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o (57) Abstract: The present invention provides an appropriately produced magnetic material sensor having a small size. The mag-
netic material sensor of this invention includes: a magnetoresistive effect film, formed using magnetic films; a current source, for
supplying to the magnetoresistive effect film a current having a magnitude and a direction that can change the magnetization direc-

g tions of the magnetic films; and a detector, for detecting the resistance of the magnetoresistive effect film.
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the antigen is measured, based on the results of a

DESCRIPTION

MAGNETIC MATERIAL SENSOR AND DETECTION METHOD
EMPLOYING THIS SENSOR, AND TARGET MATERIAL DETECTION

SENSOR AND TARGET MATERIAL DETECTION KIT

TECHNICAL FIELD

The present-invention'relates.to a ﬁagnetic_
material sensor and a detection metﬁod employing this
sensdr, and é target material depection sensof and a

target material detection kit.

BACKGROUND ART
Many technologies, such as radio immunoassay
(RIA or IRMA: ' immunoradiometric assay) and énzyme—

antibody technique, have been proposed\and employed

for immunization analysis. According to radio

immunoassay, a competitive antigen or an antibody is
marked using a radionuélidé, and élfixed'quantity of
specific activity. For this method, high sensitivity:
is anladVAntage; however, thére'is a problem as
regards the security of the radionuclide, and
therefore, a special facility and avspecial apparatus
ére required. Further, compared'with radio '
immunoassay, enzyme—antibody technique, which employs

an enzyme that is used to mark an antibody, is easier
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operationally; and satisfies requirements for
practical sensitivity; however, there is a continuing
demand for more sensitivity and increased operational
usability.

5 Under these circumstances, rgcently, D.L. Graham,
et al., Biosensors & Bioelectronics 18, 483 (2003)
propoéed a method whereby, in order to easily detect
a target material, magnetic particlés-coupléd to thé
target material are detected by employing a

10 magnetoresistive effect film.

According to the technique disclosed in this
reference document, two GMR (Giént Magnetic
Resistance effect) films of 2 pym x 6 um are employed
to detect magnetic particleslhaving a diameter.of 2

15 pm. Bithion is coupled with the surface of one of
~the GMR films, to immobilize magnetic particles, but
is not coupled with the surface of the otﬁer GMR film.
Further, the magnetic particles are avidin—modified.
Since avidin and bithion are very strongly coupled,
20 magnetic particles are immobilized on one of the QMR
films, while on the other GMR film, none are
immobilized. Since the magnetized state of the GMR
film whereat the magnetic-particles are immobilized
'1s changed by the effect produced by a floating
25 magﬁetic field generated by a ﬁagnetic particle, the
‘resistance of this GMR film differs from the other

GMR film, wheréon no magnetic particles are
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immobilized; ,For the GMR films, a multi-layer
structure, comprising two magnetic films, between
which a non-magnetic metal film is formed, ié
employed as a basic struéture. The resistanqe value
dependé on the relafive magnetization directions of
the two magnetic films, and characteristically, when
the magnetization directions are parallel there 1is
comparatively little resistance, but when the
magnétizétion directions are antiparallel there is a
bémparatively large :esistance. :In order to provide
the parallel magﬁetized state and the antiparallel
magnetized state, the two GMR magnetic films are
formed of a magnetic material having a coercive force,
such that inversion of the magnetization direction of
one of the magnetic films is difficult, and iﬁversion

of the magnetization direction of the other magnetic

film is enabled by a floating magnetic field

generated by a magnetic particle.:
When a magnetic field is applied to magneﬁic

particles and the GMR films in the in-plane direction,

" and when- the magnetization direction of the magnetic

particles is directed toward‘the applied mégnetic
field, as shown in Fig. 9, a floating magnetic field
904 generated by a magnetic pérticle 901 is applied
to a GMR film 905 in a direction opposite tb that in
which a magnetic field 903 is to be applied.

Therefore, the magnetization directions of the two
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magnetic films composing the GMR film do not become
parallel. On the other hand, since the magnetic
films of a GMR film whereon magnetic particles are
not immobilized are not affected by the floating
magnetic field} the magnetization directions are
parallel acroés the entire film. That is, since the

magnetized states of the two GMR films differ, a

further difference occurs between the resistances, so

that the detection of magnetic particles is enabled.

| As descfibed above, the magnetic particle
detection method employing the GMR films islperforméd
by magnetizing ﬁagnetic particles in a desired |
direction, and by chaﬁging,the‘magnetization
direction of a magnetoreéist%ve effect film using a

floating magnetic field generated by magnetic

- particles. Using this method, magnetic particles can

~easily be detected.

In the description of the previous reference

document, a detection signal for a magnetic particle

.obtained by one GMR film differs from that obtained

'by another, and depends on the number of magnetic

particles. This occurs because the size of the area
on GMR film that is influenced by a floating magnetic

field, generated by a magnetic particle, differs in

accordance with the humber.of magnetic particles.

