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The present invention relates generally to data storage systems

and, more particularly, to a magnetic disk storage system'in which the
magnetic transducer is mounted on a slider in physical contact with the

storage medium at operating speed.

In magnetic storage systems, an information bit is stored by
applying a magnetic field to a small volume on the disk to align the -
ﬁagﬁetic domains in that volume to a desired orientation. In such
storage systems, the demand for increased storage capacity is presently

being met by increasing the areal bit density on the storage disk.

_ In magnetic disk sto%age systems, increase of areal bit density
requires the reduction of three basic parameters, the magnetic write
transducer (head) gap leégth, the thickness of the magnetic storage
media and the head to disk separation. Given a specified gap length and

- media thickness, the smaller the head-~disk separation, i.e., the lower

| the head flying height, is, the smaller the bit cell size which can be
achieved is. The limit of lower flying height is contact recording, in
thch the slider is in physical contact with the rotating magnetic disk,
i.e., the slider is sliding or rubbing continuously on the disk surface
and the read/write transducer is as close as the edge of the slider can
be to the disk surface. U.S. Patent No. 4,819,091 to Brezoczky et al,
assigned to the instant assignee, discloses a magnetic contact recording
system comprising a mégnetic read/write head mounted on a slider
fabricated from a single crystal material which is in physical contact
with the rotating storage medium. A tribo-attractive force is generated
between the moving disk surface and the slider which counteracts the

. lifting force generated by the moving air layer adjacent the disk
surface and which allows contact recording and reading of data without
excessive wear to either the magpetic head and slider or the recording

medium.



| ower the head flying height, is, the smaller the bit cell size which can
be ach:eved is. The Iimt of lower flying height is contact recording, in
which the slider is in physical contact with the rotating nmagnetic disk,
i.e., the slider is sliding or rubbing continuously on the disk surface and
the read/wite transducer is as close as the edge of tThisSkdeiliheBesa®Rapitedt O

t he di sk s%,HJ_gfg U.S. Patent No. 4,819,091 to Br ezoczgﬁwmmgia ned to
t he i nstant” assi ghee, discloses a nmagneti“"c contact rec

conprising a magnetic read/ wite head nounted on a slider ftabri froma
single crystal material which is in physical contact with the rotating
storage nedium- A tribo-attractive force is generated between the noving
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surface of a rotating magnetic dgsk. The slider is suspended over the

rotating disk by a set of gimbal arms which include a leaf spring means
to impart a rotational force to the slider to bring'a trailing portion
of the slider air bearing surface into contact with the moving magnetic
disk surface. A magnetic head is located on or embedded in the face of
the slidef trailing edge with the surface of the magnetic head near to
but not in contact with the disk surface to prevent wear of the head
surface. Wear of the slider contact surface and the disk is minimized
by use of a disk lubricant and reduction of the disk rotational speed.
It is an object of the present invention to provide a high density,
contact recording system for a moving magnetic storage system which
permits the magnetic transducer to be maintained in contact with the
moving recording medium in differing conditioné of transducer loading
and disk speed without excessive wear of either the magnetic transducer

or the recording medium.

According to the inventor there is provided a magnetic disk storage
system comprising a magnetic storage medium comprising a rigid substrate
having a layer of magnetic storage material thereon; a magnetic
transducer and means for supporting said magnetic tfansducef in physical
contact with said magnetic storage medium, said support means comprising
a substrate of material having a load versus friction characteristic
that is non-linear in the negative load region; and means coupled to
said magnetic storage medium for rotating said magnetic recording medium
and producing relative motion between said magnetic storage medium and
said magnetic transducer up to a selected operating speed sufficient to
generate a restoring force responsiQe to said load versus friction
characteristics of said support means, said restoring force having a
mégnitude sufficient for maintaining said magnetic transducer in
substantially physical contact with said magnetic storage medium at said

selected operating speed, whereby data can be written or sensed without



di scl oses a rotating magnetic disk storage systen1mhere|n a trailing edge
of* a sl*der is maintained in contact with the Su;%?g?ﬂgi_ijJﬂjuA4ﬂ}
magneti c di sk. The slider is suspended over the a |ng di sk qﬂset of
gi nbal arns which include a | eaf spring [err] Has

rotational force to the slider to bring a tralllng “ sllder
air bearing gyr aﬁg I nto contact with the noving na face A
magneti c he§ @ated on or enbedded 71 the face o t he sllder trailing
edge with the surface of the magnetic head near to but not in contact with

the disk surface to prevent wear of the head surface. Wear of the slider
contact surface and the disk is mnimzed by use of a : -

excessive wear to either said magnetic transducer or said magnetic

storage medium.

There is further provided a magnetic transducer for use with a
magnetic storage medium, comprising magnetic head means for recording
and/or sensing data on a magnetic storage medium; and substrate means
maintained in physical contact with said magnetic storage medium, said
substrate means comprising a crystalline material having a high
resistivity, high thermal conductivity and a low coefficient of
friction, said magnetic head means formed on a surface of said substrate
means in close proximity to a major surface of said magnetic storage

medium.

