3 _
SAQ-€5-026 : 1 cpq5
MAGNETORESI STI VE HEAD ‘The present invention rel ates gen(ﬂg I@l?—&9'~?
electrical protection circuitry for magnetic disk drives and rmr);‘;TMP‘g cop \ﬂ
particularly to such circuitry to protect against electrostatic discharge
or electrical overstress in read/wite transducers utilizing

magnet or esisab+9x-026ad sensors. Magneti c head di sk drive systens
have been widely accepted in the conput er industry as a cost effective form
of data storage. In a nmagnetic dlt?% %EFSI% magnetic recording /
medium in the formof a:disk, peed while a magnetic

read/ wite transducer, referred to as a rragnetlc head, "flies" slightly

above the surf a%e%réd&tr Qﬂﬁnw&; (yeiktesTBsnéiamtsetdoceﬂéaJhbﬂ st esihy
neans of a 3‘;” ndl e drive notor net ched to, or forned

T or ol | SR Bt FerRets Bt Srinet eni e s s cRalariE e Fugh

spri|1g-|(3a¢gdcuig;potQ motrect against electrost§t1c discharge or electrical
overstress in réad/write transducers utilizing magnetoresistive read

sensors.

Magnetic head disk drive systems have been widely accepted in the
computer industry as a cost effective form of data storage. In a
magnetic disk drive system a magnetic recording medium, in the form of a
disk, rotates at high speed while a magnetic read/write transducer,
referred to as a magnetic head, “flies" slightly above the surface of the
rotating disk. The magnetic disk is rotated by means of a spindle drive
motor. The magnetic head is attached to or formed inteérally with a
*slider” which is suspended over the disk on a spring-loaded support arm
known as the actuator arm. As the magnetic disk rotates at operating
speed the moving air generated by the rotating disk~in conjunction with
the physical design of the slider operate to lift the magnetic head
allowing it to glide or fly slightly above and over the disk surface on a
cushion of air, referring to as an air bearing. The flying height of the
magnetic head over the disk surface is typically only a few microinches
or less and is primarily a function of disk rotation, the aerodynamic
properties of the slider assembly and the force exerted by the spring-

loaded actuator arm.

A major problem that is encountered during manufacture, handling
and use of magnetic recording transducers, referred to as heads,_ is the
buildup of electrostatic charges on the various elements of a head or
other objects which come into contact with the heads, particular heads of
the thin film type, and the accompanying spurious discharge of the static
electricity thus generated. Static charges may be produced by the
presence of certain materials, such as plastics, during manufacture and
subsequent handling of the heads, for example. These charges arc across
the edge of the insulating layer between the magnetic pole tips and
adjacent conductive layers which are exposed and positioned adjacent to
the transducing gap at_ the air bearing surface facing the recording
medium thus causing erosion of the pole tips and degradation of the

transducer in reading and writing of data.
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forward and reverse voltage drops, or through a fusible link.

Magnetoresistive (MR) sensors are well known and are particularly
useful as read elementé in magnetic transducers, especially at high
recording densities. The MR read sensor provides a higher output signal
than_an inductive read head. This higher output signal results in.a
highér signal to noise ratio for the recording channel and thus allows
highgr areal density of recorded data on a magnetic disk surface t? be
achieved. As_described above, when an MR sensor is exposed to ESD, or
even a voltage or current input larger than that intended under normal
operating conditions, referred to as electrical overstress or EOS, the MR
read sensor and other parts of the head may be damaged. This sensitivity
to electrical damage is particularly severe for MR read sensors because
of these sensors’ relatively small physical size. For example, an MR
sensor used for extremely high recording densities will have a cross-
section ‘of 100 Angstroms (A) by 1.0 micrometers (um) or smaller.
Accidental discharge of voltages of only a few volts through such a
physically small resistor is sufficient to produce currents capable of
severely damaging or completely destroying the MR sensor. The nature of
the damage which may be experienced by an MR sensor varies significantly,
including complete destruction of the sensor via melting and evaporation,
contamination of the air bearing surface, generation of shorts via
electrical breakdown, and milder forms of damage in which the head
performance is stilf‘degraded. This type of damage has been found to
occur during both processing and use and poses a serious problem in the
manufacturing and handling of magnetic heads incorporating MR read

sensors.

Viewed from one aspect the present invention provides a

maggétoresistive head assembly comprisiﬁg: a magnetoresistive sensor
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The present invention reduces damage to an MR sensor caused by
discharge of static electficity through or electrical overstress of the .
MR sensor element and other transducer components. Non-linear conductive
elements are integratéd into the construction of the magnetic head or
externally attached to the magnetic head to provide EOS and ESD
protection by shunting excessive current away from the MR element and
other critical head componenté. A thin £film magnetic transducer is
provided comprising an MR read element wherein one or more electrical .
conductive elements, diodes, for example, having a non-linear current-
voltage characteristic provide a low-resistance, conductive path
bypassing the MR sensor element for conducting spurious static electrical
charge away from the MR sensor element. In accordance with the present
invention, the conductive elements are connected across the MR sensor -
leads in parallel with the sensor element and/or between the MR sensor
element leads and the MR element magnetic shield elements or the slider

body, for example.

In a preferred embodiment, industry-standard thin £ilm deposition
processes are used, at wafer level, to provide protective conductive
elements, diodes or non-linear resistors, for example, to integrate the
protective devices with the MR head during fabrication of the head.
Alternatively, discréte elements, such as diodes, may be attached to a
surface of the slider body or integrated with the system electronics,
such as in a suspension arm electronics module, for example. The term
*diode* is used here generally to refer to any electrical device having
suitable non-linear cﬁrrent-vcltage (I-V) characteristics, such as P-N
Jjunction diodes and transistors as well as devices which operate by other

mechanisms, such as space charge limited conduction (SCLC), Schottky
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read sensor and other parts of the head may be damaged. This sensitivity to
electrical damage is particularly severe for MR read sensors because of
t hese sensors' relatively small physical size. For exanple, an MR sensor
used for ext rSéN?eP?'QﬁGgh recording densities%ill have a cross- section of
100 Angstrons (A) by 1.0 mcrometers ([err]m or smaller. Accidental
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resistor is sufficient to produce currents capable of severely damagi ng or
conpl etely d&e¥eMB}8ng the MR sensor. The nature of the danage which may be
experienced by an MR sensor varies significantly, including conplete
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heads incorporating MR read sensors.
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assenbly copkt&h R§body IYIBRE Presest iineent@Bsor el ement havi ng an operating
vol tage; and at | east :

Figure 2 is a cross-sectional view of an MR read/inductive write

magnetic transducer;

Figures 3a and 3b are simplified schematic diagrams illustrating
protective circuitry for MR sensor elements in accordance with the

present invention;

Figure 4 is a logarithmic graph illustrating the I-V

characteristics for a sample MR element and various protective devices;

Figure § is a graph illustrating the I-V characteristic for an

anti-symmetrical non-linear conductive device;

FPigure 6 is a diagram illustrating the construction of a typical

non-linear conductive device;

Figure 7 is a diagram illustrating the fabrication of a typical

non-linear device using vacuum deposition techniques;

Figure 8 is a cross-sectional view of an MR read/inductive write
magnetic transducer illustrating a preferred embodiment of the present

invention;
Figure 9 is a top view of the magnetic transducer shown in Figure
Figure 10 is a cross-sectional view of an MR read/inductive write -

magnetic transducer illustrating another preferred embodiment of the

Present invention;



one vari abl e conduct ance means having a non-linear current-voltage
characteristic electrically coupled to said nmagnetoresistive sensor

el enent, said variable conductance neans providing a | ow resi stance
conducti ve path bypassing said nmagnetoresistive sensor elenent for

di schar gi ngastgg-doeeel ectrical charge whensthe voltage across the

magnet oresi stive elenent is greater than said operating voltage. In a
second aspect, the invention provideés a magnetoresistive head assenbly
conprising: a nEgABFRdsietd P SERWoPE dhemagpetig transduceh,FhosR it £1 F?‘ére

| eads el ecupnically connected to the nagnetoresistive sensor el enent at
respective spaced apart positions; at |east one bleed resistor connected
bet ween each of the conductive | eads and a ground reference, thereby t
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aspect, th RLLONRERVIgSS a magnetic storage system conprising: a
magneti c- s?gégég glﬁh]ﬁ%&ing a plurality of tracks for recording of data;

a magnetic transducer maintained in a closely spaced position relative to
sai d nmagneti c Stragagss 18R dindntIHiar80pTatl didwécofMainl MK seabyw@neméitd nmagneti c

tranS(hJcerif{HL€§gLfkén%gQqgfé%osition of the diode protective devices shown in

Figures 12a and 12b, respectively; and

Figures 14a and 14b are diagrams illustrating the use of external

protective devices in accordance with the present invention; and

Figure 15 is a schematic diagram illustrating another preferred

enmbodiment of the present invention.

Referring now to Fig. 1, although the invention is described as

embodied in a magnetic disk storage system as shown in Fig. 1, it will be
: apbarent that the invention is alsoc applicable to other magnetic

recording systems such as a magnetic tape ;eébrding system, for example,
‘or other applications in which a sensor is utilized to detect a magnetic
field. A magnetic digk storage system comprises at least one rotatable
magnetic disk 12 is supported on a spindle 14 and rotated by a disk drive
motor 18 with at least one slider 13 positioned on the disk 12, each
slider 13 supporting one or more magnetic read/write transducers 21,
typically referred to as read/write heads. The magnetic recording media
on each disk is in the form of an annular pattern of concentric data
tracks (not shown) on disk 12. As the disks rotate, the sliders 13 are
moved radially in and out over the disk surface 22 so that the heads 21
may access different portions of the disk where desired data is recorded.
Each slider 13 is attached to an actuator arm 19 by means of a suspension
15. The suspension 15 provides a slight spring force which biases the
slider 13 against the ‘disk surface 22. Each actuator arm 19 is attached
to an actuator means 27. The actuator means as shown in Fig.l may be a
voice coil motor (VCM), for example. The VCM comprises a coil moveable
within a fixed magnetic field, the direction and velocity of the coil
movements being controlled by the motor current signals supplied by a

controller.
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storage nedi um said magnetic transducer including a magnetoresistive
sensor fornmed on a substrate conprising: a magnetoresistive sensor el enent
havi ng an operating voltage; and at |east_one variabl e conductance neans
havi ng a nof®3°88%f® current-vol t age charalteristic electrically coupled to
sai d nmagnetoresi stive sensor elenent, said variable conductance neans
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and neans coupled to sajd netor esi st.ive sensor for_ detecting_resjstance
Changes | n S| AVREGATE: bPe A aar0d cRrEane Siiohtly shove’ne AfEH sifedde by d
3a small, substantially constant spacing during operation.