However, WEen relative to the total area of the GMR

film the ratio of the area influenced by a floating
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magnetic'field, generated by a magnetic field, is

considerably smaller, a remafkably weak detection

-signal is obtained, and the detection of magnetic

‘particles is.impossible. Therefore, 'in order to

obtain a strong detection signal, the size of the GMR
filﬁ should be consonant with the sizes of the:
magnetic particles.

At present, of the commonly employed mégnetic
particles, a small magnetic particle size is several
tens of.nm in diameter. In order to'detect such a
small magnetic particle, it is preferable that a GMR
film of thé same.size,'i.é.,‘about'several tens of nm,
be employed, while taking into éccount the area
éffected by a floating;magnetic field génerated by a

magnetic particle. However, when the size of the

magneticvfilm'is reduced, the inversion of the

magnetization direction becomes more difficult, and

the detection signal produced by a magnetic particle
is weakgned.

Furthermore, since means réquired to apply a
uniform'magnetic field to an area fdffthe detection

of a magnetic material must be large, the production

of a compact sensor is not easy.

DISCLOSURE OF THE INVENTION
To resolve these shortcomings, the objective of

the present invention is to provide a magnetic
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material sensor that can be compactly produced and
that can be employed, for a magnetoresistive effect
film, fo detect a magnetic material that enables the
magnetization direction of a magnetic film te be
5 changed by supplying a current to the magnetic
material sensor, and whereby a change in the Voltage
of tﬁe magnetoresistive effect film;, which occurs as
a result of the interaction of a megnetic material to
be detected and the magnetic' film of the sensor, is
10 employed to determine whether the maénetic material
| is present or absent, as well as the number of
magnetic‘materials. | |
Specifically, a magnetic material sensor
according to the present invention comprises:
15 a magnetoresistive effect film, formed using
‘magnetic films;
a current source, for supplying, to the
magnetoresistive effect film, a current having a
. magnitude ana a direction that enables theechanging
20 of a magnetized state of the magnetic films; and
a detector, for detecting a resistanee of the
magnetoresistive effect film.
Further, according to this inveﬁtion,.a
detection method, for employing a magnetic material
25 sensor that includes a magnetoresistive effect'film
that is formed of a detection layer, which is a

magnetic film for which the magnetization direction
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is changed by‘the.reception of a current in a

perpendicular direction, a magnetized pinned layer,

which is a magnetic film for which the magnetization
direction is not changed by the reception of the
current, and a non;magnetic‘layer, which is formed
between the detection layer andythe magnétized pinned
layer, comprises the steps of:

supplying a current to the magnetoresistive

effect film to change a magnetized state of the

. detection layer; and

detecting a change in resistance a£ the
magnétoresistive effect film to determine whether a
magnetic material is present or absent and to
determine the number of magnetic materials.

A target material detecfion sensor according to
the present invention immobiiizes a magnetic material,
through a target material to be detected,iiﬁ a
desired area of one of a number of magnetic material
Sensors deécribedxabove, and detects ﬁhis target
material. | |

A targetvmaterial detéctioq kit according to the
presént'invention includes: the above described
térget ﬁaterial detection -sensor and a magnetic
particle modified by a material that is specifically
coupled with a target material.

Other features and advantages of the present

invention will be apparent from the following
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description taken in conjunction with the
accompanyihg drawings, in which like reference
characters designate the same or similar parts

throughout the figures thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a conceptual diagram for explaining
the principle of a magnetic material sensor according
to the present invention;

Fig. 2 is a graph showing the relationship of a
current to be supplied to the maghetic’material
sensor of the present invention and a voltage to be
applied to the magnetic material sensor;

Fig. 3 is a graph showing the relationship of a
current to be supplied to the magnetic'material

sensor of the present invention and a voltage to be

applied to the magnetic material sensor;

Fig. 4 is a circuit diagram showing the magneﬁic
material sensor of the present in&ention; |

'Fig{-5 is a conceptual diagram showing the
structure of a magnetoresistive effect film used for
the maghetié material sensor of the invention and the
positionéi relationship of this film relative to a
magnetic particle;

Fig. 6 is a diagram for explaining the circuit
arrangement of a magnetic material sensor accordiﬂg

to a first embodiment of the present invention;
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Fig. 7 is.a schematic diagram showing the
structure 6f a magnetoresistive effect film ﬁsed for .
a magnetic material sensor according to a second |
embodiment of the present invention;

Fig. 8 ié a schematic conceptual diagram showing
the state of a biosensor according to a third
embodiment of the present invention wherein a
magnetic particle ié immobilized;

Fig. 9 is a conceptual diagram for explaining
the direction of a floating magnetic field generated
by a magnetic particie; |

Figs. 10A and 10B are conceptual diagrams for
explaining én inversion of.magnétization due.to Spin—
injection, respectively showing the state before the
inversion of magnetization and the stéte following
the inversion of magﬁetization; and

Figs.' 11aA, 11B, 11C and 11D are,éonceptual
diagraﬁs for explaining an inversion of maghetization
due fo spin—injection, respectiyely showing the state
before the inversion of magnetization; when electrpns
are injected from a detection layer side, the state
following the inversion of magnetization, whén
electrons are injected from the detection layer side,
the étate before the‘inversion of magnetization, when
electrons are injected from a magnetizedApinned layer
side, and thevstate foliowing the inversion of

maghetization,_when electrons are'ihjected from the
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magnetized piﬁned layer side.

