Prom

magne

type

MAGNE
Sappar

S A : Pei10-3 055

TO?EﬂzSMAlEﬁL&EE\Em sG The present invention relates to

WS Lopisehsigag. a.megagii.culilel d, a sensor for reading_information
(hegnet) C spReRge. Bdhibm..8nd a switch, all enploying .
_.qf‘@%ﬁgd@e:@Jg@m,lﬁ_,m‘il;gnk%dpf_rfg.s“e nt invention also rel ates @R'@\’N,AL

-] -

MAGNETO TIVE ELEMENT

b
The present invention relates to apparatus for sensing a magnetic field, a sensor
for reading information from a magneﬁc storage medium, and a switch, all employing a
magnetoresistive element. The present invention also relates to a novel type of
magnetoresistive element. _
Magnetoresistivé (MR) sensors are used in magnetic storage systems to detect
magnetically encoded information from a magnetic storage medium or disc. A time

dependc_:ht magnetic field from a magnetic storage medium or disc directly modulates the

resistivity of the MR sensor. The change in resistance of the MR sensor can be detected

by passing a sense current through the MR sensor and mw:sﬁring the voltage across the
MR sensor. The resulting signal can be used to recover the encoded information from
the magnetic storage medium or disc.

Practicall MR sensors are typically formed using ferromagnetic metal alloys
because of their high magneﬁc permeability. A ferrbmagnetic metal alloy is deposited in

.a thin film upon an electrically insulated substrate or wafer. Changing magneﬁc fields

originating from the magnetic storage medium produce a change in the magnetization
direction of the MR sensor and thereby change the resistance of the sensor. This
phenomenon is called an MR effect. |

MR sensors have a maximum signal-to-noise ratio when the active region of the

- sensor has no movable magnetic domain boundaries or no domain boundaries. In other

words, the active sense area of the MR sensor should be a single domain. The presence
of domam boundaries in the sensor active area that move when a field is applied gives '
rise to Barkhausen noise, a phenomenon caused by the irreversible motion of a magnetic
domaixi in the presence of an applied magnetic field. Barkhausen noise cannot occur if

no domain boundaries exist. Typically, a single magnetic domain MR sensor is achieved
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‘magnet oresi stive el enent. Magnet oresi stive (MR) sensors are used in

magneti c storage systens to detect magnetically encoded inf Lon froma
fragnetic storage nediumor disc. Atime dependent nagnetic Qﬁ()éro '
magneti c storage nmediumor disc directly nodul ates the resi#StIFi IN Ee
MR sensor. The change in resistance of the MR sensor can be M'

passi ng a sense current through the MR sgpsor and neasuring the voltage
across the MR sensor. The resulting signal can be used to recover the
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Practi cal sensors a formed usi ng rromagnetic netal alloys
because of Ihtudindl aiaghBEAEIdS of Ry BGHRbinktioh thérdo r OMagnetic netal alloy is
deposited in : '
In order to predict the signal output of an MR sensor, it is necessary to know the
spatial angular dependence, O(x,y), between the current density vector J and the

magnetization vector M of the MR sensor. In general:

' 1 MJ
- ° — - )
0(x,y)=cos™ ( i
. : . 3 . |
In traditional MR sensor configurations, the shghé dependence of the current

~ density vector J on the resistivity of the element; given By

p(0) =p.+Apcos?@

has been treated as negligible and has been or can be ignored (for example, in an MR
sensor with contacts perpendicular to the active area). The reason for this is that the

fractional change is resistivity as defined by

4p
Pe

is relatively small for standard MR sensot configurations, usually less than 3.0 percent.
Thus, the dependence of the current density vector J on the resistivity of the device p is

negligible. In many practical MR devices, the change in resistivity as defined by

4p
P

is even smaller; of the order of 0.5 percent r_esi'sﬁvity change to 2.0 percent near room

temperature.
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athin filmupon an electrically insulated substrate or mafer Changi ng
nagnetlc fields originating fromthe nagnetic storage ne
éhange in the nagnetization direction of the MR sensor a”x)ng£§3*u4RiT e
the resistance of the sensor. This phenonmenon is called 4
MR sensors have a nmaxi mum si gnal -to-noi se rati o when the actt
the sensor has no novabl e magneti c donmai n boundaries or no donmain
boundaries. In other words, the active S¥hse area of t he MR sensor shoul d

be a single domgin. The presence of donain bound sensqr _.active
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characterised by having two current paths therein, éach of the current paths being such

its resistance varies in dependence upon the position of the magnetic field relative
thereto. |

According to another aepect of the pre'seht invention, there is provided a sensor
for reading information from a magnetic storage medium, the sensor comprising the
apparatus of the preceding paragraph arranged for sensmg‘me magnetic field
representing the information stored on the medium. >

According to a further aspect of the present invention, there is provided a switch
characterised by comprising a magnetoresiétive element having two current paths therein,
each of the current paths being such that its resistance varies in dependence upon the
position of a magnetic field relative thereto, and detecting means for detecting the
difference between the respective résistanc_es of the current paths and producing a switch
output indicative thereof, such that the switch output is controlled by the position of the
magnetic field relative to the respective. current paths.

According to another aspect of the invention, there is provided a magnetoresistive
element characterised by comprising layers of magnetic and layers ef non-magnetic |
material.

Preferably, the inagnetoresistive elbment comprises léyers of ferromagnetic and
layers of non-ferromagnetic material. |

Such magnetoresistive elements may be referred to as “giant" magnetoi'esistive

elements (GMRs). This-term is used in the following description.
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domain in the presence of an applied magnetic field. Barkhausen noise
Qannot—mrfu*”f”no’domal n boundaries exist. Typically, a single nmagnetic
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-2- by el geonetry, or via boundary control stabilization or
i nher ent. ‘m h'agnetlc fields or any conbi natlon t ereor:
I n order e signal output of an MR sensor, ' @ﬂfGTNAE
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The above apparatus, sensor and switch advantageously include such a
magnetoresistive element. | - ;

The magnetoresistive elements may have multi-layered structures. These devices
mﬁy include either layers of ferromagnetic and non-ferromagnetic films or a similar set
of films. Permalloy may or may not be part of the layered pattern. In GMR sensoi‘s,
the change in resistivity, due to a given magnetic field, as defined by

Y
2 y

can be in excess of 65 percent compared to between 0.5% and 2.0% for standard
devices. Giant MR sensors belong to a class of sensors in which the current density
vector J functionally depends on the spatial variation of p(e) via spatial field gradients.
Hence the dependence of the current density vector J on the resistivity of the device p is
critical.

These magnetoresistive elements may aliow the reading of information from a
magnetic storage medium due to a change in resistance of various positions along a
léngth of the giant magnetoresistive element caused by an applied magnetic field.

One embodiment of the present invention is a magnetoresistive sensor for reading
inforﬂxatiori from a longitudinal track of a' magnetic storagé medium moving under the
sensor. The sensor includes a giént magnetoresistive element positioned on a bottom
surface of a side rail located adjacént to the track. With the giant magnetoresistive
element, the current density vector’?can be dynamically adjusted by applying a magnetic
field to the element. First, second, and third electrical contacts are spatially and
preferably symmetrically positioned on the giant magnetoresistive element and along the
track. A first current path having a first variable resistance is formed between the first
and second electrical contacts, while a second current path having a second variable

resistance is formed between the first and third electrical contacts. The first and second
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J and the
kerr]
dependence

magneti zation vector Mof the MR sensor. |In general:

spatial angul ar dependence, [err](X,y), between the current density vector

In traditional MR sensor configurations, the!ﬁi gt

of the current density vector J on the resist.ivf
el enment; given by [err] has been treated as negligi bl ecgﬁipﬁlw

can be ignored (for exanple, in an MR

i
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current paths are preferably symmetrically positioned-abo.ut the first electrical contact. A
magnetic field representing information ﬁom the track of the magnetic storage medium
passes under the giant magnetoresistive element caflsing a change in the first variable
resistance in the first current path when the magnetic field passes under the first current
path. Similarly, the magnetic field causeé a change in the second variable resistance in
the second current path when the magnetic field passes under the.second current path.
External electrical circuitry can manipulate the various signal changes resulting from
these resistance variations, thereby recovering the desired‘iinfonnétion from the magnetic
storage medium. Thus, the property of a giant magnemf%sisﬁve sensor allowing for a
large change in résistance in the presence of a magnetic ﬁéld is utilized to unbalance a
current flow detectable by external circuitry.

A second embodiment of the present invention is an apparatus for sensing a
change in a magnetic field. The apparatus includes a giant'magnetoresistive element
positioned adjacent to the magnetic field. First, second, and third electrical contacts are
spatially positioned on the giant magnetoresistive element forming a first current path
having a first variable resistance between the first and second electrical contacts and a
second current path having a second variable resistance between the first and third -
électrical contacts. Preferably, the first and second current paths are symmetrically
positioned about the first contact. The mggneﬁc field causes a change in the first
resistance in the first current path when the magnetic field passes underneath the first
current path, and the magnetic field causes a change in the second resistance in the
second current path when the magnetic field passes underneath the second current path.

For a better understanding of the invention, embodiments will now be described
by way of example with reference to the accompanying drawings, in which:-

Figure 1 is a diagrammatic view of a slider containing a giant magnetore;istive

element.
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sensor with contacts perpendicular to the active area). The reason for this
Is that the fractional change is resistivity as defined by

Ferr] is relatively small for standard MR sensor configurations, usually -
| ess than 3.0 percent. Thus, the dependence of the curre nsity vector

J on the resistivity of the device pis negligible. In Wm~w
devi ces, the change in resistivity as defined by G’NALf
[err] . Te———

Figure 2 is a greatly enlarged diagrammatic view of the trailing edge of a slider
incorporating a first embodiment of the present invintion.

Figure 3 is a greatly enlarged diagrammatic view of the trailing edge of a slider
incorporating a sécénd embodiment of the present invention. |

Figure 4 is a diagrammatic view of a giant magnetoresistive element.

Figure 5 is a side view of a giant magnetoresistive element and a track of a
magnetic storage medium moving thefeunder.

Figure 6 is a greatly enlarged diagrammatic view | ff the trailing edge of a slider
incorporating an embodiment of the present invention. ) |

Figure 7 is a diagrammatic representation of the contacts of a giant
magnetoresistive element and the resistance paths between the contacts.

| Figure 8A is a diagrammatic view showing an embodiment of the present
invention incorporated info a first electrical circuit.
lFigure 8B is a graph showing the output voltage of the electrical circuit of Figure -
8A as a function of the position of a transition from a magnetic storage medium.
| Figuré 9A is a diagrammatic view showing an embodiment of the present
invention incorporated into a second electrical circuit.
Figure 9B is a graph showing the output voltage of the electrical circuit of Figure
- 9A as a function of the position of a magnetic medium.

Figure 1 is a diagrammatic view of slider 10. Slider 10 includes leading edge 12,
trailing edge 14, first side rail 16, second side rail 18, and giant magnetoresistive (GMR)
element 20. First side rail 16 includes outer surface 22 Iand bottom surface 24, while
second side rail 18 includes outer surface 26 and bottom surface 28.

| In operation, slider 10 having GMR element 20 positioned on first side rail 16 is
attached to an arm of a disc drive system and used for recording information to and

reading information from a magnetic storage medium or disc. In an alternate
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Is even smaller; of the order of 0.5 percent resistivity change to 2.0
percent near roomtenperature,

£3- According to the present invention, there is sor -
for sensing a magnetic field (36) which is aneabIe predgtﬁxgiﬁg§ﬁgzsgn :
direction relative thereto, the sensor

-7-
embodiment, a second GMR elemen.t, similar to GMR element 20, is positioned on
second side rail 18. |

Figure 2 is a greatly enlarged diagrammatichview of trailing edge 14 of slider 10
incorporating a first embodiment of the present invention. Slider 10 shown in Figure 2
includes trailing edge 14, first side rail 16 ha_ving outer surface 22 and bottom surface
24, second side rail 18 having outer surface 26 and bottom surface 28, and GMR
element 20. |

As shown in Figure 2, GMR element 20 includes glectrical contacts 30A, 30B
and 30C and has lehgth L and height H. Due to the resi.‘gve nature of GMR element 20,
a first current path is formed between elw&icd contacts 30A and 30B and a second
current path is formed between contacts 30A and 30C. Eléctrical leads (not shown in
Figure 2) are used to connect electrical contacts 30A, 30B and 30C to external circuitry.