The various components of the disk storage sysfém‘are controlled in
operation by control signals generated by control unit 29, such as access
control signals and internal clock signals. Typically, the control unit
29 comprises logic control circuits, storage means and a microprocessor,
for example. The control unit 29 generates control signals to control
various system operations such as drive motor control signals on line 23
and head position and seek control signals on line 28. The control
signals on line 28 provide the desired current profiles to:optimally move
and position a selected slider 13 to the desired data track on the
associated disk 12. Read and write signals are communicated to and from

read/write heads 21 by means of recording channel 25.

The above dgscription of a typical magnetic disk storage';ystem,
and the accompanying illustration of Fig. 1 are for representation
purposes only. It should be apparent that disk storage systems may
contain a large number of disks and actuators, and each actuator may

support a number of sliders.

Refexrring now to Figure 2, a portion of a MR read/inductive write
magnetic head 30 is shown in transducing relationship with a rotating
magnetic recording disk 32 such that the head air bearing surface 45 is
disposed in facing relationship with and élightly above the disk
recording surface. Generally, such a head 30 includes an MR read
assembly and an inductive write assembly formed adjacent one another on a
substrate surface, the substrate surface typically being the vertical
surface forming the trailing end of the slider carrying the magnetic
head. The head MR read assembly comprises a MR sense element 35 of a
ferromagnetic material, such as a nickel-iron (NiFe) alloy, for example,
which is enclosed by first and second magnetic shield elements 33 and 37,
respectively. While the MR sensing element may comprise a single layer -
of NiFe, referred to as Permalloy, more typically, the MR sensing element
may comprise a multilayer magnetic structure including magnetic bias
layers of the type described in U.S. Patent No. 4,785,366 or a multilayer
magn?ﬁic structure of the type described in U.S. Patent No. 5,206,590,



el ement responsive to magnetic fields representative of data bits recorded
I said nagnetic storage medi um i nt ercepted by said nagnetoresistive
sensor. a fourth aspect, the invention provides a nethod for
provi di ng e$’e96t9P6%%6at|c di scharge protect{on for a nagnetoresistive sensor
during fabrication of said magnetoresistive sensor and subsequent handling
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said SLUJSecuééﬁta£Eﬂmﬂh§rHL %nged by wvacuum deposition techniques, such as sputter
deposition, for example, on the substrate 31. The various elements of
the MR assembly are surrounded and insulated from each other by layers 42
of insulating material, such as silicon dioxide or aluminum oxide, for
example. The inductive write assembly comprises a lower or first pole
piece 38 and an upper or second pole piece 40. The first and second pole
pieces 38, 40 are made of a highly permeable magnetic material such as
NiFe, for example, aﬁd form a magnetic circuit magnetically connected
together at a'back gap portion (not shown) with the first and second pole
tips 3§.and 41 forming a magnetic gap 47 at the air bearing surface 45.
One or more l;yers of electrical conductors 43, generally made of Cu, for
example, form the inductive coil disposed between the first and second
pole pieces 38, 40. The poles pieces 38, 40 and the inductive coil
conductors 42 are fabricated by well-known processes such as electro-
plating or sputter deposition, for example. The pole pieces are insulted
electrically from the inductive coil and the MR read assembly by layers
42 of insulating material. Additionally,.the entire assembly is covered
with q:capping layer 42 of insulating and protective material. The head
30 shown in Fig.2 is sometimes referred to as a “"piggyback®" head. An
alternate configuration referred to as a "merged" head_wherein the second
MR magnetic shield element 37 is merged with the inducti%e assembly first
pole piece 38 to form a single element which performs both functions is

shown in Fig. 8.

As described above in the background section, static electrical
charges built up on the various components of the head assembly 30 or on
any object, equipment or person which may come into contact with or
closely approach the head assembly or any electrical leads attached to
the head assembly pose the potential for serious damage to the head.
These charges are built. up during the manufacturing process and during
subsequent handling of the heads. For example, the assembly of the head
with other components to produce a disk drive assembly can result in



assenbly of said magnetoresistive sensor in said nmagnetic storage system
The present invention reduces danage to an MR sensor caused by di scharge of
static electricity through or electrical overstress of the MR sensor

el ement and gidres-o0de ansducer conponents. 8 Non-I|inear conductive el enents
are integrated into the construction of the magnetic head or externally
attached to the magnetic head to provide
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are connect et across sensor I n_parallel
discharge .typically causes damage by burnout or the like at the areas of

the conductive material which act as terminals for the discharge cf the
stored static electrical energy. As discussed above with reference to US
Patent Nos. 4,317,149 and 4,800,454, the problems concerning
electrostatic discharge (ESD) for inductive heads are well-known. and the
referenced patents provide methods and structure for protection of

inductive heads.

While the coil conduci:'ors 43 and the magnetic pole pieces 38, 40
can withstand relatively high voltages and currents, because of its
physically small cross-section, the MR sensing element is particularly -
sensitive to current and voltage overloads. The active sensing pprtion
of the MR element will have a length in the range of 0.5 to 20 um, a
height (width) of 0.5 to.5 um and a thickness of 10 to 100 nanometers
(nm) and a resistance of about 20 to 80 ohms. In addition to its small
physical size, the MR sensing element 35 is surrounded by, i.e., buried
in, an insulating material except at the ABS. In MR read assemblies of
the types shown in Figs. 2 and 8, it has been found that such damage
occurs along the sensing region of the MR element 35 when the accumulated
static charge is discharged directly through the MR element 35 and may or
may not include discharge to the magnetic shield elements or first pole

piece or the body of the slider (substrate).

Referring now to Figs. 3a, 3b, 4 and 5, in accordance wit1:x the
pPresent invention, a preferred embodiment comprises conductive devices
$1, $7 having a non-linear current-voltage (I-V) characteristic to
pProvide conductive discharge paths which éhur_xt the MR sensing element 53
(represented as a resistor in Figs. 3a and 3b). 2as shown in Fig. 3a, a
non-linear conductai;ce device 51 connected between the MR element- leads
55 effectively shunts any discharge current around the MR element 53.
Similarly, as shown in Fig. 3b, non-linear conductive devices S7 are
connected between each MR element lead 55 and ground. It is to be noted
that the term "ground*® as used herein refers to the substrate or slider
body_ or the MR element magnetic shield elements, for example. A variable

conductance device having an anti-symmetric I-V characteristic such as



3b wth the sensor element and/or between the MR sensor el enent |eads and
tHe MR elenent magnetic shield elenents or the slider body, for exanple.
In a preferred enbodi nent, industry-standard thin film deposition processes
are used, aaoweiean2el evel, to provide prot@ctive conductive el enents,

di odes or non-linear resistors, for exanple to integrate the protective

devices with the ead catlon of the hea ernatively,
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slider body pmlrpbm-egr at ed W|th the system el ectronics, such as in a
suspensi on-arm el ectroni cs nodule, for exanple. The term "di ode" is used

here generally refey to_an ectrical devicg Vi ng, sy
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9. For a typical device, the resistance is relatively high and
decreases as the voltage across the device is increased. For voltages
greater than the MR sensing element 53 operating voltage (V ), the
resistance of the device decreases rapidly and non-linéarly w1th
increasing voltage. For example, in a MR circuit with the MR sensing
element 53 operating at a nominal voltage of 0.3 volts with a current of
10 milliamperes (mdA) and protected by a non-linear device 51 having a
voltage-current characteristic illustrated by curve 61, the operating
voltage less than 0.5 mA will be shunted by the protective device 51. If
the voltage across the MR element 53 increases above about 0.75 volts,
the majority of the current in the circuit is through the non-linear
device 51 bypassing the MR:element-53. In order for the protective
device to provide adequate protection for the MR sensing element, it is
desirable for the magnitude of éhe device copducéing resistance, i.e.,
the device "forward resistance", to be as small as practically
attainable. Preferably, the ratio of the MR sensing element resistance
to the protective device forward resistance is at least 50 to 1 thus

providing protection for the MR sensing element up to 2 kv.

Referring now to Figs. 6 and 7, Fig. 6 diagrammatically illustrates
a space-charge-limited-conduction (SCLC) device which exhibits the anti-
symmetric I-V behaviour as shown in Fig. 5. The SCLC device 60 comprises
a pair of electrodes 67 and 69 separated by a layer 68 .of suitable
semiconducting material. The preferred materials for the semiconducting
layer 68 include indium tin oxide (ITO), aluminum-doped ITO, indium oxide
(I0), microcrystalline or amorphous hydrogenated silicon (Si:H), for
example. The choice of materials for the electrodes 67, 69 is not
critical since the device properties are determined by the conduction
Properties of the in%ervening semiconducting layer 68. Tantalum {T2a),
gold (Au), Cu, Permalloy or Sendust, for example, are suitable materials
for this purpose. As shown in Fig. 7, an SCLC device 70 may be
fabricated using conventional thin film processing techniques, such as
Ssputter deposition or electro-plating, for example. A first layer 73 of
& conductive material, such as Ta, for example, is deposited on a

suitable surface such as substrate 77. The layer 73 is then suitably



SA9- 931 026 4 em ssion, aval anche or Zener _
breakdown, Pool e- Frenkel or tunneling, for exanple. I n order that
the invention may be fully understood preferred enbodi nents thereof wll
now be des®A3-88d%2%y way of exanple onlyl®with reference to the
acconpanyi ng draw ngs i n which: . Figure 1 is a sinplified block
di agram of , 4 GRAEE toC £6inS kns { Hr86 Ce1ELEID ETPONHENG 1L8PD176S6 la is0¥EIH1LON;
Figure 2 i's a cr sst-isect |tonal vi_ew %ran ereag/éendgcé iyve %“thegg %;[?I C
t r ansducersemiconductipg factexial, I 8% PRI M 19EG° 5 FBE i P TOART
i |1 ustratifgmptie ecmivendicting tlryex 8. VR serrndr lateanBhtaf anceondustdunce with
the presen,deRY&NtiOBhen deposited over the semiconducting layer 75 and patterned
to form the second electrode 69. The amount of shunting resistance
provided by the device 70 is determined by the surface area of the
semiconducting layer 75. The thickness of the semiconducting layer 75 is
not eritical, suitable values of resistance being cbtained with a T
thickness in the range of about 100 nm to 1 um. The resistance of a
device is preferable at least 10 to 100 times the nominal resistance of
the MR element thus shunting approximately 1 to 10 percent of the MR
element current at its nominal operating voltage. For example, at an
operating current of approximately 10 mA, the minimum shunting resistance
acceptable would allow no greater than about 0.3 mA leakage current
through the protective device. Dependent upon the operating
characteristics of the MR sensor and its associated circuitry, leakage
currents as great as 50 percent at the nominal operating voltage may be
acceptabie. Other wvariable con@uctance devices having suitable I-V
characteristics, such as tunneling diodes, Schottky diodes and Zener

breakdown devices, for example, can also be used as protective devices.