The accompanying drawings, which are
incorporated in and constitute a part of the
épecification,'illustrate.embbdiments of the
invention and, together withNthe description, serve

to .explain the principles of the invention.

BEST MODE FOR CARRYING OUT THE INVENTION
As described above, a GMR film comprises two

magnetic films, and the magnetization direction of

“one of the magnetic films.tends to face the external

magnetic field, while the magnetization direction of
the other magnetic film is not easily inverted. An

example magnetic film, the magnetization of which

: teﬁds to be directed toward the external magnetic

field, is NiFe; however, since the magnetoresistivity

"

. of this film is small, a'NiFeCo film or an exchange

coupling film of NiFe and FeCo is frequently employed.
' When the exchange coupling film is employed, a FeCo
film that induces a large magnetoresistivity is
positioned so it contacts a non-magnetic material
such as Cu, which is formed between two magnetic
materials, and the magnetoresistivity is the rate of
a resistance that is changed when the magnetization
directions of two magnetic films are shifted ffom
parallel to antiparallel. That is, as the

magnetoresistivity becomes greater, a stronger
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detection signal is obtained.

As another magnetoresistive effect film, other

than a GMR film, there is a TMR (Tunneling Magnetic

Resistance effect) film. As the basic structure of
the TMR film, the ﬁon—magnetic meﬁal film'of the GMR
film is replaced with a thin dielectric film, and a
current to be detected is supplied in a direction
perpendicular to the surface of the TMR film, so that
electrons tunnel through the dielectric film.
Compared with the GMR film, the TMR film has a

greater magnetoresistivity and a larger resistance.

ATherefore, the TMR film is little affected by wiring

résistaﬁce, and is appropriate as a sensor employing
a large-scale integrated circuit. Al,03 or MgO is
generally employed as a dielectric film used for the
TMR film. | |

As chéracteristics, the two magnetic films of
the magnetoresistive effect‘film are affected by
magnetostatic coupliﬁg that acts on the interface,
and it is highly doubtful thét the magnetization
directions of the films will become antiparallel.

Therefore, when the difference in the coercive forces

‘'of the two magnetic films-is small, it is difficult

for that magnetization to become antiparallel, and as
a result, a large magnetoresistance can not be
obtained.

Thus, a magnetoresistive effect film of a spin-
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valve type is.proposed fbr which; in order to provide:

an antiparallel state, an antiferromagnetic film is

exchange coupled with a magnetic film, the

magnetiéatibn-direction of which is to be immobilized.
5 The antiferromagnetic film is a magnetic material

for which‘the;e is an apparent magnetization

direction becéuse adjacent faces spin in opposite

'directions, and the spih directions are not in§erted

by applying a large magnetic field. Therefore, when

10 a ferromagnetic film is exchange coupled with an

-éntiferromagnetic film, the spinning of the
'éntiferromagnetic film'must be inverted for
magnetization of the ferromagnetic film, so that
magneﬁization iﬁversion seldom occurs. Mnlr, MnPt,

.15 MnFe,‘NiO or FeS can be employed as the
antiferromagnetic film, and furthér, an artificial
antiferromagnetic'film, wherein a non—magnetic thin
film is sandwiched between two ferromagnetic films,
may also be employed.

20 In an artificial antiferroﬁagnetic film, two )
ferromagnetic films have a strong inﬁeraction, and
the magnetization directions are-éntiparallélﬂ

The applicatibn.of a-magnetic field 1is widély
employed invorder to. invert the magnetization of a

25 magnetic material. Recently, a method (a spin¥

injection method) has been proposed whereby the

magnetization direction is changed by supplying a
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'spin—polarizea current to a magnetic material (e.g.,
J. C. Slonczewski: J. Magn. Mat., 159, L1 (1996), L.
Berger: Phys. Rev. B, 54, 9353 (1996)). According to
this method, as shown in Fig. 10A, an electron 1006,
having a magnetization vector 1004 aligned to the
right, and a spin vector 1005, which is aligned to

the left, are supplied to a magnetic material that is

formed of a ndn—magnetic film 1001, a magnetic film

1002 and a non-magnetic filﬁ 1003. The interaction
of the spin vector 1005 and the magnetization vector
1006 is induced near the surface of the magnetic £ilm
1002, and as shown in Fig. 1OB, the magnetization
diréctioﬁ of the magnetic film is aligned with the
direction of the spin vector 1005. When this
maghetization inversioﬁ method is employed for a
magnetic material sensor, a strong detection signal
can be.obtained from a small maghetic particlé, and
the reduction in sizé of the sensoi can be performed
Further, as shown in Figs. 11A to 11D, a
detection layer 1101, a non-magnetic layer 1103 aqd a
'magnetized pinned'layer 1104 are formed between a
non-magnetic layer 1101‘and a non-magnetic iayer 1105,
and a power source 1109 for applying a voltage to the
non-magnetic layers 1101 and 1105 is positioned so
that the magnetization direction can be arbitrérily
changed. It should be noted that the thickness of

one of the magnetic films should be smaller than a
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spin diffusion length, and the thickness of the other

magnetic film should be greater than the spin

diffusion length. This spin diffusion length differs
in accordance with the material, or the strueture, of
the film, and in this case, a thinner magnetic
material is nsed for the detection.layer 1102, and
the other-magnetic material is the magnetized pinned
layer 1104. | |

Assume that'initially; as shown in Fig. 11A, the
magnetization directions of two magnetic films (the
detectionllayer 1102 and the magnetized pinned layer'
1104) are parallelh and that electrons 1108 are
injected from above the multi—layer film, i.e., from
the detection layer 1102 side. The injected

electrons 1108 pass through the detection layer 1102

and then reach the magnetized pinned layer 1104.