In a preferred storage systeﬁ embodying the invention the magnetic
read and/or write transducer or h?ad is mdunted on a slidgr suspended
from a support arm such that the slider is maintained in physi?al
contact with the moving magnetic storage medium (magnetic disk).
Relative motion between the slider and the magnetic disk generates a
tribo-attractive restoring force sufficient not only to overcome the
lifting force generated by the moving surface film of air, but also to
counteract any perturbing force tending to separate the slider from the
disk surface. Thus, a very steady average slider-disk separation is
maintained, fluctuating within only several nanometers (nm) with respect
to the disk surface. At least one magnetic read and/or write head is
positioned on the slider in close proximity to the slider contact
surface. Since the slider is in contact with the disk surface, the head
to media separation is dictated only by the thickness of the protective
layers over the magnetic recordingnlayer, i.e., the magnetic medium, and
the relative flatness of the magnetic disk. Commercially available,
state-of-the-art magnetic disks have local variances in surface flatness
of 20 nm or less and protective overcoat layer thickness of 40 nm or
less, if any. Thus, it is relatively easy to achieve head-to-medium
distances of less than 60 nm. Additionally, since the slider is in
physical contact with the magnetic disk surface, variations in the head

height during operation are minimized. Thus, by utilizing a magnetic



di sk lubgicant and reduction of the disk rotational speed. It is an object
of the present invention to provide a high density, contact recording

system for a noving magnetic storage system whi ch permts—the magnhetic
transducer to be.maintained in contact with the moving,f@cQdl g pe i%m in
differing conditions of transducer | oading and di sk sp ssive
wear of eitAterltdRe magneti c transducer of The recordi n%ﬂiﬁm j]u di'ng
to the invention there is provided a magnetic disk sto 1

conprising a magnetic storage nmedi um-conprising a rigid substrate having
| ayer of magnetic storage material thereon; a nmagnetic transducer and a

contact sljadgr dé@fcesup&%&hﬁg sghd p &t kﬁvew’t%%,d,teﬁérdé g physi gfl contact
w th said magnetic storage, .§IUWllsal contact slider conprising a
subst r at e YMSHAY eFaabe EdgPificant badnoesased: f Apcadditiemardas? conshks cashiy i s

non- | i nearrdaa Ehsh RBBadMEtiO2EcsRANGNurdhek BRAAR magRitad &xsai d magnetic
storage nediumfor rotating said magneti c storage nedi um and produci ng
Since the tribo-attractive force generated by the relative mbtion

between the slider and the magnetic disk surface in sliding contact
overcomes the lift generated by the moving air layer immediately
adjacent the disk surface, the requirement for a positive external load
on the slider is eliminated. Additionally, because the tribo-attractive
force actually behaves in the manner of a restoring force, such as, for
example, the restoring force of a spring, any force tending to lift the
slider from the disk surface is countered with an increasing
tribo-attractive forcg. Thus, when any disturbing force, for example,
resulting from disk asperities or runout, which tends to separate the
slider from the disk surface, the tribo-attractive restoring force
maintains the slider in contact with the disk surface. BAnother benefit
of this tribo-attractive restoring force is that the slider may be
operated with a zero or negative external loading thus providing minimum
frictional loading at the slider/disk surfaée interface minimizing wear

at the slider and disk contact surfaces.

Typically, prior art moving magnetic storage systems, Winchester
drives, for example, use the "start and stop in contact mode," i.e.,
when the disk is sfationary, the slider rests on the disk surface. When
the disk commences rotation, as an air bearing is developed between the
slider and the disk surface, the slider "takes off and flies" above the
disk surface.. When the rotation of the disk is stopped, the slider
iands and comes to rest on the disk surface. As disk surfaces become
‘increasingly smooth, an'increasing problem of stiction between the
slider and the disk surface is being encountered with mode of operation.
This problem is manifested in the requirement for high starting torque
of the disk rotation motor to initially "break" the slider loose from
its “at rest" condition on the disk surface. This problem"}s
exacerbated by the positive external loading on the slider required to

counteract the lifting force created when the disk is rotated. 1In a



relatlve notion between said magnetic storage nedi um and said contact
stiderfup to a sel ected operating speed sufficient to generate a restoring
force responsive to said | oad versus friction characteristics of said
contact slider, said restoring force having a nagnltude suff|C|ent for

mai ntai ning a surface of said contact slider in subdp

contact w Gh9-9dr@3&mgnetic storage nmedium at said sel g speed
wher eby said nagnetic transducer is maintained in cl o said
magneti c storage nmedium and data can be witten or sensed Wi t hout excessive
wear to either said contact slider or said nmagnetic storage nedium The
magnetic di sk storage systemis-characterised in that said material ..
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slider being suspended above the disk surface when the disk rotation is

stopped; i.e., no relative motion between the slider and the disk.
Further, the slider is mounted to its suspension arm such that it is
tilted slightly allowing a forward or leading tip or corner to be in
very light contact with the disk surface. The stiction forces generated
by this point contact are of negligible magnitude and disk rotation is
easil& started. As rotation-is commenced and the disk comes up to its
operational speed, the point contact allows the generation of _
triboelectric charge which propagates over the bottom contact side of
the slider. When sufficient charge has been generated over the slider
contact surface, the resulting tribo-attractive force pulls the slider
down onto the disk surface such that the slider contact surface is
parallel to and in physical'contact with the disk surface. As described
above, as long as the disk continues to rotate above a threshold speed,
the slider is maintained in physical contact with the disk surface with
zero or slightly negative-externel loeding on the slider. When the disk
rotation is ceased, the slider lifts and tilts‘up again with only the
slider forward tip in contact with the disk surface as the disk becomes

stationary.