Referring now also to Figs. é; 9, 10 and 11, in a preferred
embodiment according to the present invention, one or more variable
conductance devices 80 are fabricated as described above integrally with
the magnetic head assembly. As shown in Figs. 8 and 9, a device 80 may
be formed on or near the surface of the final layers 42 of insulating
material which protect and cover the head assembly. A three-layer device
80 such as that shown in Fig. 6 is fabricated on a surface of one of the
insulation layers 42 and comprises top and bottom electrodes 81 and 82,
respectively, of Ta, for example, with a layer 86 of semiconducting
material, ITO, for example, formed between and in contact with each of
the electrodes 81 and 82. Electrode 81 is connected to MR element lead
83 via lead 85 while electrode 82 is connected to the other MR element
lead (not shown) via lead 87 to provide a shunt for the MR element 35 as
shown schematically in’ Figure 3a. Fig. 9 is a top view of the device 80
and the head assembly lead connection studs. As shown, the device 80 is
connected across the MR element leads 83 and 88 in parallel with the MR .
element 35. Lead studs 88 provide electrical connections for the
inductive coil 43. Fig..10 illustrates a preferred embodiment as
described with reference to Fig. 8 wherein the device 80 is fabricated at

approximately the same level within the head assembly, as represented by



Figuré 4 is a logarithmic graph illustrating the |-V characteristics for a

sanpl e MR el enent and various protective devices; Figure 5is a
graph illustrati nqg the 1-V characteristic for an anti-symetrical

non- | i near €a988cid&e device; Fi gﬂli‘e 6 is a diagramillustrating
the construction of a typical non-li.near conductive device; Fi gure

7is a di aﬁ{eaﬁhéﬁéaliaﬁétmgaé hief ARTd16ALA0BS O Fagt YIi ¢ala nop- viewahowegi ce

usi ng vacuum deposi ti on. t ec
i ew'of an e FEREIRAUKIRDE T (T8 fmgsa e tEhaYE fb ke hlrasi sty ond

preferred angddmemnetic tdhdepd eas:énpolmvemq 3 Via 91 ispfopmed YHoydl thsp

view of the gmgggaa&lh?aimQC@é 25HOMKE uPpdY GUéctrBde 81 to probigeree 10 is a
Cross- sectlonal VI ew_o

d/ t
i |l ustrati repraseting 15?%fae7r F%c#%%ﬁﬁ’lﬁ % I er’“%let%ggg‘geﬂm%vtéa | O_n?cer

With continuing reference to Figs. 8 and 10, if the substrate 31
comprises a single crystal semiconductoyr-matarial, such as single crystal
silicon, then the variable conductance devices can be formed directly in
the surface 32 of the substrate 31. For example, P-N junction diodes can
be fabricated as a first step prior to the subsequent magnetic head
fabrication process. Vias are formed in the overlaying layers as the head
fabrication process proceeds to provide electrical connections between
the variable conductance devices at the substrate surface 32 and the

magnetic head elements.

Referring now to Figs. 12a, 12b, 13a and 13b, another preferred
embodiment according to the present invention utilizes variable
conductance devices having asymmetric I-V characteristics, i.e., allowing
current flpw oﬁly in one direction, such as P-N jdnctioh diodes, Zener
diodes and Schottky diodes, for example. As shown schematically in Figs.
12a and 12b, a pair of diodes 101 connected in parallel, but reversed
polarity, are connected across the leads 55 to provide a shunt path for
current away from the MR element 53. Alternately, a pair of diodes 103
similarly configured are connected between each lead 55 and the slider
body or the MR element magnetic shields, represented as a ground
connectioﬁ in Figs. 12b and 13b. Some Schottky diodes, for example, have
a relatively low "turn-on® voltage in the range of 0.2 to 0.3 volts, and
fast response time Que to a lack of space charge buildup in the junction
region. The Schottky device is based on a metal-semiconductor junction
making its fabrication compatible with the vacuum deposition techniques

described above with reference to Figs. 6 - 1l1.

Figs. 13a and 13b are diagrams illustrating the physical
arrangement and connections in an MR read assembly wherein Schottky
diodes are fabricated integrally with the MR sensing element 53 and
conductor leads 55. The diagrams shown in Figs. 13a and 13b
corresponding to the circuits shown in Figs. 12a and 12b, respectively.
For an MR sensor element 53 having a nominal resistance of 20 Ohms and an
operating sense current of about 10 mA, the nominal operation voltage
across the MR sensing element is about 0.2 volts. To prevent degradation



SA9- 93- 026 ' 5 i Figure 11 is a top view of
the magnetic transducer shown in Figure Figures 12a and 12b
are schematic diagranms illustrating the us of di ode devices to provide
protecti on feno-a%-9% sensor in accordance %th the present invention;
Figures 13a and 13b are plan views of. an MR sensor elenent illustrating the
di sposi tion af tLQ%n%egsoﬂ%gaﬂﬁme £l ¢hé edmnsaepératEhg unesed@ andnvolt2ige,

respecti vel y‘t ve dev:.ge pr%f%f}%lgngljb&p aaﬁgaﬂdzgéé‘{ﬁnltl ié@ tahh N the

use of exterths| Pr°te°“1
percent of the MR element sense current. It has been demonstrated that a

schottky dicde 10la, for example, having a cross-sectional area at the
junction between the two elements 105 and 107, of approximately 3.3x10
4cm2 will provide a resistance at 0.2 volts of approximately 30 times
that of the MR sensing element 53. This corresponds to a circular area
about 200--# in diameter. A 50 percent slider provides a trailing edge
vertical surface area of about 425 um by 1600 pum, which would easily
accommodate the physical space requirements for both the configurations
shown in Figs. 13a and 13b. Alternatively, diodes can be deposited on

the back or upper surface of the slider which provides more available

surface area.

Alternatively, one or more variable conductance devices, such as a
pair of PLN junction diodes or Schottky diodes, for example, are
fabricated sebarately and then mounted directly on the magnetic head
slider. As shown in Figs. l4a and 14b, a non-linear variable conductance
.device 121 is mounted directly on a vertical surface 125 or the top

i f surface 123 of slider 120. The variable conductance device 121 is
electricélly connected to the magnetic head 127 and MR conductive lea&s
129 bylconductors 131. The variable conductance device 121 can be one or
pairs of reverse connected diodes connected as shown in Figs. 12a and
12b, or can be a single device having an anti-symmetric I-V
characteristic connected as shown in Figs. 3a and 3b. Alternatively, the
variable conductance devices can be mounted on the slider suspension 15
or support arm 19 (as shown in Fig. 1) or integrated with other external
circuitry on a chip or circuit board, such as an arm electronic module

chip, for example.

As is known in the art, diodes and other variable conductance
devices discussed herein exhibit finite values of capacitance. While the
device capacitance cannot be eliminated, in general the magnitude of the
capacitance can be controlled to provide desirable frequency-dependent
discharge mechanismg in addition to the DC discharge path. However,
capacitance values which provide maximum frequency-dependent protection
for the MR sensing element during the fabrication and assembly process
may interfere with the subsequent operation of the MR sensor in a
magnetic storage system. If desirable, the protective devices can be
removed from the MR sensor circuit at the conclusion of the fabrication

and assembly process by physically removing the device or by merely

-



prot'ective devices in accordance with the present invention; and

Figure 15 is a schematic diagramillustrating another preferred enbodi nent
of the present .invention. Referring nowto Fig. 1, although the
invention is d®epdi$é as enbodied in a magnttic di sk storage system as
shown in Fig. 1, it will be apparent that the invention is also applicable

to other magnetic.recor diée&ssxéa,@zﬁlé#c‘thea&eﬁcmeﬁé MRl 810G COleRE. For
system for exX%l & or ot her ap ions in which a sensor 1Is utilized to

detect a magnebaEpi¢.clg. SHOWRRR W kISP FeTReh AR M FrREY Pt *f9¥ast
one rotatable mgm&w gufifade 18 o5 san:pq).ons ethdorormespéd ttoetlis) MANell erehait behdsy
a disk drive MOk ¥ Yhdd 3k, | £25 ke Gl d19E! cobd R Unblr & WoRILH 181 LS 1y

12, each slid porting one or_nore ghetic rea vvrlte transducers
21, typically qpeflelPQ‘ et%e‘%’er eadenbt 4 é7h%&§se’-‘l'ﬁél?f’dtjﬁe?‘f other sidtaABl Sredi a
on each di sk igob8sd,heué®ran abn anl1amyilorr cienlié#r Rtekingoncentric data tracks -
(not shown) on disk 12. As the disks rotate, the sliders 13 are noved
radially in and out over the disk surface 22 so that the heads 21 nmay
access different pdefesningonovdsei sk Fiier’d  dbs preerdaca Wiskr GopgesentEach

slider 13 is ahbastienl, t ShcthedChrétbofedilibdfinbit FOMHEseE BlepdSpaiistors 133,

The suspension_15 provjd t r|n for he | ider 13.
agai nst the di* 3% %‘8'? 5%e§%f%we?agﬁ a‘ﬁ‘o sq)r gra%desl)é@ ga{a? dlt é ragnetl

act uat or neansh2gld ?ﬁemam%armh%h@raw@hémﬂeﬂeﬂe& §s rmyrmnda c?B'F?fé‘-leB) 4
motor (VCM), foE: @,as%mé £ tol oM@V ﬁﬁm&iessﬁ%aacé:ebhdmwal&ecmm BaEhJ kEsh

magnetic field ction and vel Qgity,of coi.l _nov
control | ed by sPH‘é &GP eht qul“ﬁxhtagg s)lﬁrf)lpll?leeag ByooA e ﬁo ‘|nlte3?> BEL fitan1y

have a re51stance of about 10 to 100 times the resistance of the MR
sensor element 53 thus shunting approximately i to 10 percent df the MR
element current at its nominal operating voltage. The bleed resistors
can be fabricated integrally with the magnetic head using well-known
techniques as described above with reference to Figs. 6-11.
Alternatively, the bleed resistors can be fabricated separ;tely and
externally mounted on the slider surface or with other components’and
connected to the MR sensor element leads as described above with -

reference to Figs. 14a and 1l4b.