Then, the electrons 1108 having a spin. parallel to
the magnetization direction pass thfough the
magnetized pinned layer 1104, while the. electrons
1108 having an antiparallel spin are reflected by the
magnetized pinned layer 1104 and produce an exchange
interaction with the magnetization of the detection
layer‘liOZ. Therefore, the magnetization direction
of the detection layer 1102 is aligned with the

direction of a spin vector 1107 that is generated by

‘the electrons 1108 reflected. by the magnetized pinned

layer 1104, and is inverted as shown in Fig. 11B.
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When} as Shown in Fig. 11C, the direction of a
current that is supplied by the power source 1109 is
reversed, the injected electrons 1108 that have a
spin parallel to the magnetization direction.of the
magnetized pinned layer 1104 pass through the
magnetized pinned léyer 1104 and produce an exchaﬁge
interadtion with the magnetizétion of the detection
layer 1102. On the other hand, the electrons 1108
having an antiparallel spin are feflected by the |
magnetized pinned layer 1104. And therefore, the

magnetization of the detection layer 1102 shown in

"Fig. 11C is aligned with the magnetization direction

of the magnetized pinned layer 1104, as shown in Fig.
11D. . That is, the magnetization direction of the

detection layer 1102 can be controlled by using a

‘direction corresponding to that in which a current

flows.

According to the spin-injection magnetization
inversion method described abqve, the.magnitude of a
current required for the4inversion of magnetizatiop

depends on the volume of the magnetic material, and'v

~as the volume is reduced, the magnitude of the

current can also be reduced. That is, when the spin-
injection magnetization inversion method is employed
fof a small magnetoresistive effect film, only.a |
small current is required to provide control for the

magnetization direction.
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Fig;-i ié a schematic block diagram showing an
example arrangement for a magnetic material sensof
according to the present invention. The magnetic
material sensor for this invention, ‘as well as that

5 shown in Figs. 11A to. 11D, comprises: two magnetic
layeré, i.e., a detection layer 104 and.a magnetized
pinned layer 107; and a non-magnetic layer. Also as
shown in Fig. 1, a power source 108 and a voltage
detector 110, for detectiﬁg a voltage.to be applied

10 to both ends of a magnetpresiétive effect film,iare
connected to the magnetic material sensor. In this
éase, assume that the two magnétic layers are in-
plane magnetized films and .the magnetization.
directions of the two magnetic films are parallel.

15 The detector 110 is.not limited to a voltage detectdr,
and any detection device can be employed that can
detect a chénée in the resistance of a
magnetoresistive efféét‘film. ;

When electrons 106 are injected from the

20 detection layer 104 side, as the strength.of a
current is gradually increased, magnetization is
inverted by a spin vector 105 at a specific current
vaiue.v It should be noted that this curreﬁt'Value
will differ, depending on whether a magnetic particle

25 101 is present near the magnetic material senéor[
This is true because when a magnetic particle 101 is

present near the magnetic material sensor, a
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magnetostatic.coupling 109 exists between the
detection layer 104 and the magnetic particle 101.
If, as‘shown in Fig. 1, a magnetizatidn vector 103 of
'the detection layer 104 and a magnetization vector
5 102 of the magﬁetic particle 101 are antiparallel to
each other, andvstable,'the magnetizationldiréction
of the magnetic particle 101 must be inverted in
order for the ﬁagnetization direction of the
detectioh layer 104 to be invertéd, and an extra
10 cutrent is required that corresponds to the energy
required for thé'iﬁversiqn of the magnetization of
the magnetic particle 101.
Therefore, there is a différence, as shown in
Fig. 2, between the voltage that is detected when the
15 magnetic‘particle 101 is present and the voltage that
is detected when it'is not. In Fig. 2, a solid line
_indicates a relationship between the current and the
letage‘When the magnetic particle 101 is not present/
and Ir denotes a critical current at which
20 . magnetization inversion is enaﬁled. A broken lineb
indicates a relationship between the current and the
voltége whén the magnetic particle 101 has been
preset, while Ir' also denotes a critical current at
which magnetization inversion is enabled. Since the
25 magnetizétion directions of the two magnetic léyers
become antiparallel through the inversion of the

magnetization, the resistance at the magnetic
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material sensér is increased and a high voltage is
detected. )

Furthermore, when the electrons 106 from the
magnetized pinned layer 107 are injected under a
condition wherein the magnetization directions of the
two magnetic layers are antiparallel, the
magnetization directions become parallel when the
current is equal.to or highér than a critical current.