Brief Description of the Drawings

The foregoing and other objects, features and advantages of the
present invention will be apparent from the following detailed
description of a preferred embodiment of the invention, reference being

made to the accompanying drawings, in which:

Fig. 1 is a perspective view of a contact slider supported on a
rotating storage disk in accordance with the principles of the present

- invention;

Fig. 2 is a graphical diagram illustrating the frictional force

versus external load on a selected slider as shown in Fig. 1;



3 between sai d storage medium and said nmagnetic transducer so that said
t¥ahsducer is maintained in contact with said storage mediumduring said
relative notion and high density recorded data can be reljab 1V\@ditten on
and sensed fromsaid recording nedium There is flis ask a magnetic
transducer %% §$ wi th a magnetic storage nedi um gnetic head
means f or “Pecor g and/ or sensing data®nmn a magn dium and a
slider for supporting said nagnetic head in close proximty to a major
surface of said nmagnetic storage nmedium said magnetic head formed on-a
surface of said slider, said slider conprising a substrate have a surface

t hereof main ed; i Y I ce of

t he magnetic stgrg égni lmﬁnﬂ%tl%g Lziuo(t‘)‘ﬁgtra ggﬁa%%fe%: Ktc{ka%%?j d'IEH[ gﬁg%cgrsus
friction éheﬁaaetevﬁtsmuwtaﬁequaecmﬁ-tm Heaprinciphes wdgbhe \Péewstd region. The
transducegpnéentgbis acterised in that said

Fig. 4 is a cross-sectional view illustrating a slider mounted for

self-loading in accordance with the principles of the present invention;

Fig. 5 is a graph showing the slider load and friction forces as a
function of time as the disk commences rotation for the magnetic storage

system shown in Figs. 3 and 4;

Fig. 6 is a top plan view illustrating a preferred embodiment of a

contact slider for use in the system shown in Fig. 4;

Fig. 7 is a cross-sectional view taken along lines 7-7 of the
slider shown in Fig. 6; _ i
Fig. 8 is a cross-sectional view of the slider shown in Fig. 7 with

an alternate embodiment of the recording medium; and

Fig. 9 is a cross-sectional view of another preferred embodiment of

the slider shown in Fig. 4.



substrate conprises an anorphous fused quartz having a high resistivity and
a1l ow &oefficient of friction, whereby an attractive force is exerted

bet ween said storage nmedi um and said magnetic transducer so that said
transducer i's nmaintained in contact with said storage nedi umduring said
relative notion and high density recorded data can be rellabfy MW|tten on

and sensed dapom-236d recordi ng nmedium Lnya preferre !SB;
enbodyi ng the invention the magnetic read and/or wit head
is mounted on a slider suspended from.a support arn1su |der S

mai nt ai ned i n physical contact with the noving magnetic storage ne um
(magnetic disk). Relative notion between the slider and the magnetic di sk
generates a tribo-attractive restoring force sufficient not only to

overcone the |iftipaga{ L BeHG9BE BEEUr he! Ple iYLy EmbYidaEs 1| m OF air, but
also to counteract any perturbing forc ending to separate the slider from
the di sk surface. Thus, a very steady average slider-side separation is
‘mai ntai ned, fl utdféatimgnektty RigNIY, 8°VAFSIMaRABORbLEGe cPHlencbiprfiR3RgCt tO
at least one rigid storage disk 12 fixedly supported on a spindle 17 and
rotated by a disk drive motor (nét shown). The recording medium 11 is
deposited on the disk in a well-known manner in the form of an annular
pattern of concentric data tracks, for example. The storage medium is
covered by a ﬁrotective layer such as a carbon or zirconia overcoat. At
least one slider 13 is positioned in contact with the protective
overcoat layer at the disk surface and supports one or more read/write
heads. The slider 13 is attached to an actuator arm 19 by means of a
suspension 15. The actuator arm 19 is attached to_an accessing
mechanism such as a voice coil motor (not shown) for positioning the
read/write heads over desired data tracks. As the storage disk 12
rotates, the slider i3 is moved radially across the disk so that the

read/write head may access different portions of the disk surface 11.

In accordance with the présent invention, the slider 13 is
posifiohed by the suspension arm 15 so thaﬁ.it is in contact with the
recording medium at normal operating speed produced by relative motion
between the slider 13 and the disk surface 11 in the direction indicated
by arrow 16. It is a feature of the present invention that the slider
13 remains in direct physical contact with the disk surface 11 even when
the relative motion between the slider and disk surface exceeds speeds
of 20 meters per second. Physical contact is maintained by an
attractive force, referred to as a tribo-attractive force, that is of
sufficient strength to overcome the lifting force created by the film of
air which is moving with the disk surface which tends to force the
slider away from the disk surface. The above cited U.S. Patent No.
4,819,091 discloses in detail a magnetic disk storage system
incorporating a slider in physical contact with the storage medium and

is hereby incorporated by reference as if fully set forth herein.



the disk surface. At |east one magnetic read and/or wite head is
pési'ti ®ned on the slider in close proximty to the slider contact surface.

Since the slider is in contact with the disk surface, the head to redia
separation is dictated only by the thickness of the prot gctl L a%ecpver
the magnetic recording layer, i.e., the magnetic nedi

the repl acemené ({aet [err] 4 relative_flatness of t mm

Commer ci al I%}“ Y gble state-of-the-art ﬁagnetlc dISkS

variances of surface flatness of 20 nmor |ess and protective overcoat

| ayer thickness of 40 nmor less, if any. Thus, it is relatively easy to
achi eve head-t o- '

