, a
CoCr alloy film or a Ba ferrite alloy film.

Fig. 1 is a circuit diagram of a magnetic
sensor of the present invention. A detecting part
constituted of serially connected N magnetoresistive
films Riii, RiizsRiuizs ..., Ruy is connected, at an end
thereof, through a selecting transistor Tri; to an
input terminal of a sensing amplifier SA; and also to
a constant current source CCj;, and is grounded at the

other end. Also similarly constructed plural

detecting parts (Ri2i, Ri2z, Riz23, ..., Rizn — Rimi, Rimz,
Rim3z, ..., Rimy) are connected in parallel through
selecting tranéistors Try» - Triy. The sensing

amplifier SA; receives a reference voltage V.s and
detects a number of magnetic particles from a
comparison result Vgyr. Such an array of plural
magnetoresistive films allows to detect the number of
magnetic particles in a wide range.

The surface of the magenetoresistive film is
subjected to a treatment for fixing magnetic
particles, such as an Au film formatioﬁ. By

modifying the surface of the magnetic particle with
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thiol, a magnetic bead can be fixed on the surface of
the magnetoresistive film by an Au;thiol coupling.

By aligning the magnetization of the magnetic film of
the magnetoresistive film in a direction and by
aligning the magnetizing direction of the fixed
magnetic beads for example by a magnetic field
application, the magnetoresistive film on which the
magnetic beads are fixed shows a higher resistance.
An amount of increase in the resistance of the
detecting part depends on the number of magnetic

beads, and the number of the fixed magnetic beads can

- be detected by comparing the voltage of the detecting

part with the reference voltage.

Fig. 2 is a schematic cross-sectional view of a
magnetoresistive film of a selecting transistor of
the magnetic sensor of the present invention. On a
silicon substrate 207 and an insulation film 206
formed theréon, there is provided a selecting
transistor haviné a source 208, a gate 209 and a
drain 210. On the insulation film 206, serially
connected plural ﬁagnetoresistive films 204 are
provided, and, a magnetoresistive film 204 positioned
at an end is connected, at a lower electrode 205
thereof, through a plug to the source 208 (or drain
210) of the selecting transistor. On an upper
electrode4201 of the magnetoresistive film 204, a

fixing film 203 is provided for fixing a magnetic
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pérticle 202. Also for reducing the entire area of
the sensor, the selecting transistor may be
superposed with the magnetoresistive film as shown in
Fig. 3. Also, though not illustrated, the sensing
amplifier and the constant current source may be
monolithically formed on the semiconductor substrate.
In this manner it is rendered possible to decrease
the number of input/output terminals and to reduce
the dimension of the entire sensor system.

Fig. 4 is a circuit diagram showing a
configuration of another embodiment of the magnetic
sensor of the present invention. The present
embodiment has a detecting part, constructed by
magnetoresistive films Rji; - Rug, Riz21 - Rioys ..., Rimm
- Riny, selecting transistors Tri;; - Triy and a
constant current source CC;; same as in the circuit
shown ih Fig. 1. The present embodiment' includes,
instead of the reference voltage Ve supplied to the
sensing amplifier SA; in the circuit shown in Fig. 1,
a reference voltage supply part containing, as
reference resistor, magnetoresistive films Rpix — Roww
similar to those constituting the detecting circuit.
The reference voltage supply part utilizes a voltage,
obtained between a constant current source CCo1 and a
ground potential, as a reference voltage, thereby>
improving the precision of detection. The reference

resistances Rpgi1 — Roww are similar to the
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magnetoresistive films constituting the detection
part but do not.have magnetic parFicles fixed thereon.
Such reference resistor allows, even in éase the
magnetoresistive films show a fluctuation in the
resistance by an influence of the manufacturing
process, to provide the sensing amplifier with an
appropriate reference voltage.