Thus, the relationship‘between the voltage and the
current is as shown in Fig. 3.

Therefore, by examining the relationéhip between
the voltage and the current, it-is possible to
determine whether a magnetic material is present near
the magnetic material sensor. |

Any type of magnetic material can be employed

for this invention so long'as the magnetization of

the material can be inverted by spin injection and

the material can bé,magnetostatically coupled with
another magnetic material. A transition metal, such
as Fe, Co or Ni, or an alloy of them, is appropria}e,
and aﬁ easily attained direction of magnetization may
be a direction perpendicular to the face of a film,
instead of an in-pléne direction. A material that
can be easily magnetized in the perpendicular
direction is, for example, an alloy film or a multi—
layer film consisting of a rare-earth metal and a

transition metal, an artificial lattice film
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conéisting of'a noble metal and é transition metai, a
CoCr alloy film, or a Ba ferrite alloy film. |

It is preferable that -the non—magnetic layer,
located between the two magnetic layers, be formed of
a material through which electrons can pass, and the
spin state can be appropriately kept in. "So long as
éuch conditions are satisfied; either a conductive
material or a dielectric material mayvbe eﬁployed,
and Cu, for example, can be employed as a conductivé

material, while Al,03 or MgO can be employéd as’'a

_dieleCtric material.

The detection method that employs a direct
current has been explained. A magnetic material may
be detected by inverting the magnetization direction
of the detection layer several times through the
employment'of‘an alternating current. |

Detection of a magnetic material is performed as

" shown in Fig. 4, for example, by connecting a sense

amplifier (SA) 401 to a magnetoresistive effect film
402, on which magnetic particlés can be immobilized,
and a power source 403, and performing a comparison,
using a”reference voltage (ref). When a shift in the
resisténces of devices occurs, the referénce voltage
will differ from a desired value, and an accurate
detection will not be performed. 1In order to prevéntv
this, there is a method that employs, as a reference

voltage, a voltage that is applied to both ends of a
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magnetoresistive effect film whereon a magnetic

material is not immobilized (an interaction does‘not
occur with a magnetic particle that is to be
detected) .

In order to immobilize magnetic particles, a
process for immobilizing magnetic particles is
performed on the surface of the maghetoresistive
effect film, i.e., a Au film; for example, is
deposited. When the surfaces of magnetic particles

are modified using thiol, the magnetic particles are

 immobilized on the surface of the magnetoresistive

effect film by Au-thiol coupling:
Further, the magnetic material eenser Of'this

invention may be employed as a biosensor because a

strong detection signal can be obtained, even from a

small magnetic particle. Antigens as target

materials. in this case can, for example, be a

_biomolecule (a protein, a nucleic acid or a

saccharide), an allergen, a bacteria and a virus.
However, the target materlals are not llmlted to
these, and may be others so long as antibodies that
-Specifically reCognize these antigens can be
immobilized on a maghetoresistive effect film, and a

magnetic particle, and an antigen-antibody reaction

can be obtained. For example, a single stranded DNA

probe may be fixed to the top surface of the

magnetoresistive effect film. Then, a solution that
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contains'magnetic particles modified by a specimen
DNA, which is a target material, may be cropped on
the detector, and only when the DNA probe and the
specimen DNA are coupled together, are magnetic
particles immobilized on the top of the
magnetoresistive effect film. Magnetic particles
that are not immobilized are removed from the
detector by cleaning, and a magnetic particle
measurement is conducted. When the' presence of
magnetic particles is detected, it is confirmed that
the specimen DNA has a desired DNA array.

The DNA detection method has been described;
however, detection.of an antigen, for example, can
also be performed. The primary antibody to be:
specifically coupled to a desired antigen is

immobilized on a magnetoresistive effect film, and

.Ehereafter, a specimen solution is dropped onto the

detector. . When an antigen is present in the specimen,

theAprimary antibody and the antigen are specifically
coupled together. Then, the surface of the detectcr
is cleaned to remove unnecessary material from the
specimen. A secondary antibody to be specifically
coupled with an antigen is fixed to a magnetic
particle used for detection, and a solution that
contains the magnetic particles is dropped onto the

detector. Thereafter, the surface of the detector is

cleaned to remove magnetic particles that have not
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been coupled Qith the antigen. A measurement is then
performed to detect the magnetic particles, and the
antigen is indirectly detected. 2an example reaction
of the biosensor of this invention'that employs the
magnetic material has been explained. Howevér,'an
avidin-bithion reaction, an antigenéaptamep (an RNA
fragment having a specified structuré) interaction, a
ligand-receptor intéraction, a DNA-protein
(transcription factor, etc.) interaction or a lectin—
saccharide interaction may be employed.
(First Embodiment) |

Fig: 5 is a conceptual diagram showing the
structure of a magnetoresiétive efféct film used for
the magnetic material sensér of the present invention,
and the positional relationship of the film and a

magnetic particle. A TMR film is employed as a.