The tribo-attractive force is due to the coulombic attraction
between the triboelectric charge generated as a result of relative
motion between the slider and disk surfaces when in physical contact.
The triboelectric force is relatively independent of the disk speed
above some threshold speed of the order of one meters per second but
decreases below this speed. As the speed is reduced, there is a point
at which the tribo-attractive force is no longer sufficient to maintain
the slider in contact with the disk surface. This point of release
appears to be a function of the disk run out and surface roughness.
Additionally, as the suspension arm loading, i.e., the external load, on
the slider 13 is decreased to a negative load, a “restoring force" is
generated. That is, when the two surfaces are forced apart, the
tribo-attractive force increases to counteract the force urging'the two
surfaces apart. This restoring force enables the slider 13 to be
maintained in steady contact with the disk surface 11 in spite pf the
surface roughness and run out of the disk 12. As shown in Fig. 2, when
the external load is positive, the actual load on the slider, i.e., the
measured friction between the slider and disk surfaces, is linearly
proportional to the external load on the slider 13 and there is an
additional, constant tribo-attractive force. The net load at the
slider-disk interface is the sum of these two forces. As the external
load is reduced into the negative region, i.e., the slider is pulled up,
away from the disk surface, the net load decreases, being the difference
between the tribo-attractive force and the pull on the slider. As
illustrated by curve 14 of Fig. 2, as the external load is decreased
into the negative region, the friction versus load characteristic
.gradually deviates from the linear relationship observed at higher loads
in the positive load region. As the magnitude of the négative external
load on the slider 13 is increased, the.net load at the slider disk
interface decreases slowly as does the frictional force. The
tribo-attractive force is a weak function of the disk speed above a
minimum threshold speed. The restoring force effect and the small net
load results in increased slider stability and extremely low wear ét the
slider-disk interface in contact recording systems utilizing the

tribo-attractive phenomenon.



medi um di st ances of less than 60 nn. Additionally, since the slider is in
physi ¢al contact with the magnetic di sk surface, variations in the head

hei ght during operation are mnimzed. Thus, by utilizing a magnetic disk
devi ce according to the present invention, the data-areat—bt+t—denstty—can
be significantly increased. In addition, data can be 18kt pad rEsifE t he

magnetic rggeugli-pge surface of the magnefig_di sk. Since [ ractive
force generated by the relative notion between the sl ?Hmﬂ" Eﬂﬁgnet iC
di sk surface in sliding contact overcones the |ift gen ‘novi ng
air layer imedi ately adjacent the disk surface, the requirenent for a
positive external load on the slider is elimmnated. Additionally, because

the tribo-attr&bti webbestiaraativealfbiicd ghmarased byt Bike FROAEIVeOho i ochebé BideA]

force, such,as.;hor apnl.e he.restoring force of a.sprin any. fqgrce
endt ng' 1o tPF ripft SEERIC polile ) ERARL Snc AR § rBeifing Bor i i,
i ncr easi nginra [sdmatar mannare té diheerestouing fheee afya dipsting bicngnfemsceny f or
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the slider fromthe disk -
increasing tribo-attractive force. When any perturbing force is applied

which tends to separate the slider from the disk, the restoring force
thus generated maintains the slider in physical contact with the disk
surface. Without the effect of the restoring force, disk surface

- roughness and disk runout would cause the slider to be separated
sufficiently to allow the moving air layer adjacent the disk surface to
completely 1lift the slider from the disk. The net result is that the
reqﬁirement to apply a large positive force to the slider to counteract
the air bearing lift -and any pertufbing forces is eliminated.
Additionally, since the tribo-attractive restoring force generated is
only sufficient to counter the perturbing force, no additional load is
experienceé at the slider/diék contact interface. Thus, the system may
be operated wgth little or no external load on the slider. Optimum
system perfor@ance is achieved at essentially zero or slightly negative

external loading on the slider while the magnetic disk is rotating.

In addition to the material physical characteristics, the extremely
low external load on the slider is an important factor in minimizing
wear of both the slider and disk contact surfaces and in reducing the
effects of stiction. The geometry and surface finish of the slider also
play an important role in minimizing wear. While the generated
tribo-attractive force is sufficient to counter the lift created by the
air bearing, it is also important to minimize the air bearing effect
itself as much as practical. However, since the air bearing does
provide a beneficial lubricating effect, complete elimination of the air

bearing is not desirable.

Whether or not a tribo-attractive force will be generated and the
magnitude of the force generated is a function of the materials utilizecd
in the fabrication of the slider and the disk to be used. In view of

the present understanding of the triboelectric charging phenomenon, it



surface the tribo-attractive restoring force maintains the slider in

contact with the disk surface. Another benefit of this tribo-attractive
restoring force is that the slider nmay be operated with a zer tive

external |oading thus providing mninumfrictional | oadi l%iﬂee

t
slider/disk surface interface mnimzing wear at the slid Replaceq
contact surdagces-o3éypically, prior art rmyd ng magnetic st

W nchester drives, for exanple, use the "start and stop in C

i.e., when the dISk is stationary, the slider rests on.the disk surface
When the di sk commences rotation, as an air bearing is devel oped between
the slider and the disk surface, the slider "takes off and flies" aboeve the
di sk surf ade. dyfRisul hetor predicsrmafferiak pdisk vhick tdppeskhibhe slider | ands

and cones t9jhesdtt@BciRe Qér&lécéuélfﬁciﬁg beRaiiot Ky B tRE &% sRELORE sbAS €asi ngly
snoot h, an increasing problemof striction between the slider and the disk

surfaces | seflf@ﬁ’lg éﬁc’i‘)lﬂ"?f‘%ﬁ’@dr\h}?'h wP@p rtihe friction versus load curve for a

pair of materlals,.sllder and disk, has a characteristic shape,
particularly in the negative load region, similar to that of curve 14
illustrated in Fig. 2, the materials are showing tribo-attractive
contact sliding behavior. - The deviation from the linear relationship in
the negative load region which results in an extended gradual
monotonical decrease in the friction for negative loads is indicative of
the development of a strong restoring force. It has been found that
slider materials selected from a wide range of crystalline and amorphous
materials having a low coefficient of friction and which are either
electrically non-conductive or have a high resistivity in combination
with presently available magnetic storage disks exhibit the desirable
.tribo-attractive characteristics. While materials also exhibiting a
.high thermal conductivity are preferred, a high thermal conductivity

; does not appear to be required in all materials which exhibit the
tribo-attractive effect. Table I is a listing of various slider
materials which exhibit tribo-attractive contact sliding effects when
used with a variety of magnetid disks, for example, carbon, zirconia or
Si_N, overcoated thin film disks, plain and carbon overcoated

34
particulate disks and thin f£ilm disks with chromium oxide overcoat.