In operation, slider 20 is positioned above a moving magnetic storage medium or
disc. The magnetic storage medium or disc contains a series of data tracks, one of which
is represented by track 32. Track 32 contains a series of loﬁgitudinal transitions 34.
Each transition on track 32 represents a pai‘ticular piece of data stored on track 32 and
has a magnetic f_iéld associated with it. Magnetic field 36 (shown in Figure 2) is
associated with longitudinal transition 34 and denotes the vertical field profile as a
function of the distance from transition 34. Track 32 moves in the direction from

| leading edge 12 to trailing edge 14 of slider 10, as shown by the arrow 35 in Figure 2.

As magnetic fiéld 36 associated with transition 34 passes under the first current
path formed between electrical contacts 30A aind 30B, the resistance within the first
current path decreases due to the properties of GMR element 20. Similarly, as magnetic
field 36 representing transition 34 passes under the second current path formed between
electrical contacts 30A and 3OC, the resistance in the second current path decreases while

 the resistance in the first path increases to its base resistance. These changes in-
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conprising a nmagnetoresistive elenment (20) characterised by conprising
first (30A), second (30B) and third (30C) electrical contacts positioned
en the magnetoresistive elenent (20) such that a first current path is
forned between the first and second el ectrical contacts aﬁa secona
current path is forned between the first (30A) and third ijcé
contacts, each of the current paths being such that its .Q&%@nﬁgje‘a#i es
i n dependence upon the position of the sggnetic field (36) relative
thereto, wherein the nmagnetoresistive elenment conprises a plurality of
strips of yesistireg canbe mamipulatdd bl exteinml icireuitry ainnected tmelectridalidontadts 30A,
contacts are spatially positioned on the magetoresistive el enent along the
direction G0B amd\3&@nt of the magnetic field relative thereto. :
Preferably, the magnetoresistive elenent conprg ses |ayers of ferronmgnetic
and | ayers Figure 3 is a greatly enlarged diagrammatic view of trailing edge 14 of slider 10

incorporating a second embodiment of the present invention. The embodiment shown in
Figure 3 is another example of a composite structure permitting a conventional writer
structure (ndt shown in Figure 3) to be added. Slider 10, as shown in Figure 3,is
identical to the slider shown in Figure 2, except that GMR element 20 is no longer
positioneﬂ on outer surface 22 of ﬁrs; side rail 16. Rathe{g first GMR element 20 is
locited within core 38 positioned on trailing edge 14 of flrst side rail 16, and second
GMR element 40 is located within core 42 positioned onr t;ailing edge 14 of second side
rail 18. GMR element 40 includes contacts (not shown) sin_:lilar to contacts 30A, 30B
and 30C of GMR element 20. GMR elements 20 and 40 are identical; therefore, for
simplicity, only GMR element 20 will be further discussed.

As shown in Figures 2 and 3, GMR element 20 is pb;itioned such that the length
of GMR element 20 is sﬁbstantially parallel to track 32 moving under first side rail 16.
This positioning, and the position of contacts 30A, 30B and 30C permit a large change in
rc;.sismnce within the first and second current paths as magnetic field 36 passes
thereunder, thereby unbalancing a curi'ent flow detectable by external circuitry.

Figure 4 is a diagrammatic view of GMR element 20. GMR element 20 differs
from a normal MR element in that GMR élement 20 includes either layers of
ferromagneﬁc and non-ferromagnetic films or a similar pattern of films. Standard |
permalloy may be part of the pattern. The novel composition of GMR element 20 .
provides that the change in resistivity of GMR element 20 can be 'signiﬁcantly modulated
by the movement of a magnetic field. By properly positioning electrical contacts 30A,
30B and 30C, it is possible to change the resistance in the first and second current paths

formed by contacts 30A, 30B and 30C. This change in resistance can then be
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of non-ferromagnetic material . Such magnetoresistive elenents may be
referred to as —@—&n{;mgneLgLe&_stlve elements (GVRs). This termis used

i*n the follow ng. i 0 Accordi ng to anot her aspect of the
b 1 %daswltch conpri si ng=the
above-descri bed sen er conprising detecting (48) tor

present invention,

detecting the diffe the respective resista G A rrent
pat hs and producing a svvltch output (V[err]) indicative-tieresi—such that
the switch output is controlled by the goleon of the magnetic field
relative to the respective current paths:

manipulated by external circuitry to decode transition 34 located on track 32 associated
with magnetic field 36. 4

Contacts 30A, 30B and 30C can be positioned anywhere along thickness T of
GMR element 20. In one preferfed embodiment, contacts 30A, 30B and 30C are"
positioned on an outer surface of GMR element 20 as shown in Figure 4. Conversely,
contacts 30A, 30B and 30C must be spatially positioned along length L of GMR element
20 in order to transduce the modulated resistivity of GMR element 20. In one preferred
embodiment, contacts 30B and 30C are symmetrically pohtloned along length L of MR |

 element 20 about contact 30A, thereby forming an isoscelés triangle. With this type of
design, differing resistances due to differing lengths of current paths are eliminated.
Therefore, any resistance changes and associated current spiitting should be a result_ ofa
moving transition 34 located under the MR element. _

If contact 30A is positioned directly above or below either contacts 30B or 30C,
moving magnetic field 36 (shown in Figures 2 and 3) would not cause a substantial
change in resistance in ﬁe appropriate current path due to the contact alighment as the
transition 34 moves past the sensor. Thus, it is best that contacts 30A, 30B and 30C are
spatially positioned along length_ L of GMR element 20 and that contact 30A is |
positioned at a height different from the height from both contacts 30B and 30C. In one

" preferred embodiment, the first and second current paths are symmetrically positiohed
about first contact 30A. |

Figure 5 is a side view of GMR element 20 and track 32 of a magnetic storage
medium moving thereunder. Track 32 is moving in a direct as shown by the arrow in
Figure 5. In operation, while track 32 is moving, transition 34 and assoéiated magnetic
field 36 move under GMR element 20. _

' When transition 34 and associated magnetic field 36 becomes positioned between
- first contact 30A and second contact 30B, magnetic field 36 causeé a decrease in

resistance in a ﬁi‘st current path between contacts 30A and 30B. This decrease in



-4- The above sensor and swi tch advantageously include such a
magnet oresi stive el enent. : The magnetoresistive el enments may have
wul ti-layered structures. These devi ces may include either |ayers of
ferromagnetic and non-ferromagnetic filns. or a simlar set peefmfddis

Permal | oy may or may not be part of the | ayered pattern. | I
‘the change in resistivity, due to a gi verlomagnetic field, éﬁ'égmgl-

resistance can be detected by external circuitry by passing a current through a first
contact path formed between contacts 30A and 30B. Likewise, when transition 34 and
associated field 36 moves to a position between first contact 30A and third contact 30C,
the resistance in the second current path formed by contacts 30A and 30C decreases and
the resistance in the first current path formed by contacts 30A and 30B increases due to
the absence of the magnetic field between contacts 30A and 30B. This change in
resistance can be detected by external circuitry by passing a current through second
contact path formed by contacts 30A and 30C, thereby de%oding transiti_on 34.

Figure 6 is a greatly enlarged diagrammatic view gf trailing edge 14 of slider 10
incorporating a first embodiment of tﬁe present invention. Figure 6 shows electrical
leads 44A, 44B and 44C connected to contacts 30A, 30B and 30C, respectively.
Electrical leads 44A, 44B, and 44C provide the current patﬁ from external circuitry (not
shown in Figure 6) to contacts 30A, 30B and 30C. Although contacts 30A, 30B and 30C
are shown on the outside surface of GMR element 20, these cqntacts can be p_ositioned
throughout the width of GMR element 20. |

Figure 7 is a diagrammatic representation of contacts 30A, 30B and 30C and the
resistance paths between the contacts. When any magnetic field becomes positioned
between contacts 30A and 30B, resistance Ry will decrease. This decrease in resistance
of Ry is caused by the properties of the GMR element having a plurality af N
ferromagnetic and non-ferromagnetic layei's and can be detected and maﬁipulated by
external circuitry connected to electrical leads 44A and 44B. Likewise, when a ni_agnetic
field becomes positioned between contacts 30A and 30C, resistance R) decreases. This
decrease in resistance can be detected and manipulated by external circuitry connected to
contacts 44A and 44C. External circuitry can utilize these changes in resistances of R}
and R for a variety of purposes, as discussed below. | |

Figure 8A is a diagrammatic view showing the GMR element. .20 incorporated

into a first electrical circuit. Figure 8A includes GMR element 20, contacts 30A, 30B
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[err] can be in excess of 65 percent conpared to between 0.5% and 2. 0%
for standard devices. G ant MR sensors beI on to a class of sensors in
which the current density vector J f un& ege mladsl on the spati al '
variation of p([err]) via spatial fiel d ﬁ"l Mme the dependence of

the current density vector J on the re5| devj
critical. . These magnet oresi stive elenents nay al
information froma nmagnetic storage nediumdue to a chang

of various positions along a

11—
and 30C, electrical leads 44A, 44B and 44C, resistors R3 a'nd Ry, having identical
resistances, and differential amplifier 46. GMR elément 20 is normally positioned on
slider 10, either on outer surface 22 of first side rail 16, as shown in Figure 2, or in core
38 of Figure 3. Figure 8B is a graph showing the output voltage of differential amplifier
46 asa function of the position of transition 34 and associated magnetic field 36.

In operation, track 32 ofé magnetic s;orage medium or disc is moving
underneath slider 10 having GMR element 20 positioned Qear trailing edge 14. As
transition 34 and associated magnetic field 36 move, the}' eventually become posmoned

“between contacts 30A and 30B. At this point, the resistance in the first current path
beiween contacts 30A and 30B decreases due to the propert_ies of GMR element 20.

With a supplied current, the decrease in resistance causes an increase in the current
flowing through the first current path from contact 30A to contact 30B, as compared to
the current flow through the second current path from contact 30A to contact 30C. This
increase in current through the first current path provides a greater voltage drop across
resistor R3 than the voltage drop across resistor R4. The difference in voltage drdp |
across resistors R3 and Ry is amplified by differential amplifier 46, producing a positive
output voltage V4. This output voltage is shown on the 1eft side of Figure 8B.

Eventually, transition 34 and associated magnetic field 36 becomes positioned
directly under contact 30A. At this point: the change in resistance in the first current

| path between contacts 30A and 30B will be equal to the change in resistance in the |
second current path between contacts 30A and 30C. Therefore, there will be no
differential voltage dfop across resistors R3 and R4. Hence, there will be no output
voltage V, of differential amplifier 46. This data position is represented in Figure 8B
where x = 0, and thus, the output voltage of differential amplifier 46 equals; 0.

As transition 34 and associated magnetic field 36 continue to move under GMR
element 20, transition 34 and associated magnetic field 36 will eventually be positioned
substantially under the second current path between contacts 30A and 30C. Thg



-

| ength of the giant nagnetoresistive el enent caused by an applied nagnetic
field. : One enbodi nent of the present invention is a

fragnet or esi stive sensor for reading information froma lon 1 -
of "a magnetic storage medi um novi ng under the sensor. The @ﬁ'gr&y S
a giant magnetoresistive elenent positioned on a bottom sulla i

rail |ocated adjacent to the track. W.th the gi ant nagnetoresistive

el enent, the current density vector J caizdae dynamically adjusted by
applying a magnetic field to the elenent. First, second, and third

el ectri cal resistanetin the secopditureértypatinaill déczéme ahd YhesiegisRnee bthk firfiQirienpned
on the giant nagnetoresistive elenent and along the track. A first current
pat h havi ngath will increass,ihehte; cansing hore eusrentfflowretotigh theesscdridecuiriens pathand
second el ectrical contacts, while a second cugrent path having a second
vari abl e than through the first current path. This increase in current through the second current

path will in turn cause a increase in the voltage across resistor R4. The difference in
voltage drop across resistors R3 and R4 is amplified By differential amplifier 46,
producing a negative output voltage V. This output voltage is shown on the right side
of Figure 8B by the negative output voltage.