SA9- 93- 026 : - .During operation of the disk
storage system the’"mmu'”)"m"llllémrg'Sk 12 generates an air_bearing
between the slider 13 ahd & het dissk+*surface 22 which exerts 191 Eq'iIlA]é ﬁgEN
or lift on the slider. The air bearing thus counterbal anceg] t he EEE@&EED
spring forcesa$-2@28uspensi on 15 and suppdits the slider 1

slightly above the disk surface by a small, substantially constant spacing
during operation. The various - conggiapgts of the disk storage system
are controlled in operation by control signals generated by-eentrol-—umt——-

29, such as access control signals and internal clock signals. . Typically
the control ynit 29maghgroreesstlivgiladonddenbliciconprilsdngst or a m SH ll
I

faced

m croprocessor, for exanple. The control unit 29 generates c
to control various system operations such as drive notor cont
line 23 and head PoBRERSRrafirtive ERERY rdrm et n®% on |ine 28. The control
signals on line 28 provide the desired current profiles to optimally nove

and position a Se'f C%&&&%Q%}&f&ca clgRle Rhllth A iGN E NGy

associated disk 1Z2.” Read and wite signals are conmunicated to and from
current-voltage characteristic electrically coupled to the
magnetoresistive sensor element for providing a low resistance conductive -
path bypassing the magnetoresistive sensor element for discharging static

electrical charge.

2. A magnetoresistive head assembly as claimed in Claim 1 further
comprising at least two conductive leads electrically connected to the
magnetoresistive sensor element at spaced apart positions, the
conductance means connected between two of the conductive leads in

parallel with the magnetoresistive sensor element.

3. A magnetoresistive head assembly as claimed in Claim 1 further
conmprising at least two conductive leads electrically connected to the
magnetoresistive sensor element at spaced apart positions, at least one
of'the variable conductance means connected between each of the

conductive leads and a ground reference.

4. A magnetoresistive head assembly as claimed in Claim 3 wherein the
ground reference comprises a magnetic shielding element for the

magnetoresistive sensor element.

5. A magnetoresistive head assembly as claimed in any of Claims 3 or ¢

wherein the ground reference comprises a slider.

6. A magnetoresistive head assembly as claimed in any of the preceding
claims wherein the ‘variable conductance means is fabricated integrally

with the magnetoresistive head assembly.

7. A magnetoresistive head assembly as claimed in any of the preceding
claims wherein the variable conductance device is a space charge limited
conduction (SCLC) device comprising a pair of metal electrode plates
Separated by a layer of semiconductor material, the layer of



read/wr‘i te heads 21 by neans of recording channel  25. ""The above

descri ption of a typical nagnetic di sk storage sysmgrghe&ngsgmk I
illustration of Fig. 1lmnﬂm;“ tation purpo ?W
apparent thgajg cg355 contgain a Ia i sk8_and |

actuators, and eac act uat or may support a nunber of
Referring now to Figure 2, a portion of a MR read/inductive wrlte magneti c
head 30 is smnﬂncttqzansmahgm eﬂoatqtmsrhttp earh tpfathe)mtahgelnagrm c
recording dpsiced2 such that the head air bearing surface 45 is disposed in
facing rel at lonship with and slightly above the disk recording surface.
CGeneral ly, such a head 30 includes an MR read assenbly and an inductive
wite assenBly f armerhetdrecientveheadnaiseablionsackuibed riat el Vabesthehe

substrate surfageshyniccabist Bk rhgtytbeof/asttmt ﬁ%taﬁ%ﬂ emfaggté}g trailing
end of the slider carrying the nmagnetic r ead assenbly

conpri ses a™\Releredt stigaeRement ofhy St'%tcr ‘3??ﬁﬁﬁe’f‘1r6‘e‘i1rﬁ“eﬁ riacy I g8 L£L

ni ckel - i r ontkd\ilegpraldfoynsuiatisx mapkeialnby claciam @apositdean echhigiesand
second magnetic shield elenments 33 and 37, respectively. Wile the MR
sensing el enent may conprise a single Iayer of NiFe, referred to as

Permal [ oy, frore fygnstpyesistive/esd Assegbl afeieined BoPlainsg oF Fipin Bayer
magneti ¢ St whideihetheGLdi digrisagrbiisdai astiray ayedfiofl Bantaipm, desayebesdt i n
U.S. Patent, cgﬁd%ﬁ:%’r?’l?%%&a %&g %bé?r eHPQREN Gapd HStéHn%a%m tLhg dype

described in
second layer of tantalum formed over the layer of semlconductor material,

each of the first and second layers of tantalum electrically connected to

opposite ends of the magnetoresistive sensor element.

10. A magnetoresistive head assembly as claimed in any of Claims 7 to 9
wherein the semiconductor .layer is a material selected from the group
consisting of indium tin oxide, metal-doped indium tin oxide and

hydrogenated silicon. i

11. A magnetoresistive head assembly as claimed in any of the preceding
claims wherein the variable conductance device comprises a Schottky
diode.

12, A magnetoresistive head assembly as claimed in any of Claims 1 to

10 wherein the variable conductance device comprises a tunnel diode.

13. A magnetoresistive head assembly as claimed in any of Claims 1 to
10 wherein the variable conductance device comprises a P-N junction

diode.

14. A magnetoresistive head assembly as claimed in any of Claims 1 to
10 wherein the variable conductance device comprises a Poole-Frankel

device.

1S. A magnetoresistive head assembly as claimed in any of Claims 1 to

10 wherein the variable conductance device comprises a Zener diocde.

16. A magnetoresistive head assembly as claimed in any of the preceding

claims wherein the ratio of the resistance of the magnetoresistive sensor



SA9- 93- 026 E— —f+——referred to as a spin val ve sensor
and utilizing the gia shield el enents 33 J _
generally made of a hﬂmm"ﬂ MlHiﬁ'&gnetlc material, a%ﬁéhﬁgﬁ.rﬂﬂa BﬁEN
or Sendust gag-93-p2é | oy* of ¢ alwummnu | i ggn-iron, and preyjent

interferences fromaffecting the MR el enent 35 and t her eby produ0| ng
extraneous el ectrical pul ses. Conductive |eads (as_shown in Figs. 13a and
13b), genefmEptctpfoe E‘EmarSrrﬁt"ﬁE?n"sﬁJPf aPS‘Pe"%ﬁHb%t‘i"G‘é“ﬁ’ﬁné’Fl %\?an ai® fthed
el ectrical 1easxt S0 and portions of the MR el enment 35 couple the MR el enent
to external circuitry to provide a neans for sensing the resistance of the
MR el ement. The MR read assenbly is forned by vacuum deposition techniques,
such as spiitt er Adeasmeteresistive ¥'15*?8rﬂf’l"@"““”é’n"f”f‘Fé-”’@?zn%irate 31. The vari ous
el enents of the MR assenbly are surrounded and insulated fromeach other by
| ayers 42 of i ng%a%ggrggqt @E_I alsbngglgg,ggen%l [,cpn di oxi de or al um num

oxi de, for exanple e 1nguctive Wite assén%ﬁy conprises a lower or first
pol e piece 38-and an upper or second pol e piece 40. The first and second ’
pol e pi eces 38,a#Qeakt sMdd16dd Tebighhyeprtiballe cagiedito kReerial such as
N)ggt h‘;fr g%ggoﬁsks.l%@vi Osrem é‘r 5 Qm L %o%r%\l'rli%wg %rhetl rg's'l%tcr‘i’cgegcongr‘? arge.
tips 39 arRPthlsh‘Grtﬁ‘inﬁgtlaP mgmqresg%mmﬁeaﬁor Iedepment t#earcllrﬁghsmlfracet#sic One
or nore | ayeksrd Bhegérical conductors 43, generally made of Cu, for
exanple, formthe inductive coil disposed between the first and second

18. A magnetoresistive head assembly as claimed in Claim 17 further

comprising at least two conductive leads electrically connected to the
magnetoresistive sensor element at spaced apart  positions, at least one
the bleed resistor connected between each of the conductive leads and a

ground reference.

19. A magnetoresistive head assembly as claimed in any of Claims 17 or
18 wherein each the bleed resistor has a resistance'of approximately 10

to 100 times the resistance of the magnetoresistive sensor element.
20. A magnetic storage system comprising:

a magnetic storage medium having at least one track for recording

of data;

a magnetic transducer maintained in a closely spaced position
relative to the magnetic storage medium during relative motion between
the magnetic transducer and the magnetic storage medium, the magnetic
transducer including a magnetoresistive sensor formed on a substrate

comprising:

a magnetoresistive sensor element; and This Sheet Has Been Replaced

AT

at least one conductance means

electrically coupled to the magnetoresistive sensor

element for providing a conductive path



pol e pieces 38, 40. The poles pieces 38, 40 and the inductive coil
conductors 42 are fabricated by well -known processes such as el ectro-
plating or sputter dep | e. The pol e pieces g
electrically fromthe (]IMH"luellnullmﬂm the MR read assenbl
of insul atigg-RAteA§ al . Additiondl I §, theldntire assenbly i
capping |l ayer 42 of insulating and prot ectlve mat eri al . The Neae
in Fig.2 is so | fQLr d nalternate
configuration re erreéﬁfo%as%nte?rg?ésel F aﬁg?el%%?hgoéecond MR magneti c
shield element 37 is nerged with the |nduct|ve assenbly first pole piece 38
to forma singl ealcpEefingBtaticpeléayxTe &irgef unctions is shown.in Fig. 8.
As descri bed above in the background section, static electrical charges
built up on the various conponents of the head assenbly 30 or on any

obj ect, equi pnemctyrtee meghs Fruphedie Eherdapnetd ccBrAngducet AT grovipgsey
appr oach t hagheelt agaRiicdérOto Y el AL tFadkal on @R Smaink8Ld @tot&yd Beahaad
assenbly POS the potential for serious danage to the head. These charges
are built up during the manufacturing process and during subsequent

handl i ng of the heads. For exanple, the assenbly of the head with other
conponents to pridineecduliedked ithd mametoRlsy s€AR &It £biP detecting

resistance changes in the magnetoresistive sensor element responsive to

magnetic fields representative of data bits recorded in the magnetic

storage medium intercepted by the magnetoresistive sensor.