5 this_node of operation. This problemis nanifested in the requirement for
hi'gh starting torque of the disk rotation notor to initially "break" the
slider | oose fromits "at rest” condition on the disk surface: This problem
I s exacerbated by the positive external |oading on the slider required to
counteract the lifting force created when the disk is r gt Ha phg
magneti c sgg_ggg system according to the present inventi d m has
a zero or Slig t?y negati ve external Ioaa'ng resulting i i ng
suspended above the disk surface when the disk rotation is stopped; i.e.,
no relative notion between the slider and the disk. Further, the slider is
mounted to its suspension armsuch that it is tilted slkightly allow ng a
forward or leading tip or corner to,Rggin very

Material Morphology* TA Behavior
diamond sc excellent
sapphire sC L. excellent
silicon sC : _ possible
quartz sc . good
CcBN sc good
CaTiO3 sc good
Sic HP some wear
Zro HP some wear
‘alumina HP some wear
SIALON HP good

i cBN pc good
fused quartz a good

* sc: single crystal, pc: polycrystal, a:amorphous, HP: hot

pressed compaction (usually multiphase pc mixture)

As shown in Table I, a wide range of materials are potentially
useful in tribo-attractive contact recording applications. Wwhile a
bleed-off path for the triboelectric charge must be provided, the
resistivity of the disk coating is not critical. However, as a general
requirement, most of the generated triboelectric charge should be
dissipated to ground in the time required for a single disk revolution.
Typically, the magnetic media utilized in thin film disks is metallic
and if grounded, the protective overcoat is thin enough to allow the
charge to dissipate. If the magnetic media is non-conducting, as is the
case for some of the commonly used oxides, a deliberate design for
bleeding off the triboelectric charge is required. While disk
lubricants will decrease friction and enhance the wearability of both
the disk and slider, lubricants and other contaminants which may be
absorbed will affect both the triboelectric and tribological

performance. In practice, the presence of polyether type lubricants



Ilght contact with the disk surface. The stiction forces generated by this
poi nt” ¢ontact are of negligi bl e magni tude and disk rotation is easil
started. As rotation is comenced and the disk cones-trp—TTT"f"é’o_ﬁmhnal

speed, the point contact allows the generation of tri mgﬂ-,}ﬁamneemh
whi ch propagates over the bottom contact side of the s
suf fici ent satreBlg@3tas been generated overii he slider m
resulting tribo- attractive force pulls the slider dovvn e di sk
surface such that the slider contact surface is parallel to and i n physi cal
contact with the disk surface. As described above, as long as the disk
continues to rotate above a threshold speed, the slider is maintained in
physi cal cbﬂY?ié‘PtV\ﬂq"lmt ey fledRtesiiopacef frkth opetle Grike-iagkradtinegative
ext er nal gagi,hdaﬁne,m the slider. Wien the disk retation is ceased, the
slider lifts and tilts up again with only the slider forward tip in contact
with the disk surfaces as the disk becones stationary. Brief Description of
the Drawi ngs TiReféariagohew tanei@l herambjgﬁett:s: di galstoefgeangs teahy atdageng of
t he pr esent i veentlon
principles of the present invention is shown. At least one

rotatable disk, such as disk 12, is supported on a spindle 14 and

rotated by a disk drive motor 18. The magnetic recording medium 11 on

each disk is in the form of an annular pattern of concentric data tracks

having an inside diameter 22 and an outside diameter 24, as shown on

disk 12.

~ At least one slider 13 is positioned in contact with the magnetic
recording medium 11, and each slider 13 supports one or more réad/write
heads 21. The slider 13 is attached to an actuator arm 19 by means of =&
suspension arm 15. The suspension arm 15 provides a zero or slightly
positive spring force to externally load and maintain the slider 13 in
contact with the disk surface 20 when the disk 12 is stationary, i.e.,
not rotating, as described in more detail below with reference to
Fig. 4. When the magnetic disk 12 is rotating, i.e., relative motion
exists between the disk 12 and the slider 13, the slider 13 is
maintained in contact with the disk surface 20 with a zero or slightly
negative external lbading. Each actuator arm 19 is attached to an
access mechanism such as voice coil motor (VCM) 27, for example. The
VCM is a coil movable within a fixed magnetic field; the direction and
speed of the coil movement is controlled by an applied current signal.
As the disk 12 rotaies, the slider 13 is moved radially in and out
across the disk so that head 21 may access different portions of the

disk surface 20 containing the stored data.

The various components of the disk storage system are controlled in
« operation by signals generated by control unit 29, such as access
control signals and internal clock signals, and which includes logic
control circuits, storage means and a microprocessor. The. control
unit 29 generates control signals to control various system operations

such as motor control signals on line 23 and head position control



will be apparent fromthe follow ng detailed description of a preferred

enbolinment
drawi ngs, i

of the invention, reference being nade to the acconpanyi ng
n which: Fig. 1 is a perspective view of a_contact slider

supported on a rotating storage disk in accordance with the p

t he present

frictional
1; hisis't
di agr am of

. ; . . ; ; . Lnelpkes af
invention; Fig. 2 is a graphical diagramill
$AN-0e-03% sus external | oad on aszselected slid m'ﬁﬁﬁiﬁgm %LH
he repl acement sheet [err] 6 Fig. 3 is a si

a rotating disk nagnetic storage systemin

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 head 17 by means of

recording channel 25.