Finally, transition 34 and associated magnetic ﬁelq;36 will move such that
magnetic field 36 is no longer positioned under either thé first contact path between
contacts 30A and 30B or the second contact path msiﬁoﬁéd between contacts 30A and
30C. At this point, the voltage drop across resistor Rj will be substantially equal to the
voltage drop resistor'R4 and the gain of differential amplifier 46 will be zero or nominal.
The output will continue to be zero or nominal until new data having a separate magnetic
field begins to pass under GMR elemenf 20. |

One advantage of such an arrangement is that it may allow signals representative
of the magnetic field 36 occurring due to transitions 34 to be decoded by a standard zero
crossing detector. Thus, the information stored on the recording medium. may be readily
retrieved, for example_:, by detecting zero crossings in the output voltage V,, of the
differential amplifier 46. _ |

Figure 9A is a diagrammatic view.showing an embodiment of thé present

~ invention incorporated into a second electrical circuit. Figure 9A includes GMR element
20, contact 30A, 30B and 30C, electrical leads 44A, 44B and 44C, resistors R3 and R4,
having substantially identical resistances, and compé.ritor 48. In one preferred
embodiment, comphritor 48 is a Schmitt trigger (ie. a comparitor with hysteresis).
Figure 9B is a graph shoWing the output voltage 6f comparitor 48 of Figure 9A as a'

function of the position of magnetic switch 50.
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resistance is forned between the first and third el ectrical _contacts. The

first and second

Current paths are preferably symmetrically positioned about OﬂﬁG,SNhAL
electrical contact. A magnetic field representing informat=es=tLom

track of the magnetic storage nedium passes under the giant
magnet or esi stive el enment-causing a change in the first variable

-13-
In operation, magnetic switch 50 is movable from pbsition a" to position "a'." |

When magneﬁc switch 50, having magnet 52 attached the're_fo, is in position "a", the
resistance in the first current path between contacts‘30A and 30B is low due to the
properties of GMR element 20. With a supplied curreht, ‘the low resistance in resistivity
causes an increase in the current flow tiﬁough the first current path from contact 30A to

* contact 30B, as compared to the current flow through the second current path from
contact 30A to contact 30C. This increase in current through the first current path
prov1des a greater voltage drop across resistor R3 than thqgvoltage drop across resistor
R4. Comparitor 48 mterprets this voltage differential anﬁ provides a low voltage output

as shown in Figure 9B. )'

When magnetic switch 50 is located at "a'", the resistance of the second current
bath will decrease and the resistance of the first current path will increase, hence,
causing more current flow through the second current path than through the first current
path. This increase in current through the second current path will in turn cause an
increase in the voltage across resistor R4. The difference in voltage across resistors R3
and Ry is detected by comparitor 48, thereby producing a high voltage output, as shown
in Figure 9B. Therefore, this embodiment of the present invention can be used as a
common switch. However, when used as a switch, the embodiment incorporating the
present invention shown in Figure 9A has.no movable contacting parts which could wear
out or break and no electrical contacts which could generate a spark-causing potential
explosion in hazardous applications. - _

Although the present invention has been descﬁbed with reference to preferred |
embodiments, workers skilled in the art will recognize that changes may be made in
form and detail without departing from the spirit and scope of the inventioﬁ.
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resistance in the first current path when the nagnetic field passes under
the first current path. Siml arly Tglpglemag&hg uce({d causes a change in
the second variable resistance in nt path when the
magnetic field passes under the seco glﬂﬂmﬂau B : External_el gcirical
circuitry can mani pul ate the various resul ti ng m these
resi stance variations, thereby recovering the desired infornat

-magnetic storage medi um Thus, the property of a giant magnet or~es+-s-t-4-u.;

sensor allowng for a Iarge_change in rgystance in the presence of a
magnetic field is utilized to unbalance a current flow detectable by

external circuitry. A second egyjodipggnt of the present invention is
an apparatus for sensing a change in a nagnetic fiel d The apparatus
includes a giant magnetoresistive el ement - 3

1.  Apparatus for sensing a magnetic field (36), the apparatus comprising a
magnetoresistive element (20) characterised by having two current paths (30A-30C, 30A-
30B) therein, each of the current paths béing such its resistance varies in dependence
| upon the position of the magnetic field (36) relative hereto.

2. - A sensor for reading information from a magneuq:torage medium (32), the
sensor comprising the apparatus of claim 1 arranged for sepsmg the magnetic field (36)
representing the information stbred on the medium.

3. Apparatus according to claim 1 or a sensor accordiné to claim.2, wherein
movement of the magnetic field (36) from a first position und_emeath a first of the
current paths to a second position underneath a second of the current paths causes the
resistance of the first current path to increase and causes the resistance of the second
current path to decrease.

4. Apparatus according to claim 1 or 3, or a sensor according to claim 2 or 3,
.wherein first (30A), second (30B) and third (30C) electrical contacts are positioned on
the magnetoresistive element (20) such that a first current path having a first variable
resistance is formed between the ﬁrst and ‘second electrical contacts and a second current
path having a second variable resmtance is formed between the first (30A) and third
(30C) electrical contacts. |

5. Apparatus according to claims 1, 3 or 4, or a sensor according to claims 2, 3 or
4, wherein the magnetoresistive element comprises a plilrality of varying strips of
material.

6. Apparatus or a sensor according to claim §, Wherein the first electrical contact
(30A) is positioned on a first strip of material and the second electrical contact (30B) is

AR



positi oned adjacent to the magnetic field. First, second, and third

el ectrical contacts are spatially positioned on the giant magnetoresistive

el enent formng g first current path having a first variable resistance :

bet ween t he first Sarefcics lgced rj cal contacts and a second current path

havi ng a second vﬂ I ﬁﬁl nce between the first an | | cal
I

;
contacts. Prefera and second current paths ricafly
positioned about the first contact. The nagnetic field c &é&imﬁﬁ n
the first resistance in the first currg g-path when t he ‘weghrett-e——-eid
passes underneath the first current path, and the nmagnetic field causes a
change in posticrrAUNCh §e@ond SMPCST thiteiflS and WHeRSh Mé ARNitripVmathed i he
magnetic field passes underneath the second current path. For
bett er unddiffeten diony thef seboid stripOftmAerialebodi gents wi Il now be descri bed

7. Apparatus or a sensor according to claim 6, wherein the third electrical contact
(30C) is positioned on a third strip of material, and wherein the first strip of material is
different from the third strip of material. |

8. Apparatus or a sensor according to claim 5, wherein the plurality of varying
strips of material further comprises layers of ferromagnetic and non-ferromagnetic
material. ' ; _

9. A sensor according to any one of claims 2 to 8, comprising a slider (10) having a -
side rail (16,18), the side rail having a bottom surface (24,28), wherein the élider is
arranged to position the bottom surface of the side rail adjacent a track (32) of the
Storage medium.

10. A sensor according to claim 9, wherein the slider (10) fufthe:_‘ comprises

a leading edge; a trailing edge; and wherein the magnetoresistive element (20) is
positioned closer to the trailing edge of the slider. ' |

11. A sensor according to claim 10, wherein the magnetoresistive elements (20) is
positioned near the .trailing edge of the slider in a core (38,40). |
12. A sensor according to claims 9, 10 or.11 wherein the side rail (16,18)further
comprises an outer surface; and wherein the magnetoresistive element is positioned on
the outer surface (22) of the side rail (16,18).

13. A sensor according to any one of claims 9 to 12, wherein the slider (10) further
comprises é second side rail having a bottom surface, wherein the slider is arranged to
position the bottom surface of the sécond side rail adjacent a further track of a ﬁlurali’ty
of tracks of the storage medium.

14. A sensor according to claim 13, further comprising a second inagnetoresistive

element positioned on the bottom surface of the second side rail; fourth, fifth and sixth

electrical contacts spatially positioned along the length of the second magnetoresistive

* ¢ L N 8§ =%
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by way of exanple with reference to the acconpanying drawings, in which:-
Fi gur—e—%—rsﬂl’a’gr—ﬁmmt ic view of a slider containing a gi

FRgNet OffSined HusBeeeRaimadt TéﬂlGlNAL

- 6-. a greatly enlarged diagrammtic vi ew-e-the
traili ngr\*““ [ ncorporatl ng a first enbodi ment of the present

I nvent I O

-16-
element and along the further track such that a third current path having a third variable
resistance is formed between the fourth and fifth electrical contacts and a fourth current
path having a fourth variable resistance is formed bhtween the fourth and sixth electrical
contacts; and wherein 'a further magnetic field representing information from the fur;her
track causes a change in the third variable resistance in the third current path when the
further magnetic field becomes positioned substantially under the third current path, and
wherein the further magnetic field from the further track causes a change in the fourth
variable resistance in the fourth current path when the furs_ger magnetic field becomes
positioned substantially under the fourth current path. 3
15. A sensor according to claim 14, wherein the Seco;ui magnetoresistive element is
as claimed in any one of claims 5, 8 and 10-12. |
16. A sensor according to claim 15, wherein the fourth t;lectrical contact is positioned
on a fourth strip of material and the ﬁfth electrical contact is positioned on a fifth strip of
material, and wherein the fourth strip of material is different fro the fifth strip of
material. '

17. A sensor according to claim 16, wherein the sixth electrical contact is positioned

on a sixth strip of material, and wherein the fourtﬁ strip of material is different from the
sixth strip of material. _

18. ~ A sensor for reading information from one of a plurality of longitudinal tracks of

' a magnetic storage medium moving underneath the sensor, the sensor comprising:

a slider having a side rail, the side rail having a bottom surface, wherein the
slider is arranged to position the bottom surface of the side rail_adjacent a first track of
the plurality of longitudinal tracks; |

a giant magnetoresistive element positioned on the bottom surface of the side rail;

first, second and third electrical contacts spatially positioned on the giant
magnetoresistive element and along the first track such that a first current path having a

first variable resistance is formed between the first and second electrical contacts and a
I —
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Figure 3 is a greatly enlarged diagrammatic view of the trailing edge of a

slider i ncorporatl ng a second emnmbodi-nent of the present invention.

Figure 4 is a di agr arpshieenisel Rf,2491 ant magnet oresi stive . '
Figure 5 is a side vi ﬂﬂl magnetore3| stive el enent ﬁelg Ngf

a magnetic storage mm’ her eunder . Fi gure [ E y
enl arged di agrammatic ral | ing edge of a slider ng
an enbodi rent of the present invention.=-17- Figure 7-is a diagrammtic
representation of the contacts of a giant magnetoresistive elenent and the
r esi st ance s¢rond surentpathh having a secandivariable resistance is formed between the first and

third electrical contacts; and

wherein a first magnetic field representing iglformation from the first track causes

a change in the first variable resistance in the first current path when the first magnetic
field becomes positioned substantially underneath the first current path, and wherein the
first magnetic field causes a change in the second variable resistance in the second
current path when the first field becomes positioned substantially underneath the second
current path. | Y
19. A sensor according to any of claims 2 to 19, comﬁrising zero crossing detection
means responsive to signals indicative of the variation in: resistance of the current paths
for extracting data from said storage medium.
20.  An apparatus for sensing a movement in a magnetic‘ﬁeld, the apparatus
comprising: |

a giant magnetoresistive element;

first, second, and third electrical contacts spatially positioned on the giant
magnetoresistive element 'forriling a first current path in the giant magnetoresistive
element having a first variable resistance betweeh the first and second electrical contacts
and a second current path in the giant magnetorésistive element having a secqnd variable
resistance between the first and third electrical contacts; and

wherein the magnetic field causes .a change in the first variable resistance in the
first current path when the field becomes positioned substantiaﬂy underneath the first -
current path, and wherein the magnetic field causes a change in the second variable
resistance in the second current path when the field becomes positioned substantially
underneath the second current path. |
21. A switch characterised by comprising a magnetorésistive element (20) having two
cun'ént paths (30A-30C, 30A-30B) therein, each of the current paths being such that its

resistance varies in dependence upon the position of a inagnetic field (36) relative

* c L M s *




Figure 8A is a diagrammatic view show ng an enbodi mrent of the present
i nvention incorporated into a first electrical circuit. Fi gure 8B

Ps a graph showi ng the output voltage of the electrical cirguit of Figure
8A as a function of the position of a transition froma magnhgtic S
medi um Figure 9A is a diagrammatic view showing a dGr,NAﬂ[
the present invention incorporated into a second electri Ca%
Figure 9B is a graph show ng the output voltage of the electrical circu
of Figure O9A as a function of the posit4+xge-of a magnetic nmedi um
Figure 1 is a diagrammatic view of slider 10. Slider 10 includes |eading
edge 12, tthexeto, agd ddpetidg mehny 618) Forddetecting thé differermedetveta thairéspe@ijveand
gi ant magnet oresi stive (GWR) )
resistances of the current paths and producing a switch output (V) indicative thereof,
such that the switch output is controlled by the position of the magnetic field relative to
the respective current paths. | i
22. A magnetoresistive element (20) characterised by comprising layers of magnetic
and layers of non-magnetic material. |
23. A magnetoresistive element according to claim 22, comprising layers of
ferromagnetic and layers of non-ferromagnetic material,g‘
24.  Apparatus according to any one of claims 1, 3 to 8 or 20, a sensor according to
any one of claims 2 to 19, or a switch according to claim 21, characterised by including
a magnetoresistive element acéording to claim 22 or claim‘23.
25. A method of sensing a magnetic field using a magnetoresistive element,

characterised by detecting the change in resistance of at least two current paths in the

magnetoreistive element in response to the position of the magnetic field.
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el ement 20. First side rail 16 includes outer surface 22 and bottom surface
24, while second side rail 18 includes outer surface 26 and bottom surface
28. , In operation, slider 10 having GWR el enment 20 positioned on
first side rail 16 is attached to an armof a disc drive s
for recording information to and reading information from
storage nediumor disc. In an alternate

-7- : -19-

ABSTRACT
Magnetoresistive E‘ement

An apparatus for sensing a change in a magnetic field is disclosed. The apparatus
includes a giant magnetoresistive element (20) positioned adjacent to the magnetic field
(36). First, second, and third electrical contacts (30A-30C%are spatially positioned on
the giant microresistive element (20) forming a first curr;élt path having a first variable
resistance between the first (30A) and second (30B) electﬁl:al contacts and a second
current path having a second variable resistance between the:. first (30A) and third (30C)
electrical contacts. The movable magnetic field (36) causes a change in the first variable
resistance in the first current path when the field (36) becomes positioned substantially
underneath the first current path, and the magnetic field (36) causes a change in the
second variable resistance in the second current path when the field (36) becomes

positioned substantially underneath the second current path.