.magnetoresistive effect film, and a Al,0; film is

" employed as a spin ‘tunnel film 504. Further, an

artificial antiferromagnetic film is deposited under:
the Al,0; film and is uséa as a‘magnetized pinned
layer. The magnetized pinned layer is providedvb§
overlaying, on.an lower electrode 501, a MnIr film
502 and a laminated film-503 consisting of a FeCo
film, a Ru film and a FeCo film. Since the two FeCo
films are magneticélly coupled, and the magnetization

directions are constantly antiparallel, magnetostatic

coupling between the magnetized pinned layer and a
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detection layer or a magnetic material to be detected

is weak. On the Al,0, film, an exchange coupling film

consisting of a FeCo film 505 and a NiFe film 506 is
deposited and is used as a detection iayer. Any
conductive material can be used for the lower

electrode so long as the characteristics of the

- magnetoresistive effect film are not deteriorated,

‘and in this embodiment, Hf is employed. On the top

of the magnetoresistive effect film, a Pt film is

formed as a protective film 507 to prevent the

corrosion of a magnetic material during the post

process. For an uppér electrode 508, an arbitrary

conductive material can be employed so long as the

characteristics of the magnetoresistive effect film

.are not deteriorated, and in this embodiment, a Pt

film is employed. The top of the upper electrode 508

is cdvered with a Si0, film that serves as a
protective film 509 and is used to prevent the pihned

of the thiol gtoup of a magnetic particle. Fﬁrther,

in the area atop that whereat magnetic particles are
to be immobiliéed, a Au film is deposited as a fixed

film 510. Then, in order to detect & magnetic

- particle, a voltage is applied to the upper electrode

25

508 and the lower electrode 501, and a current'having
a desired magnitude is permitted to flow across them.
In this embodiment, a current having a desired

magnitude is one in that, in consonance with the
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inversion of magnetization, a éhénge in the
resistance occurs in the TMR film whereon magnetic
particles are‘not immobilized, while such a change
does not occur in a TMR film whereat magnetic
5 particles are immobilized. |
Fig. 6 is a diagram for explaining the circuit
structure of the magnetic material sensor according
to‘this embodiment. .A TMR film Rl.haVing the above
structure, and a constant current source CCy, for
‘10 supplying a current to the TMR film Ry, are connected
to one of the input terminals of a sense amplifier SA.
A TMR film R, Qhereon magnetic particles are not
immobilized, i.e., a Au.film is not deposited on the
top, and a constant current source CCo, for supplying
15 é current to the TMR film Ry, are bonnected to the
éther inpgt terminal. The sizes of ﬁhe two TMR films
are 150 nm x 65 nm, and easy axes of magnetization
Mare present longitudinally. -It is assumed that the
magpitude of a current to be supplied by‘the constant
20 current source CCi is equal to the ﬁagnitude of a ,
current to be sﬁpplied by the constant current source
CCq.
Before the detectiOn'précess, the magnetization
directions of the detection layer and the magnetized
25 pinned layer should be parallel. 1In this embodimeht,
a magnetic field may be applied either externally or

by spin injection. During the detection process,’
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electrons are injected from the detectioﬁ layer side
of the TMR film Ry and the TMR film RL_ When magnetic
particles are immobilized on tﬁe top of the TMR film
R;, the magnetization direction of the TMR film R; is
5 not inverted,_and the resistance of the TMR film R;
beeomes lower than the resistance of the TMR film Ro.
The difference in the resistances is detected as a
difference in the voltages. And when magnetic
| particles are not immobilized on the top of the TMR
10 film E;, the resistances of the TMR films R, and Ry
are equel and there is no difference in the volteges.
In this embodiment, magnetic particles on the |
surfaces that arée to be detected are covered with
SiOg‘ end are coupled with the SH group by causing a
15 reaction with mercaptosilanol in an acetate solution.
Thus, when a solutio; eontaining these magnetic
particles 1is dropbed onto.the surface of the detector,
the tﬁiol group is coupled with the Au film on the
“top of the'magnetoresistive effect film, so that the
20 magnetic particles on the top of the magnetoresiét;ve’
effect film are immobilized. The diameter of a
magnetic particle including the Si0O, film is about
100 nm.
In this embodiment, an explanation has been
25 given for a case wherein the initial magnetizefion is
the parallel state, and a current having a desired

magnitude 1is supplied from the magnetized pinned
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layer side. However, the initial magnetization may
be the antiparallel state, and a current may be
supplied from the detection'layer side. Or, instead
of a constant cﬁrrent, the magnitude of a current to
be supplied may be'gradually increased. | |
(Second Embodiment)

In the first embodiment, the rectaﬁgular TMR
filh that employs in-plane magnetized films has been
used as a magnetic material sensor. However, the
magnetic material sensor of this invention can be
provided by employiné perpendiculér magnetized films.