21. A magnetic storage system as claimed in Claim 20 wherein the
conductance means comprises a variable conductance means having a non-

linear current-voltage characteristic.

22. A magnetic storage system as claimed iq Claim 20 wherein the
conductance means comprises a bleed resistor? the magnetoresistive sensor
element having at least two conductive leads electrically connected to
the magnetoresistive sensor element at spaced positions, at leaet one the
bleed resistor connected between each of the conductive leads and a

ground reference.

Sheet Has Been Replaced .
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SA9- 93- 026 8 relatively large amunts of static
el ectrical charge accunulating on the head el enents. The ell ggjg
ﬁf A AS BEEN

charges mgrate fromthe areas at which they are-generated {o bu
al ong cond§827RA=098At hs. Thus a buil dup ofl&tatic charge occ
subsequently results in a discharge from one conductive el enent across a

di el ectric, which experiences brgalaewrersSvangtdaer conductive el enent,

t he manner of a capacitive discharge. The discharge typically causes damage
by burnout or the |like at the areas of the conductive material which act as
termnals for the-discharge of the stomesfrracatic el ectri.cal energy. As

di scussed above with reference to US Patent Nos. 4,317,149 and 4, 800, 454,

t he problenms concerning_electrostatic discharge (ESD) for inductive heads
are wel | - known Z8ctHeatdy &%ﬁﬁ%ﬂvﬁa’c’wgtﬁ%gfﬂé’eﬁﬁ‘f?&d?aﬁfl&“?f?‘l]’cf’ﬁ\ﬂé f or
pr ot ect i onsbintindutlie vtaghaa&aslstwe (MR)Waérsert élrement | (360 NihiGl aagneticaehd he

magnet i ¢ pggsee;,mlgc?%,?’féb éxﬁ schidly skﬂéicagfeét%éii \éﬁL Jy Qg]t}ﬁo%lt}\g&%enapg

currents, becaus ysicall'y snmalT cross sectl sl ng

el ement i sthaMR eansay 3?13% -t i & FarteRig F%‘WP‘a?fd’evé?‘f’é’ge(WePP‘é%a TP
active sensimrpeﬁfrm-eélﬁdge dMRrakbesmiatioy lshelhaisea pdiengt lschottifie diedgs of
0.5to 20 r hei dt b i aof, 10
to 100 nan%ﬁ%t%‘r‘g}gpﬁd s g and. n(e%eil%ggncetg tpﬁalb%%r{s%ol{%‘%gg ﬁﬁhg ﬁl(?’%guel
addi tion t®ith £hendR |sepﬁy=s|q§amersq P&, batireenVRagk AR Agprcntsiengslead and a
surroundedgftind rE€ferede| &fhel MR s2Asbi BUbMrtNGadRic ¢ | sHield£ e Fbr ddxainbte ARD.

In MR read_ass nbll s of the t n%s shown |n FIAq_ﬁ:erZ and. 8, it has been

X 1sc arge cur nativel one Or more
found t hat PEUCH® g g

bleed res:.stors (133) -are connected between the MR sensor element leads

‘and a ground reference to provide the current bypass path thus allowing

any static charge to bleed off.

This Sheet Has Been Reilac
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ocaqgg‘aiong the sensing region of the MR el enent 35 when the accumnul at ed
st ati'c charge is discharged directly through the MR el emrent 35 and nay or
may not include discharge to the nagnetic shield elenents or first pole

pi ece or the body of the slider (substrate). Referring now to Figs.
3a, 3b, 4 and 5, in accordance with the present invention, a preferred
enbodi ment conprises conductive devices $1,7 57 having a non-1inear
current-voltage (l1-V) characteristic to provide conductive discharge paths
whi ch shunt the MR sensing element 53 (represented as a resistor in Figs.
3a and 3b). As shown in Fig. 3a, a non-linear conductance device 51

connect ed beg | eads 55 effectively s zpischarge
current arot el enent 53.] SImJlar as ghown i n Fpg=y %0,

non- | i near ( /] re 113@N§d bdleves ,ﬂiﬂi el emrent | ead
55 and grour to be noted [ hat CHANNBrm "dround" a §d herein

el ement magngtic shield

uct ance devhce havi ng an
h as )f SA9- 93- 126 : s
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. €
that_LrIustrated by curve 65 shown in Fig. 5 is suitable for this purpose.
Fig.'4 is a graph plotted on a logarithmc scale illustrating the |-V
characteristic curves for several non-linear devices and for a
representative MR el enment having a nom nal resistance of 30 Chns, curve 59.
For a typical device, the resistance is relatively high and decreases as
t he voltage across the device is increase@ /%or voltages greater than the
MR sensing el ement 53 operating voltage (V[err]), the resistance of the
devi ce decreases rapidly and non-linearly with increasing voltage. For
exanple, rtn a MRcircuit with the MR sensing el enent 53 operating at a

nom nal voltage of 0.3 volts with a current of 10 mllianperes (m) and
pr ot ect ed by a 1 . device 1.h i aTa =Y} 'rqge-, wrent (‘halgct eristic
i |l ustrated. by}icurie|61,|ltjhd operqd ingxtbltq lefs {han0.[5 A Wil be
shunted by thefiplr ot e¢t 1T ¢ {dqvi €€ PL| AT f nef{vioTtage OFS (T MR el enment
53 increases alhout|{fd. 45 Vol 4| thel majjorift y| of [k hejcyrrdgnt in the

' tE—YR—¢ enent 53. In

circuit is thr e rmEar jpevicy S Oygasr o THE
order for the roqec ivd|gevi cg t o} pr¢vijde Hdequal e 1’ﬁ pctli o for the MR

sensing elemerf],] ijt ils dé¢dirfabje fp] {he magnji tjudg of devijce conducti ng

resistance, i.@.}, [the¢ dgyijcd "jor\ejdjrasi sgange | 1 e ay 'l as
practically atitgi fablie. {Prlefler pg5 ¥} [t he [rat)ja df fhel]VR pensirjg el ement
resi stance e. teqtijvg deiA ¢el|f orwardiriedi sfanglelip gt Iljeast 50 to 1
t hus providin ~dtedt i dMIEdr pelhR sensi ng lellenent Q2 Wv.
Referring nowiiq Hig$. qiand 7 1o}l b di agifgmmat ca[ly | ljustjrates a
space- char ge- I{ij i tled{ conflyxqi o HCLC) devijgd whi Eh gxhipi s tjhe anti -
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synnetrlc | -V behaviour as shown in Fig. 5. The SCLC device 60 conprises a
pair’ of electrodes 67 and 69 separated by a | ayer 68.of suitable

sem conducting material. The preferred materials for the sem conducting

| ayer 68 include indiumtin oxide (I1TO, alum numdoped |ITO, indium oxide
(109, mcrocrystalline or anorphous hydro ted silicon (Si:H), for
exanpl e, The choice of naterials for the electrodes 67, 69 is not critical
since the device properties are determ ned by the conduct i on properties of
the intervening sem conducting |ayer 68. Tantalum (TA), gold (Au), Cu,
Permal | oy or Sendust, for exanple are suitable materials $ r this purpose.
As shown in Fig. 7 $h vice 70 may be faRrigdted us conventi ona
thin filmprocessi 1 i , such as sputter] deposition [

el ectropl ating, | first layer 73 of conducti ve-materi a
such as Ta, for ¢ gosited 6 a Suitdble surface such as 557

substrate 77. Th§ y hen sui t bl SA9- 93- 026
10 patterned t¢ formthe firdt el ectrddep7.

hen a layer 79 offa
sui tabl e sem confluctyzng materidl, 1TO fdr gxangle, is defdosi tled hng
71 a

patterned to fornthe jem condycting | aydeb8.
conductive mater| osited over|the | ayey 75 and -
patterned

onshe— . L
—— S—
— —
- -

FIG. 3A ) FIG 3B
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to formthe second el ectrode 69. The anmount of shunting resistance provided
by tthe device 70 is determined by the surface area of the sem conducting

| ayer 75. The thickness of the sem conducting layer 75 is not critical,

sui tabl e val ues of resistance being obtained with a thickness in the range
of about 100 nmto 1 [err]m The resistaz of a device is preferable at

| east 10 to 100 tines the nom nal resista of the MR el enent thus
shunting approximately 1 to 10 percent of the MR el ement -current at its

nom nal operating voltage. For exanple, at an operating current of
approximately 10 mA, he ntnlnuntshuntlng resi stance, accept abl e woul d al | ow
no greater than about | eakage current t hr oug 1t he protective device.
Dependent upon the operatlng characteristics of th- MR sens@§ and its
associated circuitry, Ieakage at the

nom nal operating voltage ngy-tie—aedep =3b)e conduct ance

devi ces having-suitable I-/ i
Schott ky di odes and Zener

as protective devices , 10 and 11,
in a preferred enbod ¢ S , one or nore
vari abl e conduct ance devices”80 are fabricated as desc¢yi bed above

integrally with the nagnei ¢ head assenbly. As shown i R3Figs. 8 and 9, a
device 80 may be forned on or near the surface of the final |ayers 42 of
insulating material which protect-and c Ehe head assenbly. A
three-1layer device 80 such as that shomn in ig. 6 is fabricated on a
surface of one of the insulatign Ia ers 42 and _conprises top and bottom
el ectrodes 81 and 82, respd&t Byl 8lf 086exBdpl e, with a layer 86 of

sem conducting material, | o) bet ween and in contact
with each of the electro 181 Fonnected to MR
el enment | ead - _ 45
_ ~
43 —40
| 47
; 36
32 ] 35
.
4 33
7/ 3
_ "
FIG. 8
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83 via lead 85 while electrode 82 is connected to the other MR el enent | ead
(not” shown) - vi a | ead 87 to provide a shunt for the MR el enment 35 as shown
schematically in Figure 3a. Fig. 9 is a top view of the device 80 and the
head assenbly | ead connection studs. As shown, the device 80 is connected
across the MR elenent |eads 83 and 88 in Qayqllel wth the MR el enent 35.
Lead studs 88 provide electrical connections for the inductive coil 43.