The above description of a magnetic disk storage system, and the
accompanying illustration of it in Fig. 3, are intended for illustrative
purposes only. It should be apparent that such storage systems may
contain a large number of storage disks and VCMs and that each actuator
arm may support a number of sliders. The present invention of a contact
recording magnetic disk storage system is fully applicable to any such
movable storage apparatus, provided it is of the type in which the

sliders: are in contact with the storage medium when at operating speed.

Réferring now to Figs. 4 and 5, in accordarice with the prinéiples
of the present invention, the slider 13 is attached to a suspension arm
15 and positioned such that it is sﬁspended in contact with the disk
surface 20 when the disk 12 is stationary or stopped. The slider 13 is
further mounted to suspension arm 15 oriented such that the slider is
slightly tilted, such as by twisting suspension arm 15 slightly, and a
forward or leading corner 31 with respect to the disk rotation (as
indicated by arrow 32) is in light contact with the disk surface 20 when
the disk 12 is stopped. The tilt angle, while exaggerated in the
drawing for illustrative purposes, need be only enough to ensure contact
of the slider tip 31 with the disk surface 20. For a preferred .
embodiment, a tilt angle in the range between 1.5-5.0 degrees is
sufficient. Too large a tilt angle may cause the slider tip 31 to |.‘dig
in" to the disk surface when disk rotation is started. The stiction
forces generated by this light contact are of negligible magnitude and
the disk rotation is easily started. With this configuration, as
rotation is commenced and the disk 12 comes up to its operational speed,
the point contact of corner tip 31 allows the generation of.
triboelectric charge which propagates over the bottom or contact surface

of slider 13. As the charge generated at the corner tip 31 begins to

g.



accpfrcjance with the principles.of the present invention; Fig. 4 is a
cross-sectional viewillustrating a slider mounted for self-|I oading in

accordance with the principles of the present inventionr—Fg—5-+s—a—graph
showi ng the slider load and friction forces as a functi ogy;0f; .4 i
S
?I
g.

di sk commences rotation for the nagnetic storage system nskéﬁki‘fefd
and 4, Fig. 6._s top plan viewillustrating a preferre t a
cont act sI?’éPérglf%fG use in the systemsho# Tn Fig. 4; Fi me 'lgm
cross-sectional view taken along lines 7-7 of the slider shown in Fig. 6;
Fig. 8 is a cross-sectional view of the slider shown in Fig. 7 with an
alternate enbodi nent of the recording nedium and Fig. 9 is a _
cross sect Landla, VhiWs9ladnel NGY (RLALZEASY SORAALIPL Ole LEA ShbeRle 390WN 1N
Fig. 4. Detailed Description of the Pretérre odi nment s
This process enhances the triboelectric charge generation due to the
increasing contact area and at a threshold point, sufficient charge has
accumulated for the slider to be suddenly attracted and pulled to the
disk such that the slider contact surface is parallel to and in
"substantially physical contact with the disk surface 20. As long as the
disk continues to rotate at a suffiéient speed, the slider is maintained
in sliding contact with the disk with zero or slightly negative external
loading. When the disk rotation is ceased, the slider 13 lifts and
tilts up to its rest position with the corner tip 31 again in contact
with the disk surface 20 at its original angle. The slider self-loading
process is ijillustrated graphically in Fig. 5 as a function of time. The
- disk rotation is seen to start at the left side of the graph at time
zero. As the rotational speed of the disk increases, the friction
increases while the load remains relatively constant. The oscillations
of both the friction and load magnitudés are due to repeatable runout of.
the disk and the gradual acceleration of the disk as evidenced by the
shortening of the period of oscillation. The large spike 34 in the
friction curve is indicative of the point when the slider has
accumulated sufficient charge to be attracted into full contact with the
disk surface. For a preferred embodiment comprising a single-crystal
. sapphire slider with a 3.5 inch particulate magnetic disk, the friction
spike 34 corresponds to about 2400 rpm.in a system where the final _
rotational speed was 3600 rpm. After the high friction spike 34, when
the slider initially comes into contact with the disk surface 20, the
friction curve flattens out at a value approximately equal to the lower
value for the load. 1In contrast, the load curve continues its
oscillatory behavior. This is most likqu due to the fact that the
contact sliding occurs in the nonlinear region of the friction versus

load curve where the derivative with reépect to the load is small.

Referring now to Figs. 6-8, in accordance with the present
invention, the slider 13 is positioned such that it is in sliding
contact with the recording medium 11 while the disk is at normal

operating speed produced by relative motion, at a predetermined rate,



Referring nowto Fig. 1, an information storage system conprising at | east
one fi‘gid storage disk 12 fixedly supported on a spindLe_ll,and—pePa%ed—by
a disk drive notor (not shown). The recording nedlun111 ﬁi §£¥k Deeli N
disk in a well-known manner in the formof an annul ar tric
dat a tracks for exanple. The storage nediumis covered b

| ayer such %% 93-%3f bon or zirconia overtddts At |east one

positioned in contact with the protective overcoat |ayer at the dISk
surface and supports one or nore read/ wite heads. The slider 13 is
attached to an actuator arm 19 by neans of a suspension 15. The actuator

arm19 is essi nech nism such a viai ce. coi | tor
(not shomm§%¢%%np05|eronlﬁégt%b ?g%dfﬂfﬁFé ﬂ%l sggﬂz?geéngeltPc 5e Fﬁcks.
As the stopegpy d2sk Al2snawt plew’ orhtbogittLidke" 18l iidgr mdtnadsaut:;ﬁlaedoecs t he

di sk so thaleidae gmqéxvrﬂatr%lémd DRY, [REESH1fhini LTt ppgyfb 50NEy ¢ o &@& di sk
surface 11. In accordance with th e present 1 nvention, er
poSi t i Onedagﬂ,qﬁh@r contamination comlng between the slider and the disk surface