The magnetic sensor of the present invention,
being capable of precisely detecting magnetic
particles from several parﬁicles to several tens of
thousands, is suitable for use as a biosensor. A DNA
hybridization or an antigen-antibody reaction can be
utilized in such biosensor. An antigen constituting
a target substance can be a biomolecule (protein,
nucleic acid or saccharide), an allergen, bacteria or
virus, but is not limited to suéh examples. An
antibody capable of specifically recognizing such

antigen may be fixed to the magnetoresistive film and

‘the magnetic particle and may be used in an antigen-

antibody reaction. As an example, a DNA probe in a
single-chain state is fixed on the magnetoresistive
film. Then a solution containing magnetic particles
modified with a specimen DNA as the target substance
is dropped on the detecting part, whereby the
magnetic particles are fixed on the magnetoresistive
film only when the DNA probe and the specimen DNA are

coupled. The magnetic particles are measured after
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the unfixed magnetic particles are removed from the
detection part for example by a rinsing. Presence of
the magnetic particles confirms that the specimen DNA
has a desired DNA sequence. In the foregoing, there
has been explained a DNA detecting method, but an
antigen detection can also be executed. On the
magnetoresistive film, a primary antibody capable of
specifically or selectively coupling with a desired
antigen is fixed. Then a specimen solution is .
dropwise added onto the magnetoresistive film. If
the specimen contains an antigen, the primary
antibody and the antigen execute a specific coupling.
The specimen on the detecting part is washed off to
remove unnecessary substances. A secondary antibody
capable of specifically or selectively coupling with
the antigen is fixed on the magnetic particles to be
used for detection, and a solution containing such
magnetic particles is dropped onto the detecting part.
Then the surface of the detecting part is rinsed to
remove the magnetic particles that have not been
coupled with the antigen. The antigen is indirectly
detected by measuring the magnetic particles. In the
forégoing there has been explained examples of
reaction on the biosensor, but it is possible also to
utilize a avidin-biotin reaction, an antigen-aptamer
(RNA fragment having a specified structure)

interaction, a ligand-receptor interaction, a DNA-
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protein (transfer factor etc.) interaction or a
lectin-sugar chain interaction.

In the following, the present invention will be
further clarified by examples.

[EXample 1]

'Fig. 5 is a circuit diagram showing a structure
of an exampOle of the magnetic sensor of the present
invention. In the present example, eight
magnetoresistive films Riii, Riiz, ..., Riig are serially
connected to constitute a détecting part. An Au film
is formed on the magnetoresistive filhs constituting
the detecting part, thereby enabling fixation of
magnetic particles. The detecting part is connected
at an end thereof to a power source of a
predetermined potential such as a ground potential,
and, at the other end, through a selecting transistor
Tri;; to an input of a sensing amplifier SA; and a
constant current source CC;;. Also eight
magnetoresistive films Rizi1, Rizz, ..., Rizs constituting
another detectingﬁpart is connected at an end thereof
to a ground potential, and, at the other end, through
a selecting transistor Tri;; to an input of a sensing
amplifier SA;. Magnetoresistive films Rj;3; - Rigg are
also similarly connected, whereby a voltage change in
64 magnetoresistive films is detected by SA;.

Also eight magnetoresistive films Roii, Roizr «--»

Ro1g used as reference cells are serially connected,
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and are connected at an end thereof to a ground
potential, and, at the other end, through a selecting
transistor Tro; to the input of the sensing amplifier
SAJ and a constant current source CCy;. On these
eight magnetoresistive films, a SiO, film is formed
to inhibit fixation of the magnetic particles. A
voltage obtained by the serially connected eight
magnetoresistive films Roii, Roizs ..., Rois and Trg: is
used as a reference voltage.

Mgnetoresistive films Rgz1 — Rozs and Riix — Rogss
selecting transistors Trz; - Trps, constant current
sources CCj;; and CCy,, and a sensing amplifier SA, are
similarly connected. Though not illustrated in Fig.
5, 98 deteéting circuits similar to that explained.
above are further prepared and connected. Therefore
the magnetic sensor of the present example contains
6400 magnétoresistive films capable of fixing the
magnetic particles. It is thus made possible to read
the signals in parallel from the sensing amplifiers
SA; and SA;, thereby increasing the detecting speed.

The magnetoresistive film has a structure shown
in Fig. 6. On a lower Pt electrode (not shown),
there are laminated in succession a MnIr alloy film,
a FeCo alloy film, an Al;03 film, a FeCo alloy film, a
NiFe alloy film, and a Pt film. The magnetoresistive

film thus prepared is annealed at 150°C in vacuum.