[Figure 2]
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‘enbodi ment, a second GVR el ement, simlar to GWR elenent 20, is positioned
on second S|Eb8$aﬂmhﬁ&mukphwd Fi'gur e 2 isa greatly enl arged

di-agranmati c Vi edge 14 oﬁégl|der 10 incorporating a first
enbodi ment of ention. Slider 10 shown in Figure 2 includes
trailing edge 14, first si e rail 16 having outer surfac om
surface 24, second side rail 18 having outer surface 26 b surjf ace
28, and GWR el enment 20. As shown in Figure 2, élm

i ncl.udes electrical contacts 30A, 30B. and 30C and has | Hght
H Due to the resistive nature of GWR el enent 20,

4




a first current path is fornmed between el ectrical contact and
a second current path is formed between contacts 30A and ed
| eads (not shown in Figure 2) are used to connect electrl

30B and 30C to external circuitry. I n operation,

posi ti oned above a novi ng magnetic storéb% medi um or dISC The nagnetlc
storage nediumor disc contains a series of data tracks which 1S
represented by track 32. Track 32 contains a series of q F{i
transitions 34. Each transition on track 32 represents a &Sﬁiﬂfhle:e
ciated wi th | ongitudinal

of data stored on track 32 and has a nmagn field a5500|ate
””,»{mffile as a

Magnetic field 36 (s 22
transition 34 and de h

95 o s

6

Q _ 2 .?/ |
g - | \_ nY { %
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function of the distance fromtransition 34. Track 32 noves in the :
direction WZ to tralllng edge 14 of slider 10, as shown
By the arr igure 2 mignetlcfleldS sociated with
transition _ s Bwﬁqkeﬁlaé’eche first curfrent path forrred t ween
el ectrical coy 30B, the resistance within t ﬁ,r@,Nggz_ nt
pat h decrease lm Bﬂﬁ Rropert.i es of GWR el enent 20. ‘Sesa-lar]
magneti c fle ing transition 34 passes under the second
current path fornmed between electrical contacts 30A and §C, the

resistance in the second current path decreases~ghile ti®\resistance in
the first path increases to its base resistance. These ch@ges I n
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The present invention relates to apparatus for sensing a magnetic field, a sensor

for reading information from a magnetic storage medium, and a switch, all employing a

- magnetoresistive element. The present invention also relates to a novel type of

magnetoresistive element.

Magnetoresistive (MR) sensors are used in magnetic storage systems to detect
magnetically encoded information from a magnetic storage medium or disc. A time |
dependent magnetic field from a magnetic storage medium or disc directly miodulates the

resistivity of the MR sensor. The change in resistance of the MR sensor can be detected

by passing a sense current through the MR sensor and measuring the voltage across the -

MR sensor. The resulting signal can be used to recover the encoded information from
the magnetic storage medium or disc.

Practical MR sensors are typically formed using ferromagnetic metal alloys
because of their high magnetic permeability. A ferromagnetic metal alloy is deposited in
a thin film upon an electrically insulated substrate or wafer. Changing magnetic fields
originating from the magnetic storage medium produce a change in the magnetization
direction of the MR sensor and thereby change the resistance of thé sensor. This
phenomenon is called an MR effect.

MR sensbrs have a maximum signal-to-noise ratio when the active region of the
sensor has no movable magnetic domain boundaries or no domain boundaries. In other
words, the active sense area of the MR sensor should be a single domain. The presence
of domain boundaries in the sensor active area that move when a field is applied gives
tise to Barkhausen noise, a phenomenon caused by the irreversible motion of a magnetic
domain in the presence of an applied magnetic field. Barkhausen noise cannot occur if

no domain boundaries exist. Typically, a single magnetic domain MR sensor is achieved
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hown in Figure 2,
er

except that GWR el enent 20 is no
surface 22 of first side rail 16. Rather, first

ed within core 38 positioned on trailing edge 14 of

econd GVR elenent 40 is located within core 42
e 14 of second side rail 18. GVWR el enent 40

I ncl udgs contacts (not own) simlar to contacts 30A, 30B and 30C of GWR
el ement 20. GMR el ements 20 and 40 are idéntical; therefore, for

si npli ci tyg Bﬁ’ab?' 885%9r inherent  AS shown
i n Figures g%%%éﬁéﬁgﬁtm%ﬁ {:(}l{c?):ﬁg sgf% ﬁat tl}1 rfength of

GWR el enent
side rail

Joreloighal 23

héy fidhs ¥r

sit1onlng,

32 novi ng under first
p05|t|on of contacts 30A, 30B and

i it

30C pernit a | a'IH%rEéﬁBQﬁedﬂ the signal output 6f an MR sensor, it i§ necessary to know the

spatial angular dependence, 6(x,y), between the current density vector J and the

magnetization vector M of the MR sensor. In general:

=
<l

I

8 (x,y) =cos™ (

cd

s

In traditional MR sensor configurations, the slight dependence'of the current

density vector J on the resistivity of the element; given by

p (0) ~p.+Apcos?d

has been treated as negligible and has been or can be ignored (for example, in an MR

sensor with contacts perpendicular to the active area). The reason for this is that the

fractional change is resistivity as defined by

ap
P

is relatively small for standard MR sensor configurations, usually less than 3.0 percent.

Thus, the dependence of the current density vector J on the resistivity of the device p is

negligible. In many practical MR devices, the change in resistivity as defined by

Aap
p.

is even smaller; of the order of 0.5 percent résistivity change to 2.0 percent near room

temperature.



r'esi st
passes
extern

20. GV

i ncl ud

siml at
The nov

2!

3

R &

S

arR@LRC%rh.lfﬂ ﬁHEﬂfl rst and second current paths as magnetic field 36

fhrereunder; rieby unbal ancing a current flow detectable by
Igﬁn‘]{l} %ggg Figure 4 is a diagrammatic view of GWR elenent .

LQ é’f efs froma normal MR elenment in that GWR el ement 20
_ELLhar__J—ayex o] ferromagnetic and non-ferromagnetic filns or a
pattern of filmsf Standard peLmpl)oy may be part of the pattern.
GWR el enent 20 provides that the change in

ret—conpositionmof
resistivity of BL!
movenment of a rragné]?{{ f‘mﬁ%&%%? 0%%%#3%)3@?9{10%‘?%& ectﬁ_gciiga cdggf%rcts
30B s@fithg30fn aﬁﬁéuc' ﬁem%élagbﬁaaﬁ cShpRsRs RagRitbrsREvEelemente irst and

second current pat

30A,

characterised by having two current paths therein, each of the current paths bemg such
its resistance varies in dependence upon the position of the magnetic field relative
thereto.

According to another aspect of the pi‘esent invention, there is provided a sensor -
for reading information from a magnetic 'stbrage medium, the sensor comprising the
apparatus of the preceding paragraph arranged for sensing the magnetic field
representing the information stored on the medium. _

According to a further aspect of the present invention, there is provided a switch
characterised by comprising a magnetoresistive element having two current paths therein,

~each of the current paths being such that its resistance varies in dependence upon the
position of a magnetic field relative thereto, and detecting means for detecting the
difference between the respective resistances of the current paths and producing a switch
output indicative thereof, such that the switch output is controlled by the position of the
magnetic field relative to the respective current paths.

According to another aspect of the invention, there is prov1ded a magnetores1stwe

 element characterised by comprising layers of magnetic and layers of non-magnetic
material. |

Preferably, the magnetoresistive element comprises layers of ferromagnetic and
layers of non-ferromagnetic material.

Such magnetoresistive elements may be referred to as "giant" magnetoresistive

elements (GMRs). This term is used in the following descriptioh.
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The above épparaius, sensor and switch advantageouély include such a
magnetoresistive element.

The magnetoresistive elements may have multi-layered structures. These devices
may include either léyers of ferromagnetic aﬁd"—ribh-ferromagnetic-ﬁlms ora similar set
of films. Permalloy may or may not be part of the layered pattern. In GMR sensors,
the change in resistivity, duetoa given mag'neﬁc field, as defined by

Ap
p.

can be in excess of 65 percent compared to between 0.5% and 2.0% for standard
devices. Giant MR seﬂsors belong to a class of sensors in which the current density
vector T functioﬁally depends on the spatial variation of p(®) via sﬁatial field gradients.
Hence the dependence of the current density vector J on the resistivity of the device pis
critical.

These magnetoresistive elements may allow the reading of information from a
magnetic storage medium due to a éhange in resistance of various positions along a

.length of the giant magnetoresistive element caused by an applied magnetic field.

One embodiment of the present invention is a magnetoresistive sensor for reading

information from a longitudinal track of a magnetic storage medium moving under the
sensor. The sensor includes a giant magnetoresistive element positioned on a bottom
surface of a side rail located adjacent to the track. With the giant magnetoresistive
element, the current density vector J can be dynamically adjusted by applying a magnetic
field to the element. First, second, and third electrical contacts are spatially and
preferably symmetrically positioned on the giant magnetoresistive element and along the
track. A first current path having a first variable resistance is formed between the first
and second electrical contacts, while a second current path having a second variable

resistance is formed between the first and third elecnjical contacts. The first and second

This Sheet Has Been Replaced
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\, 30B and 30C. This change in resistance can then be
mani pul atedjby external circuitry to decode transition 34 |ocated
rdack?2 32Jids<i6ed ated with magnetic field 36. Cont acts 30A, 30B
3QC can be positipned anywhere al ong thickness T of GW elenent 20.
preferred enbodi mgnt, contacts 30A,~ 40B and 30C are

In



posi tiWOIFﬁGL;ﬁIi';i-,-a;.m'i'oSM%?T Aurface of GWR el enent 20 as shown in Figure 4.