In a preferred embodiment, the slider 13 is formed in the shape of an
isosceles triangle with apex or leading corner tip 31 along the line of
relative motion (as indicated by arrow 32), which may be 3600 rpm or
greater. The slider bottom side or contact surface is flat énd lapped
to at least an optically flat surface. Alternatively, the slider 13 may
be an equilateral triangle or a sduare or rectangular shape mounted such
that a leading corner tip is directed against the disk rotation

direction.

The slider 13 is fabricated of a material having suitable
tribo-attractive properties, such as a material selected from the
materials listed ‘in Table I, for example. Single crystal diamond or
sapphire are suitable materials for slider 13. 1In a preferred
embodiment, slider 13 is fabricated of a polycrystalline compact of
silicon carbide (SiC). While the SiC compact exhibits excellent
tribo-attractive properties, it does not wear as well as sapphire or
diamond with respect to the disk surface. 1In general, single crystal
surfaces provide better performance because they present uniform surface
properties resulting in consistent triboelectric charging and wear.
However, the increased expense of single crystal materials such as
diamond over polycrystalline materials may not justify the increased

wear performance.

The magnetic read/write head 21 preferably comprises a magnetic
head formed by thin film deposition techniques such as the thin film
transducer described in commbnly assigned U.S. Patent No. 4,190,872 to
Jones, Jr. et al, for example. The magnetic read/write head 21 is
deposited on the face 34 of trailing edge 35 of the slider 13 which is
substantially normal to the bottom surface 37 of the slider which is in

contact with the disk surface 20 (as shown in Fig. 7).



suspension arm 15 so that it is in contact with the recording medium at
nor mal operating [err] 7 speed produced by relative notion between the

slider 13 and the disk surface 11 in the direction—+neieated—byarrow 16.
It is a feature of the present invention that the Shjdek.cksB&aRESMed N

di rect physical contact wth the disk surface 11 eve tive
noti on betageg; igig slider and di sk surfage _exceeds s%wmmﬁﬂl ers per
second. Physical contact is maintained by an attracti rred to
as a tribo-attractive force, that is of sufficient strength to overcone the
lifting force created by the filmof air which is noving with the disk
surface which tends to force the slider away fromthe disk surface.

. As shown in Fig. 7, in a specific embodiment, the recording medium

40 is a particulate magnetic disk. The recording medium 30 comprises a
substrate 45 made of an aluminum alloy, for example, having a
particulate magnetic coating 43 thereon. The magnetic coating comprises
magnetic particles in an epoxy-resin binder. The magnetic coating is
cured and buffed to a desired surface finish and a small quantity of a
liquid lubricant, for example, is deposited on surface 41 of the
recording medium. The slider 13 then is positioned in sliding contact
with the disk surface 41, the lubricant forming an interface between the
slider contact surface 37 and the recording medium surface 41. The
read/write head 21 deposited on the rear face 34 of the slider is
therefore maintained in close proximity to the disk surface 41 at a

substéntially constant height above the recording medium 43.

As shown in Fig. 8, in another preferred empodiment the recording
medium 50 is a thin film magnetic disk. The recérding medium 50
comprises & substrate 59 made of an Al-Mg alloy,, for example, an
undercoat 57 of material such as chromium, for example, a magnetic layer
55 of a cobalt-based alloy, for example, and a protective overcoat 53 of
a matefial such as carbon. As described above, the slider 13 is
positioned in contact with the surface 51 of the recording medium 50
under normal operating conditions of a magnetic disk storage system

without producing excessive wear.

Referring now to Fig. 9, a preferred embodiment of a composite
slider is shown. A composite slider 60 comprises a slider body 63 which
is made of a suitable material such as a ceramic, a mixture of A1203 and
TiC, for example, and a thin layer 67 of a suitable tribo-attractive
material bonded to the slider body bottom surface 65 and in contact with
the recording medium 69. In a specific embodiment, a composite slider
60 comprises a slider body 63 of single crystal sapphire upon which is
deposited a layer 67 of suitable crystalline material. As described
above, a magnetic read/write head 61 is deposited on the face 62 at the
slider trailing edge. A layer 67 having a thickness of about 250K is

suitable to provide the tribo-attractive characteristics required to



The apave cited U:S. Patent No. 4,819,091 discloses in detail a magnetic

di sk storage systemincorporating a slider in physical contact with the

storage nedium and is hereby incorporated by reference as-

forth herein. The tribo-attractive force is due to thEhisspbd

between the tribodelectric charge generated as a res_ult ”l’//(
i'S

bet ween the slider and disk surfaces when in physical
triboel ectgidiqg %o :{Se is relatively independent of the
t hreshol d speed of the order of one netefd per second but decreases bel ow
this speed. As the speed is reduced, there is a point at which the "
tribo-attractive force is no longer sufficient to maintain the slider in
contact with the disk surface. This poi nt of rel ease appears to be a
function afnsube dlintkc k oughpes di ti onal I as the .
suspensi on_arm | oadi ngf&l@é@n %Hﬁe&%x ersH5 gg ftsnﬁl épli‘i@r