The annealing température may be such a
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temperature as to induce a one-dimensional anisotropy
in the MnIr alloy film and not to destruct the
selecting transistors or the Al;0; film. At the
vacuum annealing, a magnetic field is applied in a
direction along a film plane. A magnitude of the

magnetic field is so selected that the magnetization

" of the magnetic film is directed in the direction of

the applied magnetic field under a temperature
elevation, and is 500 Oe in the present example. The
FeCo alloy film (pinned layer) in exchange coupling'
with the MnIr film has a magnetizing direction pinned
in the direction of one-directional anisotropy of the
MnIr alloy film, and the magnetization of the pinned
layer is not easily inverted by a magnetic field in a
direction opposite to'the direction of the one-
dimensional anisotropy. On the other hand, the
magnetization of the change coupled film (free layer)
of the NiFe alloy film énd the FeCo alloy film can be
easily aligned with the direction of the appliéd
magnetic field. The magnetization of the
magnetoresistive film is aligned, in an initial state,
in the direction of the one-dimensional anisotropy of
the MnIr alloy film. The Pt film formed on'an
outermost surface of the magnetoresistive film is a
protective film for avoiding an erosioh of the
magnetoresistive film in a later step. Each

magnetoresistive film has a rectangular shape of 2.3
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x 0.8 um, and the one-dimensional anisotropy of the
MnIr alloy film is directed . along the longitudinal
direction thereof.

A magnetic particle to be detected in the
preéent example is surfacially covered with SiO2, and
is reacted with mercaptosilaﬁol in an acetic acid
solution, thereby bonding an SH group. Thus, when a
solution containing such magnetic particles is
dropped onto the detecting part, the thiol group and
the Au film on the magnetoresistive film are bonded
thereby fixing the magnetic particle on the
magnetoresistive film. The magnetic particle
including the Si0O, coating film has a diameter of
about 400 nm, so that about 10 magnetic particles can
be fixed at maximum on a magnetoresistive.film,
whereby the present example has a detection range
from 1 to about 60,000 magnetic particlés. A largef
number of magnetic particles can be detected by
increasing the number of the magnetoresistive films.

After the fixation of the magnetic particles, a
magnetic field is appligd in the direction of the
one-dimensional anisotropy of the MnIr alloy film,
thereby magnetizing the magnetic particles in the
direction of the applied magnetic field. As shown in
Fig. 9, a floating magnetic field is generated from
the magnetic particles, and functions, to the

magnetoresistive film, in a direction opposite to the
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applied mégnetic field, namely to the initial
maghetizing direction. Therefore, in a region where
the floating magnetic field has a reiatively strong
function, the'magnetization of the free layer of the
magnetoresistive film is inclined from the initial
direction. In this situation, the magnetization of
the pinned layer, being pinned by the MnI alloy film,
hardly changes from the initial state. Thus, while
the magnetizing direction of the free layer and that
of the pinned layer are mutually parallel in the
initial state, the two magnetizing directions become
different under the application of the floating

magnetic field, whereby the magnetoresistive film

" shows a larger resistance. With fixation of a larger

number of magnetic particles on the magnetoresistive
film, the inclination of the magnetization of the
free layer takes place in a wider area, whereby the
magnetoresistive film shows an increasing resistance
change according to the number of the magnetic
particles.

The reference cell which is constituted of the
magnetoresistive films Roi1 — Rpig and oﬁ which the
magnetic beads are not fixed retains the initial
resistance even when the magnetic particles are
present in the specimen. It is therefore possible,
by applying a same current to the detecting part and

the reference cell, to detect the number of the
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magnetic particles by the sensing amplifier. Eight

detecting parts connected to a sensing amplifier are
so constructed that the selecting transistor supplies
a current to only one detecting part and not to other

detecting parts at the detection. Output signals are

obtained from the eight detecting parts are obtained

by switching the selecting transistor in succession.
However, the reference cell is constantly given a
current during the detection. Thus, the detection of
the magnetic particles can be achieved electrically
and can therefore be completed within an extremely
short time.

[Example 2]

When the particle size of the magnetic particle
becomes significantly smaller thah the'A
magnetoresistive film, the detection of a single
magnetic particle becomes difficult as the area where
the floating magnetic field is applied becomes
smaller. It is therefore necessary to reduce the
dimension of the magnetoresistive film in order to
detect magnetic particles of a smaller particle size.
However a longitudinally magnetized film, made
smaller in dimension, increases the coeicive force,
whereby the magnetizing direction becomes difficult
to change and the detection of the magnetic particles
becomes difficult. For avoiding such drawback, there

is known a method of utilizing a magnetic material
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which is easily magnetized perpendiculafly to the
plane of the magnetic film of the magnetoresistive
film.