In a second embodiment, an example for detecting
small magﬁetic particles having a particle size of 50
nm will be explained. As in the first embodiment, a
magnetic particle to be detected is céupled with the
SH group, and a Au film is formed on the top of a
magnetoresistive effect film. The circuit of a
magnetic material sensor is .the same as that in the
first embodiment and the magnethesiétive effect film
is a TMR film that, as shown in Fig. 7, is formed by
laminating a TbFeCo alloy film, a FeCo alloy film/ a
Al,03 film, a GdFeCo Alloy film and a Pt film in the
named order. The TbFeCo alloy film is a
perpendicular magnetized film having a composition
that is superior in magnetization to the auxiliary
lattice of a transition metal, and. that is similar to

a compensation composition. The TbfeCo alloy film
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and the FéCo alloy film arélexchange—coupled, and the
magnetization direction of the FeCo alloy film is
alignéd with the perpendicular direction. That is,
the exchange coupling film formed usihg thé TbFer
alloy filﬁ and the FeCo alloy film serves as a
magnetized pinned layer. The GdFeCo a;loy film is a
detection layer, and as does the TbFeCo alloy film,

has a composition superior in magnetization to the

auxiliary lattice of a transition metal, and the

maghetization direction thereof is aligned with the
perpehdicular direction. The sizé of the TMR film is
65 nm x 65 nm. |

.In the initial state before detection, the
magnetization directions of the magnetized pinned
layer,and the detection layer are set antiparallel.
During therQetection ptocesé, a detection current is
supplied for the injection of electrons from the
magnetized pinned layer side. Regardless of the
presence/absence of a magnetic particle, the
detection'current,is gradually increased until theh
current value 1is reached_at which the magnetization
of the detection iayer is inverted. When magnetic
particles are immobilized on a TMR film R; on which
the Au film is deposited, the resistance of the TMR
film R; is lowered to a specified current Valué,
while a high resistance is maintained for a TMR film

Rg, so that a voltage difference occurs between the
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Voltagesvof the two TMR films. And when the value of
the current is further inCreased; there is a
comparative reduction in the fesiétance of the TMR
film Ro that is continued until the voltages of the
two TMR films are equal.

When magnetic particles are not immobilized on

the top of the TMR film R;, the resistances of the

TMR films R; and Ro are changed at the same time, and
a difference in the voltages is not detected.
In this embodimeht, an explanation has been

given for a case wherein the initial magnetized state

is antiparallel and wherein a current is so supplied

from the detection layer side that it is gradually
increased. However, the initial magnetized state may

be parallel, and a current may be supplied by the

‘magnetized pinned layer side,'or the magnitude of the

current may be a constant.

(Third Embodiment) p

The magnetic material senSQr of this invention
can also be employed as a biosensor. 1In a third
embodiment, an éxplanafion will be given for a
biosensor that detects a prostate specific antigen
(PSA) that is known as a marker for prostate cancer.-

A magnetoresistive effect film used for this
embodiment has the same structure as the TMR’film
used for the first embodiment, and the particle size

of a magnetic particle is about 100 nm.
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In ofder to-hold the primary antibody on the
surface. . of an Au film that is deposited on the
magnetopesistive effect film, the surface of the Au
film is treated with a piranha solution'(Sulfuric
aqid: hydrogen peroxide = 3:1), and is thereéfter
treatedAwith a 1 mM ethanol solution of 10-carboxy-1-
decanthiol. 'As a result, a self-organizing film
(SAM) wherein a cérboxyl group is represented 1is
deposited on the surface. Furthermore, in order to
immobilize the primary antibody, a soluble
carbodiimide (WSC) and a N—hydroxysucciniﬁide react
with each other to transform the cérboxyl group on
the surface of the Au film-into an active éster group.

This transformation can be confirmed, for example,

using. the absorbed total reflection measurement

‘method (ATR). Then, by bringing into contact an

anti-PSA antibody, the amino group of the antibody is
coupled with the SAM, and the primary antibody is
immobilized. This pinned can be confirmed when amido

coupling derived from the antibody is detected by the

~ ATR. After the antibody has been immobilized, the

surface of the Au film is treated with ethanol amin,
at a high density, to block the active ester group
fhat does not react. Through the proéess described
above, a detection sensor can be constructed wﬁerein
the anti—PSA antibody, as the primary antibody, is

immobilized.
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According to the foilowing protocol, fhis
detection‘sensor can be employed to attempt the
detection of a prostate specific antigeﬁ (PSA) that
is known as a marker for prostate cancer. The
primary éntibodies that. recognize thevPSAs are
immobilized to the detection sensor. |

(1) The detection sensor is immersed in a

‘phosphate buffer‘physiological saline solution

(sample solution) contaihing-PSAs that serve as
sampleé, and is incubated for five minutes.

(2) The PSAs that do not“react are removed from
the detection sensor using a phosphate buffer
physiological saline solution.

(3) The detection éensor, once'it has gone
through tﬁe proceSses.(l) andN(Z), is immersed in a
phosphate buffer physiological saline solution-that
contains énti—PSA antibodiés (secondary antibodies)
marked by magnetic particles, and .is ihcubafed for
five minutes. |

'(4) The marker antibodies that did not react ,

rare then removed using a phosphate buffer

‘physiological saline solution.