Converls

—

length
of GWH €
symetyi

contacts(3QA, 30B and 30C nust be spatially positioned al ong

—

y
o] e r 20 in order to transduce the nodul ated resistivity
e%ﬂﬁé&ﬁgﬁ one preferred enbodinent, contacts 30B and 30C are

ally positi-eded along length L L MR el erent 20 about cont act

30A, ther

eby formng an fi sosceles triangle. Wth this type of design,

di f f er bre
elimnate
splitting

reststances—due to differing | engths of current paths are

CurrentHRURTRE DrefeRiBly SRhMERRETy pHAIHRE O MrSust cleatdcalonait. A

shoul’d be a“result” of a novihg transition 34 | ocated under the

MR el emenimagnetic field represéitingGhiotMAtios fiofsiheitRickdf dhe maghsticadtorage aediveh ow

either co

ntacts 30B or 30C, . )
passes under the giant magnetoresistive element-causing a change in the first variable

resistance in the first current path when the magnetic field passes under the first current
path. Similarly, the maghetic field causes a change in the seconq_ variable resistance in
the second current path when the magnetic field passes under the second current pa_th.
External electrical circuitry can manipulate the various signal changes resulting from
these resistance variations, thereby recovering the 'desir.ed information from the magnetic
storage medium. Thus, the property of a giant magnetoresistive sensof allowing for a
large change in resistance in the presence of a magnetic field is utilized to unbalance a
current flow detectable by external circuitry.

| A second embodiment of the present invention is an apparatus for sensing a
change in a magnetic field. The apparatus includes a giant magnetoresistive element
positioned adjacent to the magnetic field. First, second, and third electrical contacts are

spatially positioned on the giant magnetoresistive element forming a first current path

‘having a first variable resistance between the first and second electrical contacts and a

second current path having a second variable resistance between the first and third -
electrical contacts. Preferably, the first and second current paths are symmetrically
positioned about the first contact. The magnetic field causes a change in the first
resistance in the first current path when the magnetic field passes undemeath the first
current path, and the magnetic field causes a change in the second resistance in the
second current path when the magnetic field passes underneath the second current path.
For a better understanding of the invention, embodiments will now be described
by way of example with reference to the accompanying drawings, in which:- |
Figure 1 is a diagrammatic view of a slider containing a giant magnetdresistive

element.
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movi nf M chibnﬁf I“J

36 (showh in Figures 2 and 3) would not cause a
subst hnt i al change ipn

esistance in the appropriate current .path due to
the cpnia@5 JUlgdgént the transition 34 noves past the sensor. Thus, it
i s best]that contactsj 30A 30B and 30C are spatially posi tioned along -

l engt h Cof "GVWR el ement} 20 and that contact 30A is positioned at a height
diffefent fromthe height fromboth com&cts 30B and 30C. In one preferred
enbodi nent, . the first and second current paths are symmetrically positioned
about first conFigate 3fa greatly enlargedgiiagrammiaticaview of the wailiog edgrobrshden 20
and track 32 of a magnetic storage medium noving thereunder. Track 32 is
moving in mcohppmungasﬁshembodhmmhef&mpmenmvﬂlwe 5. In operation, while

track 32 is noving, transition 34 and associ ated e
Flggne 3is a greatly enlarged diagrammatic view 0 m%%h tra:img edge of a slider

incorporating a second embodiment of the present invention.

Figure 4 is a diagrammatic view of a giant magnetoresistive element.

Figure 5 is a side view of a giant magnetoresistivé element and a track of a
magnetic storage medium movmg thereunder.

Figure 6 is a greatly enlarged dlagrammauc view of the trailing edge of a slider
incorporating an embodiment of the present invention.

Figure 7 is a diagrammatic representation of the contacts of a giant
magnetoresistive element and the resistance paths between the contacts. |

Figure 8A is a diagrammatic view showing an embodiment of the present
invention incorporated into a first electrical circuit.

Figure 8B is a graph showing the output voltage of the electrical circuit of Figure
8A as a function of the position of a transition from a magnetic storage medium.

Figure 9A is a diagrammatic view showing an embodiment of the present
invention incorporated into a second electrical circuit.

Figure 9B is a graph showing the output voltage of the electrical circuit of Figure
9A as a function of the position of a magnetic medium.

Figure 1 is a diagrammatic view of slider 10. Slider 10 includes leading edge 12,
trailing edge 14, first side rail 16, second side rail 18, and giant magne;_oresistive (GMR)
element 20. First side rail 16 includes outer surface 22 and bottom surface 24, while
second side rail 18 includes outer surface 26 and bottom surface 28.

In operation, slider 10 having GMR element 20 positioned on first side rail 16 is
attached to an arm of a disc drive system and used for recording information to and

reading information from a magnetic storage medium or disc. In an alternate
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embodiment, a second GMR eIement, similar to GMR element 20, is positioned on
second sidé rail 18. N

Figure 2 is a greatly enlarged diagramhxaﬁc view of trailing edge 14 of slider 10
incorporating a first embodiment of the present invention. Slider 10 shown in Figure 2
includes trailing edge 14, first side rail 16 having outer surface 22 and bottom surface
24, second side ra11 18 having outer surface 26 and bottom surface 28, and GMR
element 20, |

As shown in Figure 2, GMR element 20 includes electrical contacts 30A, 30B
and 30C and has length L and height H. Due to the resistive nature of GMR element 20,
a first current path is formed between electrical contacts 30A and 30B and a second
current path is formed between contacts 30A and 30C. Electrical leads (not shown in
Figure 2) are used to connect electrical contacts 30A, 30B and 30C to external circuitry.

In operation, slider 20 is positioned above a moving magnetic storage medium or
disc. The magnetic storage medium or disc contains a series of data tracks, one of which
is represented by track 32. Track 32 contains a series of longitudinal transitions 34.
Each transition on track 32 represents a particular piece of data stored on track 32 and
has a2 magnetic field associated with it. Magnetic field 36 (shown in Figure 2) is
associated with longitudinal transition 34 and denotes the vertical field profile as a
function of the distance from transition 34. Track 32 moves in the direction from
leading edge 12 to trailing edge 14 of slider 10, as shown by the arrow 35 in Figure 2.

As magnetic field 36 associated with transition 34 passes under the first current
path formed between electrical contacts 30A and 30B, the resistance within the first
current path decreases due to the properties of GMR element 20. Similarly, as magnetic
field 36 representing transition 34 passes under the second current path formed between
electrical contacts 30A_and 30C, the resistance in fhe second current path decreases while

the resistance in the first path increases to its base resistance. These changes in



r'esi st mggpwg@pmc@;ﬁ(pt ¢d by external circuitry by passing a current
througﬂ gFt-Fst-- ’eﬁﬁf"a"pt path fornmed between contacts 30A and 30B.

Li kew d4e )} V\£ n tran op 34 and associated field 36 noves to a position
bet weer @é’nt’l 30\ and third contact 30C, the resistance in t he
secondJc rrent_oath fotmpd by contacts 30A and 30C decreases and "the
resistgnce in the first. gurrent path formed by contacts 30A and 30B
i ncr eades—due—t-o—the—absence of the maghetic field between contacts 30A
and 30B.. This change in resistance can be detected by external circuitry
by passi ngesistance canbe infanipuldied by extdrnat eirtwicty qoahectéd toveldctiigaloomntaztst 30 A30A
and 30C, thereby decoding transition 34. Figure 6 is a greatly
enl arged 30Bgndi30€ti c view of trailing edge 14 of slider.10 incorporating
a first enbodinent of the present inventioen:.- Figure 6 shows electrical
Figure 3 is a greatly enlarged diagrammatic view of trailing edge 14 of slider 10

—_—

. incorporating a second embodiment of the present_ invention. The embodiment shown in
Figure 3 is another e:.cample-of a composite structure permitting a conventional writer
structure (not shown in Figure 3) to be added. Sli_der 10, as shown in Figure 3, is
identical to the slider shown in Figure 2, except that GMR element 20 is no longer
positioned on outer surface 22 of first side rail 16. Rather, first GMR element 20 is
located within core 38 pbsitioned on trailing edge 14 of first side rail 16, ﬁnd_ second
GMR element 40 is located within core 42 positioned on trailing edge 14 of second side
rail 18. GMR element 40 inciudes contacts (not shown) similar to contacts 30A, 30B
and 30C of GMR element 20. GMR elements 20 and 40 are identical; therefore, for
simplicity, only GMR element 20 will be furthér discussed.

As shown in Figures 2 and 3, GMR element 20 is positioned such that the length
of GMR element 20 is substantially pa:ailel to track 32 moving under first side rail 16.
This positioning, and the position of contacts 30A, 30B and 30C permit a large change in
resistance within the first and second current paths as magnetic field 36 passes
thereunder, thereby unbalancing a current flow detectable by external circuitry.

Figure 4 is a diagrammatic view of GMR element 20. GMR element 20 differs
from a normal MR element in that GMR element 20 includes either layers of
ferromagnetic and non-ferromagnetic films or a similar pattern of films." Standard
permalloy may be part of the pattern. The novel composition of GMR element 20
provides that the change in resistivity of GMR element 20 can be significantly modulated
by the movement of a magnetic field. By properly positioning electrical contacts 30A,
30B and 30C, it is possible to change the resistance in the ﬁrst and second current paths

formed by contacts 30A, 30B and 30C. This change in resistance can then be



I'eads 443&1’%@%%%6 nnected to contacts 30A, 30B and 30C,
respecfifely. "Electriical |eads 44A, 44B, and 44C provide the current path
from ekt quﬁ]‘m wtry (not shown in Figure 6) to contacts 30A, 30B and
30C. Al though contacts{ 30A, 30B and 30C are shown on the outside surface
of GWR eterrent—20;—t-hesg contacts can be positioned throughout the wdth
of GVR el enent 20. : Figure 7 is a gli,agrammatic representati on of
contacts 30A 30B and 30C and the resistance paths between the contacts.
When any meagnigulaed b Iedtdnmetfeﬁ a6 ided¢odlearhnsitioh\8aclocated ba ciask 32 Assoviated B,
resistance Rlerr] w decrease. This decrease in resistance of Rerr] is
caused by Wiﬁa_tpagmmtﬁe%%f the GWR el enent having a plurality of

Contacts 30A, 30B and 30C can be positioned- anywhere along thickness T of
GMR element 20. In one preferred embodiment, contacts 30A, 30B and 30C are
positioned on an outer surface of GMR element 20 as shown in Figure 4. Conversely,
contacts 30A, 30B and 30C must be spatiaily positioned along length L. of GMR element
20 in order to transduce the modulated resistivity of GMR element 20. In one preferred
embodiment, contacts 30B and 30C are symmetrically positioned along length L of MR
element 20 about contact 304, thereby forming an isosceles triangle. With this type of
design, differing resistances due to dlffenng lengths of current paths are ehmmated
Therefpre, any resistance changes and associated current splitting should be a result of a
_moving transition 34 located under the MR element. |

If contact 30A is positioned directly above or beloiv either contacts 30B or 30C,
moving magnetic field 36 (shown in Figures 2 and 3) would not cause a substantial
change in resistance in the appropriate current path due to the contact alignment as the
transition 34 moves past the sensor. Thué, it is best that contacts 30A, 30B and 30C are
spatially positioned along length L of GMR element 20 and that contact 30A is
positioned at a height different from the height from both contacts 30B and 30C. In one
preferred embodiment, the first and second current paths are symmetrically positioned
about first contact 30A.

Figure § is a side view of GMR element 20 and track 32 of a mggnetic storage
medium moving thereunder. Track 32 is moving in a direct as shown by the arrow in
Figure 5. In operation, while track 32 is moving, transition 34 and associated magnetic
field 36 move under GMR element 20.

When transition 34 and associated magnetic field 36 becomes positioned between
first contact 30A and second contact 30B, magnetic field 36 causes a decrease in

resistance in a first current path between contacts 30A and 30B. This decrease in
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ﬁ?ﬂiﬁ’ﬁﬁﬂ%ﬁ?i’erron&gnetic | ayers and can be detected and

tled by externgl {circuitry connected to electrical |eads 44A and
e g6 juhetnod nadgnetic field becones positioned between contacts
3DC, resistance:-H2 decreases. This decrease in resistance can be
and-manipulrated by external circuitry connected to contacts. 44A
and 44C{ External circuit¥yy can utilize fdﬁgse changes in resistances of
Rlerr] and R2 for a variety of purposes, as discussed bel ow.

Fi gure 8A fdegistand G e dBdted By SdtertiPMid ?ﬂgb paddiheh eubrent thdoughCofipser at ed
into a first electrical circuit. Figure 8A ?ncl udes GWR el erregr?t 20,
contacts 3RfitacBPith formed between contacts 30A and 30B. Likewise, when transition 34 and

associated field 36 moves to a position between first contact 30A and third contact 30C,
the resistance in the second current path formed by contacts 30A and 30C decreases and
the resistance in the first current path formed by contacts 30A and 30B incr&ses due to
the absence of the magnetic field between contacts 30A and 30B. This change in
resistance can be detected by external circuitry by passing a current through second
contact path formed by contacts 30A and 30C, thereby decoding transition 34.

Figure 6 is a greatly enlarged diagrammatic view of trailing edge 14 of slider 10
incorporating a first embodiment of the present invention. Figure 6 shows electrical
leads 44A, 44B and 44C connected to contacts 30A, 30B and 30C, respectively.
Electrical leads 44A, 44B, and 44C provide the current path from external circuitry (not
shown in Figure 6) to contacts 30A, 30B and 30C. Although contacts 30A, 30B and 30C
are shown on the outside surface of GMR element 20, these contacts can be positioned
‘throughout the width of GMR element 20. ,

Figure 7 is a diagrammatic representation of contacts 30A, 30B and 30C and the
resistance paths between the contacts. When any magnetic field becomes positioned
between contacts 30A and 30B, resistance Ry will decrease. This decrease in resistance
of R1 is caused by the properties of the GMR element having a plurality of
ferromagnetic and non-ferromagnetic layers and can be detected and manipulated by
external circuitry connected to electrical leads 44A and 44B. Likewise, when a magnetic
field becomes positioned between contacts 30A and 30C, resistance Ry decreases. This
decrease in resistance can be detected and manipulated by external circuitry connected to
contacts 44A and 44C. External circuitry can utilize these changes in resistances of R|
and Ry for a variety of purposes, as discussed below.