Fig. 10 illustrates a preferred enbodi nrent as described with reference to
Fig. 8 wherein the device 80 is fabricated at approxi mately the sane |evel
wi thin the head assenbly, as represented by SA9-93-026 = -

11 " the dashed line AA, as the MR elenent 35. Fig. 11 is a top view
showi ng the conponent |ayout of the device 80 relative to the head assenbly
mer ged magnetic shield and pole piece 36. Via 91 is forned through the

sem conducting | ayer 86 ang3the upper el ectrode 81 to provide a connecting
lead 87 to be connected to one of the MR elenment | eads. Wth
continuing reference to F-gsk 31 conprises a
single crystal sem conduckor material, sqgh as s%@gle crzjf
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silicon, then the variable conductance devices can be forned directly in
the®surface 32 of the substrate 31. For exanple, P-N junction diodes can be
fabricated as a first step prior to the subsequent magnetic head
fabrication process. Vias are fornmed in the overlaying |layers as the head
fabrication process proceeds to provi-de ehe rical connections between the
vari abl e conductance devices at the substrate surface 32 and the nmagnetic
head el enents. Referring now to Figs. 12a, 12b, 13a and 13b,

anot her preferred embodi nent according to the present invention utilizes

vari abl e conduct ance devi es having asymmetric |-V characteristics, i.e.,
allowi ng current flow on in one direction, such as P-N junction diodes,
Zener di odes and $chottky di odes, for exanple shomm schemat ¢ cal in
Figs. 12a and '__qf diledsss 101 connect dIn parallel, pmt*teversed

the | eads 55 fo—proyi de a shunt

pt - 53. Al t efFirad ¥ q pair gf dio
ted betmee Iedd 55 d the

polarity, are congee
current away from,

simlarly configuy
or the MR el enent i ¢l ds, repre a ground con
Fi gs. 12b and 13b. Ky di odes, r e
“turn-on" voltage in the rakge of 0.2 to 0—3 WEI and f ast 1 PONSE t iFe
due to a lack of space charg@e buildup.in the junct] n region. e Schottky
device is based on a_netal-sem conductor junction éai fabrication
conpatible with theFﬂéhuﬁ eposition techni ques de -bg bove with
reference to Figs. 6 - 11. ~Figs. 13a and 13b are di agrans
illustrating the physical arrangenent and cggnections in an MR read
assenbly wherein Schottky 5
107 . 107
: \/\\~ . v’//\/
i S AN
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di odes are fabricated integrally with the MR sensing el enment 53 and
conductor | eads 55. The diagranms. shown in Figs. 13a and 13b correspondi ng
to the circuits shown in Figs. 12a and 12b, respectively. For an MR sensor
el ement 53 having a nom nal resistance of 20 Chns and an operating sense
current of about 10 mA, the noninal operatiDhPvol tage across the MR sensing
el ement is about 0.2 volts. To prevent degradation :

CLAIMS 1. A magnetoresistive head assenbly conpri sing: a
magnet or esi stive sensor el enent having an operating voltage; and at

| east one vari abl e conductance neans having a non-linear current-voltage
characteristic electrically coupled to said nagnetoresistive sensor

el enent, said variable conductance neans providing a | ow resistance

conductive path bypassing sai d nmagnet or esistTVE SEISOT EFENENL—F0

di scharging static electrical chargeWwhen the voltao- aeT 0SS t he

magnet oresi stive el enent i ggreatef—than—sard erati ng vol t age . The
magnet or esi stive head as$ gﬁﬂl fu t her conpristng at | east
two conductive | eads elev |lzﬂ|‘|l§|"“ ed to bai d-eEQgnNet oresi stive sensor
el enent at spaced apki st one varw»abl e conduct ance

means connected between tmo 0 salc co oucti e leads in p2lallel with said
magnet oresi stive sensor el gpgnt. 3197 Th@gag oresi stive 'head assenbly as
inclaiml further conprising at |east t co ctive leads electrically
connected to said nmagnetoresistive sensor el enent at spaced

FIG. 14A
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apart positions, at |east one said variabl e conductance neans being
connect ed between each of said conductive |eads and a gr
The magnetoresi stive head assenbly as in claim3 wherein REPHA@EMENT sm
reference conprises a magnetic shielding el ement for sai 54
sensor el enment. 5. The magnet oresi stive Head assenbly fsji rkél ?m
further conprising a slider, said ground reference conprjs{ng é dey .
6. The magnetoresistive head assenbly as in claim 1 wheteln said '
vari abl e conductance neans is fabricated integrally wthfsaid _

magnet oresi stive head assenbly.. 7. The magnet or esi sti v& Tread aawnﬁbl-y-.asi
inclaim 6 wherein said vari ablwgkﬁgfﬁ‘ﬁ%vﬁﬁﬂﬂ S a

space-charge-1i m ted-conduction evice conprising a pair of netal

el ectrode %%’tt gs eparated by a | ayer of sem conductor material, said |ayer
of sem con terial being in contact with each of said netal

el ectrode pl ates. 8. The magnetoresi stive head assenbly as in claim?7
further conpri Sgl] east, one layer of insulatjing material coyering said

nmagnet or esi sti v ‘%’Itgt tcondugtiye Hrp Vices, BIOYae: HFRERNt pathshupting the "ot one
mmgnt or o BERcBreplsie KRR ARG et Y it R BARRCRRA e aD) de iGharee

Formed ove s Pkl iargls it diffhed vd BLRER RensDE BleiBHE 8 liaB! Gplsfisppoe
Second | ay oy a0 80 Fing % nEfear EHEhAoNER: HaiterisBlsthof s 3 o Scouly
sai d magnegjxesifol exfnsieEVonficisiEbtween the MR sensor element leads in parallel with the

\Ei

MR sensor element or between each MR sensor element lead and a ground reference, the MR
sensor element magnetic shields, for example, to provide a discharge current bypass path.
Alternatively, one or more bleed resistors (133) are connected between the MR sensor
element leads and a ground reference to provide the current bypass path thus allowing any
static charge to bleed off.

Fig. 8
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10. The magnetoresistive head assenbly as in claim9 wherein said
sem conductor layer is a material selected fromthe group consisting of
indiumtin oxide, netal-doped indiumtin gxide and hydrogenated silicon.
11. The magnetoresistive-head assenbly as”in claim6 wherein said variable
conduct ance device conprises a Schottky diode. 12. The magnetoresistive
head assenbly ashé nieivaigedribed eilactmistaviar daddtargenBsO) dernabldesi ce

conprises g lunoels 3Ji<p_qeth%.13 £500 qnﬁag%%é‘a%l/&}it\éeh&?&d 288 SR JodtehBed

claim6 wherein sald varl abl e conductance device £01 ﬁ{ﬁ a4P-3}l7leagct i on
di ode. 14.37h&HaENeSorBEIAS have1 58 RESBARY &8 Si'n® % WHérein said
vari abl e candiiebasca dedueriveonsdd besiry Pooitedfschakes mtw cforme§ byTltbe

magnet or es s\i‘él&?qgf BSREHR Ye %t‘e?lg Qh mhelré‘@@ﬁgé oS ah dinsnhadle laﬁer

conduct anc EVI ce conprises a Zener . %get or esi ?t | \éef
assenbly a%° ithag| hemsbatig tﬁi@f’t@d’nﬂ?'?%*ﬁﬁge FidEiofsPr Whidgedtrdisptaced trom
conduct ancendTRA6id PYLETLIR &Ek @apasreax herthal sSidet acier beasinigdsetfager. 17.

The magnet&r%eSIPsE Ve b}gea? S8 | % s850dd & allg&c'ltlwgeﬁeeajdna;;@nbrlgtd,&rgfmt he

resi st ance sard magneforedistive sensor element to the forward
resi st anceths nganﬁtwppéblmesenm?cﬁhﬁo’éldﬁﬁ%’@ yindipg | igaspunied o 1theig. A

magnet or eséﬁtde\fetb%adoaﬁ&mayg&wams|sagt1c electaifbgRetes egiishi nay dehbdr '
el ement ; e smé&,@m %gndeuc Ve, 8248 18LE GG JéC@lu ¥ §RUHEGIA Hignt he

magnet or esfRt i o B3 pect Ve spackd apart positions;
at | east ofrrwirdesnd gevetrss vebm@cﬁeepaoepmé\ﬁowbﬁ Bsivhe Haductive | eads
and a ground reference, thereby to provide a high resistance discharge path

shunting the magnet oresi stive sor el enent f d| sch |
el ectric char geg‘a‘:{’g‘e °ﬁeﬁhﬁ’n‘é’50? i §PPVEhEa” ais)l;err%‘l"i/ %83%%?%%%1%8151
17, wher ei wsefmdhaofreakice béngats r s mgmtgcha@nadm@gﬁst%ﬂmelﬂ%efm about