The present example shows an example of
detecting magnetic-particles with a particle size as
small as 50 nm. The magnetic particles to be
detected have SH groups as in Example 1, and an Au
film is formed on the magnetoresistive film. The
sensor has a circuit structure same as that in
Example 1. The magnetoresistive film is formed, as
shown in Fig. 7, by laminating in succession a TbFeCo
alloy film, a FeCo alloy film, anzAle3film, a FeCo
film, a GdFeCo'alloy film and a Pt film. |

The TbFeCo alloy film is a vertical
magnetization film showing a large coercive force in
a composition close to the compensation composition.
The TbFeCo film and ﬁhe FeCo alloy film are exchange
coupled, and the magnetization of the FeCo alloy film
can be fixed in a desired direction. Thus a two-. |
layered film formed by the TbFeCo film and thé FeCo
alloy film functions as a pinned layer. The GdFeCo
alloy film and the FeCé alloy film adjacent thereto
are exchange coupled and these two-layered films
serve as a free layer. The magnetization of the FeCo
alloy film is perpendicular to the film plane in a
zero magnetic field, but is inclined under an

application of a magnetic field oppoSite.to the
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magnetizing direction. It is however so designed as

not to show a rectangular magnetization curve but

that a magnetic field where the magnetization starts

to decrease is different from a magnetic field where
the magnetization is saturated. The magnetoresistive
film has a dimension of 180 x 180 nm and a single
magnetofesistive film is capable of fixing about 10
magnetic particles.

In an initial state prior to detection, the
magnetizations.of the pinned layer and the free layer
are aligned upwards from the film plane. After the ‘
magnetic particles are fixed on the magnetoresistive
film, a magnetic field perpendicularly downwards to
the surface of the magnetoresistive film is applied
to the magnetic particles. In an area where the
applied magnetic field and the floating magnetic
field are both applied, because of the application of
a relatively large magnetic field, the magnetization
of the free layer of the magnetoresistive film
becomes strongly inclined from the initial direction,
but, in an area where the floating magnetic field is
not applied, magnetization of the free layer shows
little inclination because it only receives the
external magnetic field. Thus, in the pfesence of
the magnetic particles, the detecting part shows a
voltage higher than that of the reference cell, and a

voltage difference depends on the number of the
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magnetic particles.

The magnetic field applied at the detection may
be applied longitudinally along the film plane. A
magnetization applied along the film plane causes the

magnetization of the free layer to be inclined from

the direction perpendicular to the film plane. When

the magnetic particles are fixed on the
magnetoresistive film, a floating magnetic field from
the magnetic particles is applied in a direction
opposite to that of the external magnetic field,
whereby the net magnetic field applied to the
magnetoresistive film becomes smaller, whereby the
magnetizing direction of the free layer shows a
smaller change in comparison with a case where the
magnetic particles are not fixed. In this case,
therefore, the reference cell shows a voltage larger
than that of the detecting part.

(Example 3]

The magnetic senéor of the present invention is
also usable as a biosensor. The present example
shows a biosensor for detecting a prostate specific
antigen (PSA) known és a marker for a prostatic
éancer.

The magnetoresistive film has a strﬁcture same
as that of the magnetoresistive film in Example .1,
but with a size of 1.3 x 0.5 um. Also the magnetic

particles have a particle size of about 250 nm.
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In order to carry a primary antibody on the Au
film formed on the magnetoresistive film, the surface
of the Au film is treated with a piranha solution
(sulfuric acid : hydrogen peroxide = 3 : 1) and then
treated with a 1 mM methanolic solution of 10-
carboxy-l-decanethiol to form a self—assémbled
monolayer (SAM) presenting carboxyl groups on the
surface. Then, for fixing the primary antibody,

reaction with water-soluble carbodiimide (WSC) and N-

"hydroxysuccinimide (NHS) is executed to convert the

carboxyl groups; on the Au film surface, to active
ester groups. This conversion can be confirmed for
example by atténuated total reflection (ATR) method.
Then anti-PSA antibody is contacted to achieve
fixation by a bonding of amino group of_the antibody
on the SAM. The fixation of the antibody can be
confirmed by an ATR detection of the amide bonding
derived from the antibody. After the fixation of the
antibody, the Au film surface is treated with
ethanolamine of a high concentration to block the
unreacted active ester groups. In this manner, a
detection sensor having the anti-PSA antibody fixed
as the primary antibody can be obtained.