Figure 8A is a diagrammatic view showing the GMR element 20 incorporated

into a first electrical circuit. Figure 8A includes GMR element 20, contacts 30A, 30B



' 11- and 30d REPLACTHENT SPEElS 44A, 44B and 44C, resistors R3 and R4,

havi ng i denti taf Tesistances,} and differential anplifier 46. GWR el enent 20
s normal |y pps}ticmegponggg idey 10, either on outer surface 22 of first
side rail 16,}a$ shown in Figurg 2, or in core 38 of Figure 3. Figure 8B is
a graph show hg-t-ke—ettput—vol thge of differential anplifier 46 as a. :
function of the position of trahsition _3éh.agd associ ated magnetic field 36.
I n operation, *tTatkR 32 of a magnetic storage nedi umor disc i s noving

under neat h aalii30€), elltiiy leads SR 8418 AR 4420 _r&%’i«_bxk'lgﬁﬂih ﬁg?ﬁa\ﬁﬁ%idehﬁ&b]edge

14. As transition 34 and associ ated magnetic field 36 ve, they eventually
becone posirtsisumecds paid differential aapEHEUS. AGUR CRmeNt 201§ Sofdllt dpositltﬁled on
resistance in the first current path between contacts 30A and 30B decreases
due to t he shiderpHl,teither of o@eRswifaoerd2t of fxst ¥ilié ffaihk 16 ugshoedr inFigeret2, drhir core
decrease in resistance causes an increase in the current flow ng through
the first S8rofdfiguresd.hFiguoerBBdsa graphihowting therdumit voltBge of differgmiak amplifiehe
current flow through the second current path from contact 30A to contact
30C. This 46 asa function of the position of transition 34 and associated magnetic field 36.

In operation, track 32 of a magnetic storage medium or disc is moving
undemneath slider 10 having GMR element 20 positioned near trailing edge 14. As
transition 34 and associated magnetic field 36 move, they eventually become positioned
between contacts 30A and 30B. At this point, the resisténce in the first current path
between contacts 30A and 30B decreases due to the properties of GMR element 20.
With a supplied current, the decrease in resistahce causes an increase in the currentl
flowing through the first current path from contact 30A to contact 30B, as compared to
the current flow thrbugh the second current path from contzdct 30A to contact 30C. This.
increase in current through the first current path provides a; greater voltage drop across
resistor R3 than the voltage drop across resistor R4. The difference in voltage drop
across resistors R3 and Ry is amplified by differential amplifier 46, producing a positive
output voltage V. This output voltage is shown on the left side of Figure 8B.

Eventually, transition 34 and associated magnetic field 36 becomes positioned
directly under contact 30A. At this point, the change in resistance in the first current
path between contacts 30A and 30B will be equal to the change in resistance in the
second current path between contacts 30A and 30C. Therefore, there will be no
differential voltage drop across resistors R3 and R4. Hence, there will be no output
voltage V, of differential amplifier 46. This data position is represented in Figuré 8B
where x = 0, and thus, the output voltage of differential amplifier 46 equals 0.

As transition 34 and associated magnetic field 36 continue to move under GMR
element 20, transition 34 and associated magnetic field 36 will eventually be positioned

substantially under the second current path between contacts 30A and 30C. The



increase |nR§_ﬁﬁ=freﬁi‘W’fwhE__f_h the first current path provides a greater
vol t age drlod across resistof R3 than the voltage drop across resistor R4.
.The differfe ceggndygl'pgge diop across resistors R3 and R4 is anplified by
di fferentifal; anpli

out put volft dge—trs—shtowron the left side of Figure 8B. Eventual |y,
transitiorf 34 and associ ated nagnetic £i1@ d 36 becones positioned directly
under contact 30A. At this point, the change in resistance in the first
current patsistandevinahe ssrohd cthred(patiandl dedeasel dndithe eepistdnce dn theefixsh awgenti n
resi stance in the second current path between contacts 30A and 30C.

Ther ef or e patthwilbinerease,denne, ahusing moreicatrentflowdbrangh ghesacond cumentpath s R3
and R4. Hence, there will be no output voltage V[err] of differential

anpl i fi er tha through the fiastpyctent path; Thisdpereaserincyrient trgughcthg secamd cursent: o,
and thus, the output voltage of differential anplifier 46_eq s 0.,

As transi tPeEhwikinsfan sause @ aeeaseinghe voltage acressesistgh Ran e %?ﬁl%wse thder
GWR el enent (20, .transition 34 and sqQci at netic field il |

event ual | W°H€gﬁ)6@t4°69§éde%ﬂﬁ§t§31?‘?‘giws m@geﬂnﬁg dé&?&ﬂ@@&?ﬂ’é%?%ﬁat h

bet ween C%%&ﬁ:tmsg 2:1)’ g@ga%r\]rg o%?p%t v-(l)-ﬂaege Vo- This output voltage is shown on the right side

of Figure 8B by the negative output voltage.

Finally, transition 34 and associated magnetic field l36 will move such that
magnetic field 36.' is no longer positioned under either the first contact path bétween
contacts 30A and 30B or the second contact path positioned between contacts 30A arid
30C. At this point, the voltage drop across resistor R3 will be substantially equal to the
voltage drop resistor R4 and the-gain of differential amplifier 46 will be zero or nominal.
Tﬁe output will continue to be zero or nominal until new data having a separate magnetic -
field begins to pass under GMR element 20.

One advantage of such an arrangement is that it may allow signals representative
of the magnetic field 36 occurring due to transitions 34 to be decoded by a standard zero
crossing detector. Thus, the information stored'on the recording medium may be readily
retrieved, for exampli_e, by detecting zero crossings in the output voltage Vg of the
differential amplifier 46.

Figure 9A is a diagrammatic view showing an embodiment of the present
invention incorporated into a second electrical circuit. Figure 9A includes GMR element
20, contact 30A, 30B and 30C, electrical leads 44A, 44B and 44C, resistors R3 and Rq
having substantially identical resistances, and comparitor 48. In one preferred
embodiment, comparitor 48 is a Schmitt trigger (ie. a comparitor with hysteresis).
Figure 9B is a graph showing the output voltage of comparitor 48 of Figure 9A as a

function of the position of magnetic switch 50.

ler 46, producing a positive output voltage V[err]. This



- 12 - resi Stance ‘Tn t?] ‘éeéond current path will decrease and the

resi stance |r1 the first cunr¢nt path will increase, hence, causing nore
current fldw -t hg Gugii. t‘ig%s C(?nd current. path than through ‘the first
current patih.j This |ncreas_i n current through the second current path
Will in turjn TAaUSea T ACTE i in the vol-tage across resistor R4. The
difference jin__voltage drop across resistors R3 and R4 is anplified by
differential anplifier 46, producing a megative output voltage Vierr].
This output voltage is shown on the right side of Figure 8B by the

negative out put In/epératitsh, magnetic switch 50 is movable from position "a" to position “a'."

When magnetic sw1tch_5_0, having magnet 52 e_1tt_ached thereto, is in position "a", the
resistance in the first current path between contacts 30A and 30B is low due to the E
properties of GMR element 20. With ﬁ supplied current, the low resistance in resistivity
causes an increase in the current flow through the first current path from contact 30A to
contact 30B, as compared io the current flow through the second current path from
contact 30A to contact 30C. This increase in current through the first current path
provides a greater voltage drop across resistor R3 than the voltage drop across resistor
R4. Comparitor 48 intgrprets this voltége differential and provides a low voltage output,'
as shown in Figure 9B.

When magnetic switch 50 is located at "a'", the resistance of the second current
path will decrease and .the reSistancé of the first current path will increase, hence,
causing more current flow through the second current path than through the first current
path. This increase in current through the second current path will in turn cause an
increase in the voltage across resistor R4. The difference in voltage across resistors R3
and Ry is detected by comparitor 48, thereby producing a high voltage output, as shown
in Figure 9B. Therefore, this embodiment of the present invention can be used as a
common switch, However, when used as a switch, the embodiment incorporating the
present invention shown in Figure 9A has no mbvable contacting parts which could wear
out or break and no electricalucontacts which could generate a spark-causing potential
explosion in hazardous applications.

Although the present invention has been described with reference to preferred
embodiments, workers skilled in the art will recognize that changes may be made in

form and detail without departing from the spirit and scope of the invention.

This Sheet Has Been Replaced

A




Finally, transition 34 and associated magnetic field 36 will nove such that
magnetic field 36 is no | onger positioned under either the first contact

pat h bETHEEN - - Gopt ct;gTS A and--30B or the second conmtact—path—positioned

bet weeh mmath ndl 30C. At this point, the voﬂ@@etg{o’g acr oss

resistpriR3 will be supstantially equal <tmathe volta ﬁ ?HE"
nal .

separafe gnetic T1eldjbegins to pass under GWR el errent 20.

advant gge of such an arrbhngenent is that it may allow signals
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representative of the magnetic field 36 occurrlng due to transitions 34 to
be decoded by a standard zero

1. Apparatus for sensing a magnetic field (36), the apparatus comprising a
magnetoresistive element (20) characterised by having two current paths (30A-30C, 30A-
30B) theréin ‘each of the current i:aths being such its resistance varies in dependence
‘upon the posmon of the magnetic field (36) relat1ve hereto.
2. A sensor for reading information from a magnetic storage medlum (32), the
sensor comprising the apparatus of claim 1 arranged for sensing the magnetic field (36)
| representing the information stored on the medium.
3. Apparatus according'to claim 1 or a sensor according to claim 2, wherein
movement of the magnetic field (36) from a first position underneath a first of the
current paths to a second position underneath a second of the current paths causes the- _
resistanée of the first current path to incrése and causes the resistarice of the second
current path to decrease.
4. Apparatus according to claim 1 or 3, or a sensor according to claim 2 or 3,
wherein first (BOA), second (30B) and third (30C) electrical contacts are positioned on
the magnetoresistive element (20) such that a first current path having a first variable
resistance is formed between the first and second electrical contacts and a second current
path having a second variable resistance is formed b_etween the first (30A) and third
(30C) electrical contacts.
S. Apparatus according' to claims 1, 3 or 4, or a sensor according to claims 2, 3 or
4, wherein the magnetoresistive element éomprises a plurality of varying strips of
material.
6. Apparatus or a sensor according to claim 5, wherein the first electrical contact

(30A) is positioned on a first strip of material and the second electrical contact (30B) is

W
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trossing deté‘c&fbr "f'huss +he i nformation stored m. um may
be readily | rletri eved f or ledanpl e, by detecti ng hﬁeﬂiassahn{g,gacw t he
out put vol tage Q[EierJUﬂ. o6t e { differential anpli f| Figure 9A
is a di agramEtlc vi ew sh ng an enbodi nent of t ,‘ entlon
i ncor poratefl Prto™a Second el pctrical circuit. Fi gure
el enent 20} cont act .30A—388' and 30C, -elisctrical | eads 44A 44B and 44C
resistors and R4 havi ng substantially identical resistances, and.
conpar i t or pebitioned onnesepond stripesf matetiald and mherain tyeafirst stripid matedaldshni t t
trigger (ie. a conparitor with hysteresis). Figure 9B is a graph show ng
t he out putdnffcl‘dm@mrmthmnmatsmprofmmﬁalﬁ gure 9A as a function of the

position of magnetic switch 50.
1. Apparatus or a sensor according to claim-6, wherein the third electncal contact

(30C) is positioned on a third strip of material, and wherein the first strip of material is
different from the third strip of material.

8. Apparatus or a sensor according to claim 5, wherein the plura_xlitfy of varying
strips of material further cohpﬁses layérs of ferromagnetic and non-ferromagnetic
material. |

9. A sensor accbrding to any one of claims 2 to 8, comprising a slid_er ( iO) having a
side rail (16,18), the sidé rail having a bottom surface (24,28), wherein the slider is
arranged to position the bottbfn surface of the side ra11 adjacent a track (32) of the
storage medium. |

10. A sensor according to claim 9, wherein the slider (10) further, comprises

a leading edge; a trailing edge; and wherein the magnetoresistive element (20) is
i)ositioned closer to the trailing edge of the slider.