By following this protocol, as shown in Fig. 8/
secondary antibodies 801,'an antigen 803 and a
primary antibody 804 are coupled together, and.a
magnetic particle 802 is immobilized on the toﬁ of a

Au film 805 that serves as a magnetoresistive effect
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film. Thét is, when the antigen 803 is not present
in a sample, the magnetic particle 802 is not
immobilized on the magnetoresistive efféct film, and
only whether the magnetic:particle 802 is present or
absent need be detected for the'antigen 803 to be
detected. Further, when the number of thé
immobilized magnetic particles 802 is detected, the
quahtity of the antigens 803 contained.in the sample
can also be indirectly obtained.

The magnetic material sensor according to the
present invention can detect a magnetic material
withoutvapplying a magnetic field to magnetic
particles. Further,véven a finely structured sensor

can enable the detection of a magnetic material

without the consumption of a large amount of energy

being required. - In addition, through the
modification of a magnetic material, the magnetic
material sensor of this invention can also be used

for the detection of a biomaterial.

This applicatioh claims priority from Japanese

Patent Application No. 2005-023518 filed Januéry 31,

2005, which is hereby incorporated by reference

herein.
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CLAIMS

1. A magnetic sensor comprising:

a magnetoresistive effect film having at least a
magnetic film;

a curreht supplying means for supplying current
which can change a magnetized state of the magnetic
film; and o

a detector for detecting a resistance of the
maghefo:esistiﬁe effect film.

| 2. A magnetic sensor accordinglto claim 1,
wherein a change in the magnetized state differs

depending on floating magnetic field generated by a

magnetic material to be detected.

3. A magnetic material sensor according to

claim 1, wherein the magnetoresistive effect film

.includes:

a detection layercomprising a magnetic film, the

magnetization direction of which is changed‘by

magnetoresistive effect film}'

a magﬁetized pinned layer comprising a magnetic
film, the magﬁetization direction of which is nét
changed by the supply of the current; and

a non—magﬂetic film, which is formed betwéen the
detection layer and the pinned layer.

4. A magnetic sensor according to claim 3,



WO 2006/080558 . PCT/JP2006/301714

10

15

20

25

33

wherein the detection layer is thinner than the
magnetized pinned layer. |

5. A magnetic sensor according to ciaim 1,
further comprising:

a magnetoresistive effect film that does not -
interact with a magnetic material to beldétected,

wherein the detector employs, as a reference
vbltage, a voltage obtained by the magnetoresistive

effect film that does notvinteract with the magnetic

_material to be detected. -

6. A detection method, for employing a magnetic

' sensor that includes a magnetoresistive effect film

comprising a detection layer, which is a magnetic
film for which the magnetization direction is changed
by the fldwing a current in a pérpendicular direction,
a magnetized pinned layer, which is a magnetic film
for which the magnetization direction is not changed
by fhe flowing the current, and a non—magnétic layer,
which is formed between the detection layer and the
magnetized pinned layer, cdmprising stepé of: R

sﬁpplying a current to the magnetoresistive
effect film to change a magnetized state of the
detection layer; and

detecting a chénge in resistance at the
magnetoresistive effect film to determine whetﬁer a

magnetic material is present or not, or to determine

the number of magnetic materials.
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7. A detectioﬁ method according to claim 6,
further comprising the stepssof:

setting to parallel magnetization directions the
detection layer and the magnetized pinned layer;

supplying a current from a magnetized pinned
layer side to a detection layer side so as to
increase a current value as time elapses; and

detecting for the magnetoresistive effect film a
resistance change, so as to determine the presence or
the absence of magnetic particles, or the number of
magnetic particles.

8. A detection method according to claim 6,
further cempriSing the steps of:

setting to antiparallel magnetization directions
the detection layer and the magnetized pinned layer;

'supplYing a current from a detection layer side

" to a magnetized pinned layer side so as to increase a

current value as time elapses; -and
detecting for the magnetoresistive effect film a

resistance change, so as to determine the presence or

‘the absence of magnetic particles, or the number of

magnetic particles.

9.- A detection method according to elaim 6,
comprising the step of: |

when there is almost no interaction between a
magnetic material to be detected and the detection

layer, supplying, from the magnetized pinned layer
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side to the detection layer side, a current of such a
magnitude that a magnetized state is greatly changed,
comparatively, or supplying, when there is an
interaction, a current of such a magnitude that the

5 magnetized state is little ehanged'or for which the
change is smaller than when there is no interaction;
and

detecting a change in a resistance of the
magnetoresistive effect film so as to determine the

10 presence or absence of magnetic particles, or the
numbéer of magnetic particies.

10. A detection method accofding to claim 6,
whereby a voltage obtained by the magneteresistive
effect film that does not interact with a magnetic

15 material to be detected is empioyed_as a reference
voltage, and the presence or abSence"of a magnetic
material, or the number of magnetic particles, 'is
detected by employing the reference voltage.

11. A target material detection sensor whefein

20 magnetic particles are immobilized, through a target

|  material to be detected, on one’part of a magnetic
,material sensor according to claim 1 in order to '
detect the target material. |
12. A target material detection kit cpmﬁrising:

25 a target meterial detection sensor according £o
claim 11; and

magnetic particles modified by a material so as

to be specifically coupled with a target material.
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