Thus obtained detection sensor can be used for
detecting a prostate specific antigen (PSA), known as
a marker for prostate cancer according to the

following protocol:
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(1) The détection sensor is immersed in a
phosphate—buffefed physiological saiine solﬁtion
(specimen solution) containing PSA as the antigen
(specimen), and is incubated for 5 minutes;

(2) Unreacted PSA is washed off with a
physiological saline solution;

(3) The detection sensor after the steps (1) and
(2) is immersed in a phosphate-buffered physiological
saline solution containing anti—PSA aﬁtibody
(secondary antibody) marked with magnetic particles,
and is incubated for 5 minutes;

(4) Unreacted marked antibody is washed off with a
physiological saline solution. |

Through this protocol, the secondary antibody
801, the antigen 803 and the primary antibody 804 are
mutually bonded and the'magnetic particle 802 is
fixed on the Au film 805 constituting the -
magnetoresistive'film, as shown in Fig. 8. As the
magnetic particles are not fixed on the
magnetoresistive film in case the antigen is absent
in the specimen, it is possible fo detect the antigen
by detecting presence/absence of the magnetic
particles. It is also possible to indirectly measure
the amount of the antigen contained in the specimen,
by detecting the number of the fixed magnetic
partiéles.

INDUSTRIAL APPLICABILITY
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The magnetic sensor of the present invention is
capable, in detecting a number of small magnetic
materials; of a detection over a wide range, and also
of a detection within a short time, and can be
employed as a sensor for detecting a biosubstance by

a modification on the magnetic material.

This application claims priority from Japanese
Patent Application No. 2005-023519 filed on January
31, 2Q05, which is hereby incorporated by reference

herein.
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CLAIMS
1. A magnetic sensor comprising:
a detecting part;
a selecting device electrically connected to an
5 end of the detecting part; and
a sensing amplifier for receiving a signal from
the detecting part;
wherein the detecting part includes at least
two maghetoresistive films which are electrically

10 connected in series. |

2. A magnetic sensor according to claim 1,
comprising the detecting part in plural units, and
plurél selecting devices respectively corresponding
to the plural detecting parts.

15 3. A magnetic sensor according to claim 2,
wherein the plural selecting devices are selected in
succeésibn to serially outputting results of
detection in the detecting parts.

| 4. A magnetic sensor according to claim 2,

20 comprising the sensing amplifier in plural units and
the plural sensing amplifiers output in parallel the
results of detection in the detecting parts.

5. A magnetic senéor according to claim 1,
wherein the magnetoresistive film is a spin tunneling

25 magnetoresistive film.

| 6. A magnetic sensor according to claim 1,

wherein a magnetic film constituting the
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magnetoresistive film has an easy direction of
magnetization perpendicular to film plane.

7. A magnetic'sensor according to claim 1,
wherein the selecting device is a transistor provided
on a sémiconductor substrate, and the
magnetoresistive film is provided so as to cover at.
least a part of the transistor.

8. A magnetic sensor according to claim 1,
wherein a substance, on which a magnétic material to
be detected directly or indirectly is fixed, is
providéd on the detecting part or in a proximity
thereof.

9. A magnetic sensor'according to claim 8,
wherein the sensing amplifier includesﬂa first input
part for receiving a signal from the detecting part

and a second input part for receiving a reference

voltage from a reference voltage supply part, which

includes plural magnetoresistive films of a structure
same as that of the plural magnetoresistive films
contained in the detecting part, and the magnetic
material is not fixed on the plural magnetoresistive
films of the reference voltage supply part.

10. A sensor including a magnetic sensor
according to claim 1, and adapted for detecting a
target substance which functions to fix a magnetic
material, to be detected by the magnetic sensor, to a

desired position.
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11. A detection kit comprising a magnetic
sensor according to claim 7, and a magnetic material
bearing a substance capable of selectively bonding

with a target substance.
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