11. A sensor according to claim 10, wherein the magnetoresistive elements (20) is
positioned near the trailing edge of the slider in a core (38,40).

12. A sensor according to claims 9, 10 or 11 wherein the side rail (16,18)further
comprises an outer surface; and wherein the magnetoresistive element is positioned on
the outer surface (22) of the side rail (16,18).

13. A sensor according to any one of claims 9 to 12, wherein the slifier (10) further
comprises a second side rail having a bottom surface, wherein the slider is arranged to
position the bottom surface of the second side rail adjacent a further track of a plurality
of tracks of the storage medium.

14. A sensor according to claim 13, further comprising a second magnetoresistive
element positioned on t.he bottom surface of the second side rail; fourth, fifth and sixth

electrical contacts spatially positioned along the length of the second magnetoresistive
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element and along the further track such that a third current path having a third variable
resistance iS formed between the fourth.and fifth electrical contacts and a fourth current
path having a fourth variable resistance is formed between the fourth and sixth electrical
contacts; and whereih a further magnetic field representing information from the further
track causes a change in the third variable resistance in the third current path when the
further magnetic ﬁeld becomes posiﬁoned ‘substantially under the third current path, and
wherein the further magnetic field from the further track causes a change in the fourth
variable resistahce in the fourth current path when the further .magnetic field becomes
positioned substantially under the fourth cuneﬁt path.

15. A sensor accofding to claim 14, wherein the second magnetoresistivé element is
as claimed in any one of claims 5, 8 énd 10-12. |

16. A sensor according to claim 15, wherein the fourth electrical contact is positioned

- on a fourth strip of material and the fifth electrical contact is positioned on a fifth strip of

material, and wherein the fourth strip of material is different fro thé fifth strip of
material.

17. A sensor according to claim 16, wherein the sixth electrical contact is positioned
on a sixth strip of material, and wherein the fourth strip of material is different from the
sixth strip of material.

18. A sensor for reading information from one of a plurality of longitudinal tracks of
a magnetic storage medium moving underneath the sensor, the sensor comprising:

a slider having a side rail, the side rail having a bottom surface, wherein the
slider is arranged to position the bottom surface of the side rail adjacent a first track of
the plurality of longitudinal tracks;

a giant magnetoresistive element positioned on the bottom surface of the side rail;

first, second and third electrical contacts spatially positioned on the giant

magnetoresistive element and along the first track such that a first current path having a

first variable resistance is formed between the first and second electrical contacts and a

RAR ) R



causes an incfegse lft;,rtﬁl'[e%xﬁﬁre t flow through the fiTst—current—path from
contact 30A td .eentact—308hs| conpared to the cqrﬁlgg;ggtﬂfag&\%ﬁ 50 gh t he
second current path_from ntagt 30A to contact -3 ein
current through tr%Jleﬁstﬁ% ept path provides a]ﬂl Eﬂ jﬂE.g drop -
across resistqr {R3 than. the-wvdl fage drop across re aritor
48interprets tihis voltage di ffefential _apd._provides a | ow voltage out put ,

as shown in Fij Wien magnetic switch 50 is located at "a"',
the resi St@mﬁdeﬁrréﬂtfpaﬂﬁ o & second tvaripbie resisthncedis foraskbetwgen e finst and ance
of the first- current path will increase, hence, causing nore current flow
t hrough t hehigielestrical .ontaots; pamd h t han through the first current path. This

i ncrease in current through the second current path will in turn cause an

i ncrease in thewheteimg éirstamgmtlc @t@t@mmmrfémﬁt dTacK qauses
across resistors R3
a change in the first variable resmtance in the first current path when the first magnetic
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field becomes positioned substantially underneath the first current path, and wherein the
first magnetic field causes a change in the second Varia.blé resistance in the second
current path when the first field becomes posiﬁoned substantially underneath the second
- current path. |
19. A sensor according to any ot' claims 2 to 19, ct)mprising zero crossing detection
means responsive to signals indit:ative of the variation in resistance of the cutrent paths
- for extracting data from said storage medium. _

20.  An apparatus for sensing 2 movement in a magnetic field, the apparatus
comprising: |

a giant magnetoresistive eleméﬁt;

ﬁrs_t., second, and thtrd electrical contacts spatially positioned on the giant
magnetoresistive element forming a first current path in the giant magnetoresistive
element having a first variable resistance between the first and second electrical contacts
and a second current path in the giant magnetoresistive element having a second variable
resistance between the first and third electrical contacts; and

wherein the magnetic field causes a change in the first variable resistance in the
first current path when the field becomes positioned substantially underneath the first
current path, and wherein the magnetic field causes a change in the secund variable
resistance in the second current path when the field becomes positioned substantially
underneath the second.current path.
21. A switch characterised by comprising a magnetoresistive element (20) having two
current paths (SOA—SOC, 30A-30B) therein, each of the current paths being such that its

resistance varies in dependence upon the position of 2 magnetic field (36) relative
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éd_ by thnharl’t

Qr 148, thereby producing a high voltage

and R4 is dete i
out put, as sho in Figure 9B Bherefore, this TH SEbe PR Bed Ref1ilEq PT €SENt

i-nvention can s@d& dyLatz96onmmdn switch. However) ‘a switch,
t he enmbodi nent | ncorporating tHe {present inventio mmm[ U'ﬂre 9A has
no .novabl e contpctTAY Parts whi chj coul d wear out 0 S

el ectrical contpcts whigh dener at-e 18 spar k- causi ng potenti al

expl osion in hazardous applications. Al t hough the present invention
has been detherétbeahddetbctingf meansd¢3)t for detetting the differeiicerbetwvesn the tespectivei | | ed
in the art. will recogni ze that changes may be nmade in form and detail

wi t hout depzasistanges ebtheravarentpatheanst profiecingasmiichoutput (Vo) indicative thereof,

such that the switch output is controlled by the-positibn of the magnetic field relative to
the respective current paths. o |

-22. - A magnetoresistive element (20) characteﬁsed.by cbmprising layers of magnetic
and layers of non—magnetic material. -

23. A magnetoresistive element according to claim 22, cbmprising layers of
ferromagnetic and layers of non-ferromagnetic material, |

24.  Apparatus according to any one of c_lainis 1, 3 to 8 or 20, a sensor according to
any one of claims 2 to 19, or é switch according to claim 21, characterised by including
a magnetoi'esistive element according to claim 22 or claim 23.

25. A method of sensing a magnetic field using a magnetoresistive element,
charﬁcteriéed by detecting the change in resistance of at least two current paths in the

magnetoreistive element in response to the position of the magnetic field.
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CLAI M5 1. A sensor for sensing a magnetic field (36) which is -
noveabl e predam&naﬂ%#wmﬁ direction relative thereto, the sensor
conpri sing a jmdgnéf Oresiisbiie dl ement (20) characterised by conprising

first (30A), sepon“d (3013)~ and th| rd (30C) electri caIMoned
on the magnetj Sh&tl%? «g (20) such that a fi Fhis SHALHEDNE .. ﬁth is
F ir and

f or med bet n“th second ghectri.cal con ehd -
f.ormed--between mmn ” :

current path
ABSTRACT

Magl_l'gtoggistive;.Element

An apparaxus for sensing a change in a magneuc field is disclosed. The apparatus
includes a glant magnetores15t1ve element (20) positioned adjacent to the magnetic field
(36). First, second, and third electrical contacts (30A-30C) are spat:ally positioned on
the giant nﬁcroresistive element (20) forming a first current path‘_'having a first variable
resistance between the first (30A) and second (30B) electrical contacts and a sécond
current path having a second variable resistance between the first (30A) and third (30C)

_electrical contacts. The movable magnetic field (36) causes a change in the first variable
resistance in the first current path when the field (36) becomes positioned substantially
underneath the first current path, and the magnétic field (36) causes a change in the
second variable resistance in the second current path when the field (36) becomes

positioned substantially underneath the second current path.

[Figure 2]



the first (BQA}-aﬁdmfﬁnfﬁ“IGOCD el ectrical, contacts, each of the current
pat hs belnP such.that’ "ttt d resistance varies in dependence upon the
position of the nagnetlc field (36) relative t hereto, wherein the

magnet or es} s :Mé§ nqﬁ% combrises a plurality of StrlpS of varying
mat eri al. apd ern 5t, second and.third contacts are spatially

-

posi tionedjo 3r=S|st|ve el-edent al.ong the direction of
novenent ofl the nagnetlc fle d relative thereto. 2. A sensor
accordi ng ctarm™ L, wherein novenment of the nmagnetic field (36) froma..
first position underneath a first of theigurrent paths to a second position

underneath a “second of the current

auses the resistance of the
first current pa%?rto |ncrease and

-2




causes the r=s§aa§‘t ahce: BF 11tf~‘1iﬂ3* econd current path to decrease. 3. A
sensor accord o ¢I'aim 1 pri 2, wherein the first electrical contact
(30A) is po zgggn% st strip of material and the second

el ectrical cd g, >|tioned .on a second strip of material,
and wherein th fu—st~«5~t~+~r~p——bf material is different fromthe second
strip of matgrial. . . A sénsor accordifng to claim 3, wherein the ™
third el ectrives=cortacl (30C) IS positioned on a third strip of
material, and wherein the first strip of rraterlal is different . fromthe

JOA

third strlp of matert? 4




5. A SenSGl gé%%mggya .amy one of clainms 1 to 4, wherein the plurality
of varying ? &ri‘ak further conprises Iayers of magnetic and

I ayers of n nfﬁhgnetlc nateflél 6. A sensor according to any one of
clains 1 to {5, wherein Hhs plarality of varying 'strips of materi al further
conprises | gydrs of ferronagngtlc and nod-ferromagnetic material. 7. A

sensor accorldiag-to~any-ome~off clains 1 to 6 for readi ng information froma
magnetic stdrage nedi um (32) $nd arranged for sensing t hedmagnetic field
(36) representing . © o ¥
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the information $tored .gntt hecpredi um 8. A sensor according tdmﬂ&‘i’n’??‘f,s
coagpri sing a slji gef~(-10}--hawi-ng & side rail (16,18), the side rail having
a bottom surfade :(24,28) wherginp the slider is arranged to position the
bott om surf ace {off tée $AN&LEhi | 4dj acent a track (32) of the storage

medi um 9, Alsensor according to clam 8, wherein the slider (10)
further conprides a leading edg¢; a trailing edge; and wherein the _
magnet or esi st i we—element—L20) _islpositioned closer to the trailing edge of

the slider. 10. A sensor according to claim 9, wherein the- .
magnet or esi sh¢opediag ¢orthet presaay inventipmsthereoisqaovided aspasor far Fensingeaigagagtict he
sl.ideq in a core (38,40). 11. A sensor according to clains 8, 9 or 10,

- wher eiln gd1e (36 ¥hick is frdPeabB pfedohtifintly in one direction relative thereto, the sensor
comprising a magnetoresistive element (20) characterised by comprising first (30A), second
(30B) and third (30C) electrical contacts positioned on the magnet‘oresistive element (20)
such &at a first current path is formed between the first and secéqd electrical cqntacts anda
second current path is formed between the first (30A) and third (30C) electrical contacts,
each of the current paths being such that its resistance varies in dependenée upon thé_
position of the magnetic field (36) relative thereto, wheréin the magnetoresistive element . -
comprises a plurality of strips of vafyiﬁg matgrial énd wherein the first, second and third

contacts are spatially positioned on the magetoresistive element along the direction of

movement of the magnetic field relafi?e theretb.

Preferably, the magnetoresistive element comprises layers of ferromagnetic and layers
of non-ferromagnetic material.

Such magnetoresistive elements may be referred to as "giant" magnetoresistive
elements (GMRs). This term is used in the following description.

According to another aspect of thé present invention, there is provided a switch
comprising the aboy_e—deScribed sensor, and further compriging detecting means (48) for

~ detecting the difference between the respective resistances of the current paths and

producing a switch output (V) indicative thereof, such that the switch output is controlled

by the position of the magnetic field relative to the respective current paths.




conprises an outer surface; and wherein the nmagnetor sﬁgummgmggﬁnﬁﬁtTlf
positioned on the outer surface (22) of the side ra I~6$6~&8~;Lflil. 1A
sensor according to any one of clains 8 to 11, wherefn & slldgﬁw(lo)‘
further - conprises a second side rail having a botto N whdrein the
slider i's arranged to position the bottom surface o Lng second si de rai
adj acent a further track of a plurality-f tracks the storage nedlum
r : i
The above sensor and switch advantageously include such &

magnetoresistive élement.