10 and 100rééc|§ﬁ§n§ Qfensgéiég,.an@ﬁe QIR i‘&-ﬁi sensor provides a higher output signal
than an i;nductive read head. This higher output signal results in a
highé—:r signal to noise ratio for the recording channel and thus allows
high,er .areal density of recorded data on a magnetic disk surface to be
achi!eved. As described above, when an MR sensor is exposed to ESD, or
even a voltagc.a or current input larger than that intended under normal
operating conditions, referred to as electrical overstress or EQS, the MR
read sensor and other parts of the head may be damaged. This sensitivity
to electrical damage is particularly severe for MR read sensors because
of these sensors’ relatively small physical size. For example, an MR
sensor used for extremely high recording densities will have a cross-
section of 100 Angstroms (A) by 1.0 micrometers (Mm) or smaller.
Accidentai discharge of voltages of only a few volts through such a
physically small resistor is sufficient to produce currents capable of
severely damaging br completely destroying the MR sensor. The nature of
the damage which may be experienced by an MR sensor varies .significantly,
including complete destruction of the sensor via melting and evaporation,
contamination of the air bearing surface, generation of shorts via
electrical breakdown, and milder forms of damage in which the head
performance is stilI; degraded. This type of damage has been found to
occur during both processing and use and poses a serious problem in the

manufacturing and handling of magnetic heads incorporating MR read
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magnet or esi stive sensor elenent. 20. A magnetic storage system conpri sing:
a magnetic storage nediumhaving a plurality of tracks for recording of
dat a; a magnetic transducer maintained in a closely spaced position
relative to said magnetic storage nmediumduring relative notion between
sai d magnetic transducer and said nmagnetic storage nmedium said magnetic
t ransducer |nclud|ng a magnetoresi stive sensor forned on a substrate
conpri si ng: In a2 nfixsh caspeddsi the | inventions prodiesnanmagaetorggistive ob@datassc;glbly
vol t age; and . at least one variabl e _conduct ance nmeans having

non- | i near EQFFPQFFngcﬂ MAGREtIRSiptive: sepsa: Glement having gy QWraéﬁ'ﬂp‘fOéfégQ cangagtdeast
-magnet oresi stive Egorpgl enent said. variable

16 dconduct Rt ev t’t‘ﬂcﬁgmﬁarfso%?’é‘gh gtﬁifbgn%n%qt\)@hﬁ%ﬁ Iﬁ’hﬁﬂaﬁtégﬁ'i“hg

when tha. voPEaRisalY $BubRie" ﬁrﬁdgﬂ’a"?% PSP oo oiid SarPfe pindicfiled, O
for ﬁé'vf‘ﬁgvgiag@gﬁ%’g}h%‘% B iy B ‘R’?E’%’e@l’? %@éﬂ% L
storage nmedifdfienfNfbr stﬁﬁ’é'%l@&rﬁ:ﬁ QhES v5itdgee a%%orthé or

detecti ng resi stance c ang S 1n sald magnetore IStIVE sensor

responsi ve hfagfi@efRistive bleflefbis'RO4t@S®R 84ill \YPeratingl 9bkagel t s recor ded in said
magnetic storage nedi umintercepted by said magnetoresistive sensor. 21.
The magnet i cf st i ageecond! aspeats the i@ention2 Broviies ed MmigiRtorédistiveOheddh @ssembly
resi stance o

comprising: a magnetoresistive sensor element; at least two conductive leads electrically

connected to the magnetoresistive sensor element at respective spaced apart positions; at
least one bleed resistor connected between each of the conductive leads and a ground
reference, thereby to provide a high resistance discharge path shunting the
magnetoresistive sensor element for discharging static electric charge.

In a third aspect, the invention provides a magnetic storage system comprising: a
magnetic storage medium having a plurality of tracks for recording of data; a magnetic
transducer maintained in a closely spaced position relative to said magnetic storage
medium during relative motion between said magnetic transducer and said magnetic
storage medium, said magnetic transducer including a magnetoresistive sensor formed on
a substrate comprising: a magnetoresistive sensor element having an operating voltage;
and at least one variable conductance means having a non-linear current-voltage
characteristic electrically coupled to said magnetoresistive sensor element, said variable
conductance means providing a low resistance conductive path bypassing said
magnetoresistive sensor element for discharging static electric charge when the voltage
across the magnetoresistive element is greater than said operating voltage; actuator
means coupled to said magpetic transducer for moving said magnetic transducer to
selected tracks' on said magnetic' storage medium; and means coupled to said

magnetoresistive sensor for detecting resistance changes in said magnetoresistive sensor

REPLACEMENT S'{EFT
17 JAN 1998




sai d magnetoresi stive sensor elenent to the forward resistance of said

vari abl e conductance neans is at least 50 to 1. 22. The nagnetic. storage
systemas in claim?20 wherein said variabl e conductance neans is fabricated
integrally with said magnetic transducer. 323. The magneti c storage system
as in claim?20 wherein said magnetic transducer further conprises a slider,
sai d vari abl e conductance neans being nounted on an external surface of

sai d sl i der clepent TespoRsiypcto Magneticy icldsy sepseseptative, of| datm bits wprordadn in ogaig
vari abl e conduct ance nean _is,nnunteg extﬁrnall to said nmagnetic

t r ansducer . M#gnete,Horage medium intercepred by spid magneforesistive §¢B52T-wher ei n sai d
vari abl e conductanc ans | unt ed. on_a suspensi.o nber, ..sai .
suspensi on manbgrf asff’ﬁ%@‘rﬁpﬁ&ts’stg?dn &P%“’?‘F%ﬁsa’ﬁ@’é’a g’?o‘?ﬁog% Q@Fﬁgﬁ ¢
means. 26. netl.g orgage.s k0. cl.al Zéixﬁtgfr' | d varj.aple
conduct anceaggh#ﬁ?eg%%‘fc&hwftaﬁ (a:li)rﬁzEI rogé}%lg%t (%%lsg}xtern figﬂg%tfo& n%tgnsgﬁiljc
transducer . ndinetdRRisiiod S&dsbf afid Q4 $hadh | | ' \
magnet or esi s;%{l/ee selr?sor e ke)man(% f‘ﬁ?ﬁ?@ conpr%isasd_gga sg%@lga%&a@mgag%&n%ﬁ%ﬁ%
leads el ect §dngad |in GORPMRAERT stdtagei sYstefm NGHE®" BAgHRIdr¥dstRRNS&sof | WitsifY a
spaced positions, said variable conductance nmeans bei ng connect ed bet ween
two of sai dmagneiorsistiee kRIS elemeptliptingin vpdrhtigaveitagaothe trasthsd Sorptisifg fsOr
el ement. 28. The magnetic storage systemas in claim20 wherein said

magnet or esi steps/ef: sprigiding htleasttone watiable condgetince sneans havisg a tmon-lneadeurtent-e

| eads electrically connected to said magnetoresistive sensor el ement at
spaced apar Yolfagei chagaeteristic; rennecting said At deash one yariable ronduciance mesas g0 fseidng
connect ed between each of said conductive |eads and a ground reference. 29.
The magneti HlaEF?iP‘Ef@@Ug?sﬁ%?faselFme’éq Afmseld \ipgnetoresistive $@SPhb|said variable

conduct ance nmeans conpri ses a a ace- hargre-_l [ m'ted-&on.ducti n.(SCLC) deyjce’
conpri si ng ﬁorlﬁlﬁansq eans providing a low Tesistance conductive path bypass said

magnetoresistive sensor element for discharging static electric charge when the voltage
across the magnetoresistive eclement is greater than said operating voltage; and
disconnecting said at least one variable conductance means from said magnetoresistive
sensor element at a desired point prior to completion of said subsequent handling and
assembly of said magnetoresistive sensor in said magnetic storage system.

The present invention reduces damage to an MR sensor caused by discharge of
static electricity through or electrical overstress of the MR sensor element and other
transducer components. Non-linear conductive elements are integrated into the
construction of the magnetic head or externally attached to the magnetic head to provide “
EOS and ESD protection by shunting excessive current away from the MR eleinent and
other critical head components. A thin film magnetic transducer is provided comprising
an MR read elefnent wherein one or more electrical conductive elements, diodes, for
‘example, having a non-linear current-voltage characteristic provide a low-resistance,
conductive path bypassiﬁg the MR sensor element for conducting spurious static
electrical chargé away from the MR sensor element. In accordance with the present

invention, the conductive elements are connected across the MR sensor leads in parallel
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nmetal electrode plates separated by a | ayer of sem conductor material, said
| ayer of sem conductor material being in contact with each of said netal
el ectrode plates. 30. The nmgnetic storage systemas in claim20 wherein
sai d variabl e resistance conductance nearb conpri ses a Schottky di ode. 31.
The magnetic storage systemas in claim20 wherein said-variable
conduct ance neans conprises a tunnel diode. 32. The netic stor tem
as in clai Vit theeasoy @amamvaﬁ}am “’Yﬁ?ﬁd&t%é‘*‘ﬁ@é%@%&%ﬂ?‘i‘ egmg%% @fﬁ
junction diqde. 33. A.nethod.for proyidi. | ect.rostatic di scharge
prot ecti on eﬁgpe%t TRETEE Sﬁg@dé?mwggﬁﬁ’fcfhla%ﬁ?ﬁgtf raedﬁaﬁgget‘i on of said
magnet or esi sti ve sensar an u ngl S ¥ Of '

v@ 308 :re?ne%él?o:@gﬁrﬂ b7 Hus{}g@%hﬁq fifm Ll%igg rpg?@ésges are

magnet or esi st etiC Storage system sail oresi stive

sensor ComMised AP vAIPRIEL %fgﬂo?ﬁgvg?%gﬁ%?ﬁdlﬁﬂ?@%leﬁféﬂ@Qli@({és()(lﬁehéﬁ-liﬂgar

vol tage, the conprisi ng. ( providing at |east one
vari abl e CoREGFaNfs e,NRY ifdEorite"Bi8- ploRRAve @eVicd withV Blet MIC head during
characteristic; connecting said at 1east one variabl e conduct ance

means to SaBrifRRCLPIRE Hehd Ve AlRhmtively| alisvréte oélements, swgnas alieddss trase be
sensor, said variable conductance neans providing a | ow resi stance -
conducti ve gathedinassifag ofthelslideg bety oe stegrated watinthe systemradectronis, such as

di scharging static electric charge when the voltage across the

magnet or esiista wespehsior armi elegiramdsemodlan fora¢xampiser dherigrny oidiasige ;is a8l here

di sconnecting said at |east one variable conductance neans from sai d

magnet or esi gemeradlystorrefer te payrelectrigal devirshaving syiiable ngpiligean Qurreatnyeliage - Vor
sai d subsequent handling and_assenbly of said maggletoresi sii ve .sensor irl]l
sai d magnet¢haractesistigs §‘§F§t as1P-N junction diodes and trafisistors as well as dev1qes whic,

operate by other mechanisms, such as space charge limited conduction (SCLC), Schottky
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SA9- 93-026 16 elenent to the forward resistance of
t he vari abl e conductance neans is at least 50 to 1. 17. A

magnet or esi st [mm "i r“)“ conprising: a magnet oresi stive
sensor el errenl ml III ﬂ | east one W eed resistor electrjcally

coupl ed to the*magnetoresissti*ve sensor el ement for providing a high

resi stance di scharge path shuntl ng theQEgIMSor esi stive sensor el enent for

di scharging, static el ectric magnet or esi stive head assenbly
as cl ai rredg4- C}“MI‘EEPI‘FW{VF? ‘i%?ﬁ@%ﬂﬁ?&lpﬂm}geast two conductive |eads

el ectrical ly connmghetdresistivdsensor element having an operating voltage; and -
at least one variable conductance means having a non-linear current-voltage
characteristic electrically coupled to said magnetoresistive sensor element, said variable
conductance means providing a low resistance conductive path bypassing said

magnetoresistive sensor element for discharging static electrical charge when the voltage

across the magnetoresistive element is greater than said operating voltage.