~ The magnetoresistive elements may have multl—layered structures. These devices
may include either layers of ferromagnetic and non-ferromagneuc films or a similar set
of films. Permalloy may or may not be part of the layered pattem. In GMR sensors,
the change in resistivity, due to a given magnetic field, as defined by

Ap
pe

can be in excess of 65 percent compared to between 0.5% and 2.0% for standard
.devices. Giant MR sensors belong to a class of sensors in which the current density
vector J functionally depends on the spatial variation of p(0) via spatial field gradients.
Hence the dependence qf the current density vector-fon the resistivity of the device p is
critical. | |

These magnetoresistive elements may allow the reading of information from a
magnetic storage medium due to a change in resistance of various positions along a
length of the giant magnetoresistive element caused by an applied magnetic field.

One embodiment of the present invention is a magnetoresistive sensor for imding
information from a longitudinal track of a magnetic storage medium moving under the
sensor. The sensor incl_udes a giant magnetoresistive element positioned on z.1bottom
surface of a side rail located adjacent to the track. With the gjaﬁt ma}gnetoresiStive-
element, the current density vector J can be dynamically adjusted by applying a magnetic
field to the element. First, second, and third electrical contacts are spatially and
preferably symmetrically positioned on the giant magnetoresistive element and along the
track. A first current path having a first variable resistance is formed between the first
and second eiectrical contacts, while a second current path having a second variable

resistance is formed between the first and third electrical contacts. The first and second



16 'I3. A sensor according to claim 12, furfTit: gon T second -
magnet oresi stive elenent positioned .on the bott ml’@mgwﬂrﬁdgh ]asecond

side rail; fourth, fifth and sixth electrical cgntiacts spatially
positined along the | ength of the second nmagnet or eisi 26i JAN 2008 mgnt{ and.
along the further track such that a third current] path having a tihijrd
variable resistance is formed between e fourthy and TTTth erectrijcal _
contacts and a fourth current path having a fourlth _varjabl e resistiance is
fornmed bet ween y,f, %ﬁt s Sd : Lol 2t Sew @jNw a
further magnet iﬁclmfbiee F@Sggésheﬁ‘?{négﬁnlsgrﬁ#&a Ilgc{ﬁo@?)g%ﬁﬁtsheaf S‘?? g(Iai‘{ri&{t‘lrlélck

causes a YR faghetid Gwitd 50! R4RingaRigaet S5 aticREE thekdto! {36 PasHnOUs F §RE Path

resistance in the first current path between contacts 30A and 30B is low due to .the'
properties of GMR element 20. Witﬁ a Supplied current, the low resistance in resistivity'
causes an increase in the current flow through the first current path ﬁ;om contact 30A to

' contact 30B, as compared to the curfent flow through the second current path from
contact 30A to contact 30C. This incr&as.e in current through the first current path
provides a greater ~vo'1tage drdp across re's_iSto‘r R3 than the voltage drop across resistor

| R4. Comparitor 48-int¢fpréts this'v_oltage 'differenﬁél and provides a low voltage output,
as shown in Figure 9B. | | |

When magnetic switch 50 is located at "a'", the resistance of the second current
path will decrease and the resistance of the first current path will increase, hence, |
causing more current flow throﬁgh the second currenf péth than through the first current
path. This increase in current through the seéond éurrent path will in turn cause an
increase in the voltage across resistor R4. Thé difference-in voltage across resistors R3
and Ry is detected by comparitor 48, thereby producing a high voltage output, as shown
in Figure 9B. Therefore, this embodiment of the present invention can be used as a_
common switch. However, when used as a switch, the embodiment incorporating the
present invention shown in Figure 9A has no movable contacting parts which could wear
out or break and no electrical contacts which could generate a spark-qausing potential
explosion in hazardous appﬁcaﬁoﬁs. - _ ' ‘
Although the p?esent invention has been described with reference to preferred

embodiments, workers skilled in the art will recognize that changes may be made in

form and detail without departing from the scope of the
invention.



further
cur.r ent-

magnet ic fiel d beconmes positioned subst ait ga,L A y\rumﬁermt | hird
path, and wherein the further magnetic fli BFd fromt he her

track causes a change in the fourth variable regidtance in t he o Irth

current

path when the further magnetic field becdnes 2gaqsANizasied

substantlally under the fourth current_path. 14, A sensor accorgling to

claim 13, wherein the second magnetoresistive el dmemt~—Tsas™crraimgd i n any

one of clains 1 to 6 and 9 to 11. 15. A sensorj according to clajm 14,

wher ei n
mat eri al

ChAIMSirth el ectrical contact is positioned on a fourth strip of

and the fifth electrical contact is positioned on a fifth strip of

mat erji aly, anda sbgsoe for dehsing almigneat fieldl (36) matilr isahoveabldiprédomeinantly imorehe
fifthf strip of material.

direction relative thereto, the sensor comprising a magnetoresistive element (20)
characterised by comprising first (30A5, second (30B) and third (30C) electrical contacts
positioned on the magnetbresistive element (20) such that a first current path is formed
between the first and second electrical contacts and a second:current path is formed between
the first (30A) and third (3(_)C)_electri¢al contacts, each of the current paths being such that
its resistance ‘}aries in dépendenée ﬁpdn the -pos.'ition §f th_é magnetic field (36) relative
thereto, wherein the magnetoresiét_ivé elemént éomprises a plurality of strips of varying
material and wherein the first, second énd third contacts are spatially positioﬁed on the
magetoresistive element élong'tt.le diréc_tidn of mdver_nent of the magnetip .ﬁeld relative
thereto.

2. A sensor according to claim 1, wherein movement of the magnetic field (36) f_rom a
first position underneath a first of the current paths to a second position underneath a
second of the current paths causes the resistance of the first current path to increase and
causes the resistance of the second current path to decrease.

3. A sensor according td claim 1 or 2, wherein the first electrical coniact (304) is
positioned on a ﬁrst‘stri;i of material and the se'cond electrical contact (30B) is positioned
on a second strip of material, and wherein the first strip of material is different from the
second strip of material. |

4. A sensor according to claim 3, wherein the third electrical contact (30C) is
positioned on a third strip of materiz;l, and wherein the first strip of material is different

from the third strip of material.
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_16‘.: A sensor according to claim15, wherein thei,ismgtimﬁl‘é{ﬁﬁﬁl aI cont act
I s posi-tioned on a sixth strip of material, dn - hherei-r-thefodr t h strip

of material is different fromthe sixth strip cf mat er | aégg
-17-  17. A sensor according to claim8 for readegJANf 9r‘nit]i n from one
of a plurality of -15- .

5. A sensor according to any one of claims 1 to 4;"Wherein the plurality of varying

strips of material further comprises layers of magnetic and layers of non-magnetic material.
6. A sensor according to any one of claims 1 to 5, wherein the plurality of varying
strips of material further comprises layers of ferromagnetic and non-ferromagnetic material.
7. A sensor according to any one of claims 1 to 6 for reading information from a
magnetic storage medium (32) and _arr_ange.d. for sensing the magnetic field (36) representing
the information stored on the medium. o |

8. A senSor aécérding 't.o cla1m 7., cor.x-1pri.s.ing' a slider (10) having a side rail (16,18),
the side rail having a bottom surfacé ~(.2.4,28)', wherein the slider is arranged to position the
bottom surface of the side rail adjacent a track (32) of the storage medium.

0. A sensor_according_td- claim 8, _wﬁerein the slidef (1'0) further comprises a leading -
edge; a trailing edge; and wherein the magnetofe'siéﬁve element (20) is pdsitioned closer to
the trailing edge of the slider.

10. A sensor according to claim 9, wherein the magnetoresistive element (20) is
positioned near the trailing edge of the slider in a core (38,40).

11. A senmsor according to claims 8, 9 or 10, wherein the side rail (16,18) further
comprises an outer surface; and ‘wherein the magnetoresistive element is posiﬁoned on the
outer surface (22) of the side rail (16,18). | :

12. A sensor according to any one of claims 8 to 11, wherein the slider (10) further
comprises a second side rail having a bottom surface, wherein the slider is arranged to

position the bottom surface of the second side rail adjacent a further track of a plurality of

tracks of the storage' medium.
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tLacks of a I ¢ storage nedi um novi ng underneat h the
AHeSIAN Eﬁiﬁr s{arranged to position the bottom surface of
the side rail adj acent a firptitrack of the plurality of Iongitudinal
tracks; “fTTst, segond and third electrical contacts are
spatially poditioned o nt nmagpgoresistive el enment and al ong the
first track; an a first magnetic field representlng I nformati on

fromthe first track asjngth.fi t second and t hi

cont adt skt d%f feé’rs%ta ﬁl% to g“m iix glgﬁbse&co %%ﬁ r‘i‘gS g’ %g?étﬁféﬁ]is%e
to 17, conprising zero crossing detection neans responsive to signal s

i ndi cdt i elemet pasitionsdion thenbottom syrfeecant theosecond sedmaéhtfoygahhﬁfﬁloand sixth
extradting data from said storage nedi um

electrical contacts spatially positioned along the length of the second magnetores1st1ve

| ongi t udi nal
sensor,- wher

element and along the further track such that a third current path having a third variable
resistance is formed between the fburth and fifth electrical coﬁtacts and a fourth current
path having a fourth variable resistance is formed between the fourth and sixth electrical
contacts; and wherein a further magnetic field representing information from the further
track causes a chénge in the third variable fesi_stance in the third current path when the
further magnetic field becomes positioned substantially under the third current path, and
wherein the further magnetic field from the further track causes a change in the fourth
variable resistance in the fourth current path when the further magnetic field becomes
positioned substantialiy under the foprth current path.

14. A sensor according to claim 13, wherein the second magnetoresistive element is; as
claimed in any one of claims 1 to 6 and 9 to 11.

15. A sensor accordin;g to claim 14, wherein the fourth electrical contact is positioned
on a fourth strip of material and the fifth electrical contact is positioned on a fifth strip of
material, and wherein the fourth strip of material is different from the ﬁfth strip of
material. o B . : .

16. A sensor accordin\g to claim 15, wherein the sixth electrical contact is positioned on

a sixth strip of material, and wherein the fourth strip of material is different from the sixth .

strip of material.
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19: A switch conprising the sensor of claim1, and further conprising
detectirng neans (48) for detecting the difference between the respective
resi stances of the current paths and producing a switch output (Vierr])
i ndicative thereof, such that the switch output is controlled by the
position of the nagnetic field rel-ativ_el.,t_o t he respective current paths.

-17. A sensor according to claim 8 for reading information from one of a plurality of
longitudinal tracks of a magnetic storage medium moving underneath the sensor, wherein
the slider is arranged to poﬁiﬁoﬁ the bottom surface of the side rail adjacent a first track of
the plurality of longitudinal tracks;

| said first, second and third electrical contacts are spatially positioned on the giant
magnetoresistive element and along the first track; and

a first magneﬁc field repfésenting information from the first track passing the first,

second and third electrical contacts at different times. |
18. A sensor according to any of claims 7 to. 17, comprising zero crossing detectioﬂ
means responsive to sighals indicative of the variation in resistance of the current paths for )
extracting data from se__lid storage medium.
19. A switch comprising the sensor of claim 1, and further comprising detecting means
(48) for detecting the difference between the respective resistances of the current paths and

producing a switch output (V) indicative thereof, such that the switch output is controlled

by the position of the magnetic field relative to the respective current paths.
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ABSTRACT
Magnetoresistive Element

An apparatus for sensing a_chan_ge in a magnetic field is disclosed. The apparatus
includes a giant magnetoresistive element (20) positioned adjacent to the magnetic field
(36). 'First.,'_s_ee_ond, and thii-d'eleetxiea_l__coﬁtacts (30A730C) are spatially positioned on
the giant microresistive ele'ment (20): formihg a first current path having a first va.riable'
resxstance between the first (30A) and second (30B) electrical contacts and a second
current path havmg a second variable resmtance between the first (30A) and third (3OC)
electncal contacts. The movable magnetic field (36) causes a change in the first vanable
resistance in the first current path when the field (36) becomes positioned substannally
underneath the first current path, and the magnetic field (36) causes a change in the
second variable resistance in the second current path when the field (36) becomes

positioned substantially underneath the second current path.

[Figure 2] . “REFL EOEAENT QMEET
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