2. The magnetoresistive head assembly as in claim 1 further comprising at least two
~ conductive leads electrically connected to said magnetoresistive sensor element at spaced

apart positions, said at least one variable conductance means connected between two of

said conductive leads in parallel with said magnetoresistive sensor element.

3. The magnetoresistive head assembly as in claim 1 further comprising at least two

conductive leads electrically connected to said magnetoresistive sensor element at spaced

apart positions, at least one said variable conductance means being connected between

each of said conductive leads and a ground reference.

4. The magnetoresistive head assembly as in claim 3 wherein said ground reference

comprises a magnetic shielding element for said magnetoresistive sensor element.

5. The magnetoresistive head assembly as in claim 3 further comprising a slider, said

ground reference comprising said slider.

6. The magnetoresistive head assembly as in claim 1 wherem said variable

conductance means is fabricated integrally with said magnetoresistive head assembly.

7. The magnetoresistive head assembly as in claim 6 wherein said variable

conductance device is a space-charge-limited-conduction (SCLC) device comprising a

pair of metal electrode plates separated by a layer of semiconductor material, said layer

of semiconductor material being in contact with each of said metal electrode plates.

8. The magnetoresistive head assembly as in claim 7 further comprising at least one

layer of insulating material covering said magnetoresistive element, said SCLC device

being formed on a surface of one of said layers of insulating material by vacuum

deposition.

9. The magnetoresistive head assembly as in claim 8 wherein said SCLC device

comprises a first layer of tantalum, a layer of semiconductor material formed over said

first layer of tantalum and a second layer of tantalum formed over said layer of

semiconductor material, each of said first and second layers of tantalum being

electrically connected to opposite ends of said magnetoresistive sensor element.
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magnet oresi stive sensor elenent at spaced apart positions, at |east one the
bl eed resistor connected between each of the conductive | eads and a ground

r ef er ence. 19. liglli ve head assenbly as clainmed in any of
Clains 17 or 18 mmmﬂlwmwﬂr"“l'bl eed reﬁEltstor has a resistance of
approximately 10 fo 4100-ti"re$ t ke resi stahte of the nagnetoresistive sensor

el ement . 20. A magnetic storage system conprising: ) _a magnetic
st or age nmedi@m Wheimagnetorpsistive baad assenoklyfasy in glaind? rwhes¢in dsaich semiconducter

magnet i c tr pRsAUCE mdiBridl RicBRE frdn Ine Roup! onSRARE Of BRI B oXifl hkeE dbfed Ne

magneti c stofage jredi.ym dyyi rel at|ve, notion between the magnetic
t ransducer %‘a&@%&&ﬁ%@gﬁ%ﬁ siHe@Mum  t he magnetic transducer

i ncl udi ng albagThé onmaghetbresiBtiee read hsenbly 8 dn Selbisd I 6t WheRIPIdafd Nekriable
ﬁegﬁgnet or eé&f&k&%céﬁ@v%@éco%ﬁm D ;Scﬁ&'ﬂ(y diode. at | east one conductance
: 12. The magnetoresistive head assembly as in claim 6 wherein said variable

conductance device comprises a tunnel diode.
13. The magnetoresistive head assembly as in claim 6 wherein said variable
conductance device comprises a P-N junction diode.
14. The magnetoresistive head assembly as in claim 6 wherein said variable
conductance device comprises a Poole-Frankel device.
15. The magnetoresistive head assembly as in claim 6 wherein said variable
conductance device comprises a Zener diode.
16. The magnetoresistive head assembly as in claim 5 further comprising a slider, said
variable conductance means being mounted on an external surface of said slider.
17. The magnetoresistive head assembly as in claim 1 wherein the ratio of the
resistance of said magnetoresistive sensor element to the forward resistance of said
variable conductance means is at least 50 to 1.
18. A magnetoresistive head assembly comprising:

a magnetoresistive sensor element;

at least two conductive leads electrically connected to the magnetoresistive sensor
element at respective spaced apart positions;

at least one bleed resistor connected between each of the conductive leads and a
ground reference, thereby to provide a high resistance discharge path shunting the
magnetoresistive sensor element for discharging static electric charge. _
19. "A magnetoresistive head assembly according to claim 17, wherein each of the -
bleed resistors has a resistance of between about 10 and 100 times the resistance of the
magnetoresistive sensor element.

20. A magnetic storage system comprising:

a magnetic storage medium having a plurality of tracks for recording of data;

a magnetic transducer maintained in a closely spaced position relative to said
magnetic storage medium during relative motion between said magnetic transducer and
said magnetic storage medium, said magnetic transducer including a magnetoresistive
sensor formed on a substrate comprising:

a mdgnetoresistive sensor element having an operating voltage; and

at least one variable conductance means having a non-linear current-voltage

characteristic electrically coupled to said magnetoresistive sensor qlement,_smd_xa.uablg____
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el ectri cal | y coupted-to—the—nagnetoresistive sensor el enent for

providing a cond SA9- 93 026 bypassi ng the
magnet or esi sti ve m“ lﬂl IBM Iu!) di scharging static electric
char ge; upl ed to he magneti c transducer for

novi ng the magnetic transducer to sel ect el tracks on the magnetic storage

medi um and means coupled to the magnetoresistive sensor for
det ect i ng . conductance means providing a low resistance conductive path bypassing said

magnetoresistive sensor element for discharging static electric charge when the voltage
across the magnetoresistive element is greater than said operating voltage;’
actuator means coupled to said magnetic transducer for moving said magnetic
transducer to selected tracks on said magnetic storage medium; and
means coupled to said magnetoresistive sensor for detecting resistance changes in
said magnetoresistive sensor element responsive to magnetic fields representative of data
bits recorded in said magnetic storage medium intercepted by said magnetoresistive
sensor. _
21. The magnpetic storage system as in claim 20 wherein'_the ratio of the resistance of
said magnetoresistive sensor element to the forward resistance of said variable
conductance means is at least 50 to 1.
22. The magnetic storage system as in claim 20 wherein said variable conductance
means is fabricated integrally with said magnetic transducer. .
23. The magnetic storage system as in claim 20 wherein said magnetic transducer
further comprises a slider, said variable conductance means being mounted on an
external surface of said slider.
24. The magnetic storage system as in claim 20 wherein said variable conductance
means is mounted externally to said magnetic transducer.
25. The magnetic storage system as in claim 24 wherein said variable conductance
means is mounted on a suspension member, said suspension member supporting said
magnetic transducer from said actuator means.
'26. The magnetic storage system as in claim 24 wherein said variable conductance is
integrated with circuitry mounted external to said magnetic transducer.
27. The magnetic storage system as in claim 20 wherein said magnetoresistive sensor
element further comprises at least two conductive leads electrically connected to said -
magnetoresistive sensor element at spaced positions, said variable conductance means
being connected between two of said conductive leads in parallel with said
magnetoresistive sensor element.
28. The magnetic storage system as in claim 20 wherein said magnetoresistive sensor
element further comprises at least two conductive leads electrically connected to said
magnetoresistive sensor element at spaced apart positions, at least one said variable
conductance means being connected between each of said conductive leads and a ground
reference. _ ) '
29. The "magnetic storage system as in claim 20 wherein said variable conductance
means comprises a space-charge-limited-conduction (SCLC) device comprising a pair of
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resi stance changes i n the magnetoresi stive sensor el enent responsive to
magnetic fields “Ml ' data bits recorded in the magnetic
storage nediumi ﬁmm’m,l(’ magnet or €si stive sensor. 21. A magnetic
storage system as* clt@i red®i nsClal m 20 wherei n t he conduct ance neans
tonprises a variable conductance nmeans having a non- linear current-voltage

characteristli . | [ ol . Al

wher o1 1t hetglh lecfite Sl 185uEa M0k Wfers Y sEfcBT | ARRr Saidifef ot
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.positions, at |east onhe the bl eed _resistQr. connected between each of the
conduct i ve PRIKYSIaBSRIMSARS COMPYISESE §91%q§@:¥.d?ode.

31. The magnetic storage system as in claim 20 wherein said variable conductance
means comprises a tunnel diode.
32. The magnetic storage system as in claim 20 wherein said variable conductance
means comprises a P-N junction diode.
33. A method for providing electrostatic discharge protection for a magnetoresistive
sensor during fabrication of said magnetoresistive sensor and subsequent handling and
assembly of said magnetoresistive sensor in a magnetic storage system, said
magnetoresistive sensor comprising a magnetoresistive sensor element having an
operating voltage, the method comprising the steps of:

providing at least one variable conductance means having a non-linear current-
voltage characteristic;

connecting said at least one variable conductance means to said magnetoresistive
sensor element of said magnetoresistive sensor, said variable conductance means
providing a low resistance conductive path bypassing said magnetoresistive sensor
clement for discharging static electric charge when the voltage across the
magnetoresistive element is greater than said operating voltage; and

disconnecting said at least one variable conductance means from said
‘magnetoresistive sensor element at a desired point prior' to completion of said subsequent
handling and assembly of said magnetoresistive sensor in said magnetic storage system.
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