decr eased 155°R L RESR F8ad, a "restoring for ce" is generated. Th_at is,
when the two surfaces are forced apart, the tribo-attractive force
increases to counteract the force urging the two



sur;f ages apart. This restoring force enables the slider 13 to be maintained
I n steady contact with the disk surface 11 in spite of the surface
roughness and run out of the disk 12. As shown in Fig. 2, when the external
|l oad is positive, the actual |oad on the slider, i.e., the nmeasured
friction between the slider and disk surfaces, is linearly proportional to
t he external +oad on the slider 13 and there is an additional, constant
tribo-att2§8f3V83force. The net |oad at t%e slider-diskinterface is the
sum of these two forces. As the external load is reduced 'Fhistsbeetliﬂ

region, i.e., the slider is pulled up, away fromthe disk mmﬁ mmi\zte
8

| oad decreases being the difference between the tribo-attr

CLAIMS

-

L

WE CLAIM:
1. A magnetic disk storage system comprising:

a magnetic storage medium comprising a rigid substrate having a

layer of magnetic storage material thereon;

a magnetic transducer and means for supporting said magnetic
transducer in physical contact with said magnetic storage medium, said
support means comprising a substrate ;f material having a load versus
friction characteristic that is non-linear in the negative load region;
and | .

means coupled to said magnetic storage medium for rotating said
magnetic recording medium and producing relative motion between said
magnetic storage medium and said magnetié transducer up to a selected
operating speed sufficient to generate a restoring force responsive to
said load versus friction characteristics of said support means, said
restoring force having a magnitude sufficient for maintaining said
magnetic transducer in substantially bhysical contact with said magnetic
storage medium at said selected operating speed, whereby data can be
written or sensed without excessive wear to either said magnetic

transducer or said magnetic storage medium.

2. A magnetic disk storage system as in claim 1 wherein said support
means comprises a shaped contact slider fabricated of a crystalline
material, said crystalline material having a high resistivity and a low
coefficient of friction.

3. A magnetic disk storage system as in claim 2 wherein said contact

slider is fabricated of a single crystal material.



force and the pull on the slider. As illustrated by curve 114 of F| . 2, as

tthe»external | oad is decreased into the negative region,T Ph“d
versus |l oad characteristic gradually deviates fromthe I| I

observed at higher loads in the positive |oad region.

t he negative external load on the slider 13 is increased t he net Ioad at

t he sllderﬁgsg.kﬂ$erface decr eases slomdf as does the frictional force. —
The tribo-a £i% e force is a weak function of the disn

m ni mum t hreshol d speed. The restoring force effect and mmﬂm?m,ﬂmd
results in increased slider stability and extrenely | ow wkar¢ att t s w0
slider-disk interface in-contact recording systens utilizing the

tribo-attragtivg n&'&ﬁ@&@@@& s-EQPaJ;er g?&eﬁ.t 14 agt Lvan oriR g80ehaked Ryt he
rel ative notion between _the slider and di sk contact surfaces_includes a

restoring fO¥EEaRERriglyis S§|1ﬁﬂeéir fhethitBe Froup feneisting f Hapend.of a
Spring, CoWwdpphiredNyudrazG ecibdadbér®nt AitteparaidecdRaud! tidantfumobkide di sk
surface with an |ncrea5|ng tribo-attractive force. Wien any perturbing
force is applied

5. A magnetic disk storage system as in claim 2 wherein said contact

slider is fabricated of a polycrystalline material.

6. A magnetic disk storage system as in claim 5 wherein said
polycrystalline material is selected from the group consisting of
silicon carbide, zirconium oxide, aluminum oxide, SIALON and cubic boron

nitride.

. 7. A magnetic disk storage system as in claim 2 wherein said contact

slider is fabricated of an amorphous material.

8. A magnetic disk storage system as in claim 7 wherein said amorphous

material comprises fused quartz.

9. A magnetic disk storage system as claimed in any preceding claim
further comprising an access arm and suspension means for suspending
said support means in substantially physical contact with said magnetic

storage medium at said selected operating speed.

10. A magnetic disk storage system as in claim 9 vherein said
suspension means includes spring means adapted for providing a negative
external force on said support means when said magnetic storage medium
is rotating, said negative external force urging said support means away
from the surface of said magnetic recording medium, said negative
external force being of a magnitude such that said support means is
maintained in substantially physical contact with said magnetic
recording medium at said selected operating speed and said support means
is suspended in spaced relationship adjacent said magnetic recording

medium when said magnetic recording medium is stationary. -



which tends to separate the slider fromthe disk, the r&ksSheptilas Besn Bepldcirus
genér’atted mai ntains the slider in physical contact with t e.
Wthout the effect of the restoring force, disk surface r i sk
runout woul d cause the slider to be separated sufficiently to allow the
noving air |ayer adjacent the disk surface to conpletely lift the slider —

fromthe disk.q4T net result is that the .requirenent t

positive f(b)gééeglt gg? he slider to count eré(c?to the air bear ﬂl‘ﬂﬂmwnuﬁ'ﬂﬂuﬂ
perturbing forces is elimnated. Additionally, since the tribotattractiwve
restoring force generated is only sufficient to counter the perturbing
force, no additional load is experienced at the slider/disk contact
interface. 17hug mbGRtI¥SARM TB R ARREATRIiNM 1Rk ol bReFinngaRit €rnal | oad
on the slider. Cgtlnunlsystenlperfornance i,s achieved at essentially zero
or slight| FUTRSISEPR eERE MTANIG o HEGRRT) £8R arfentinggedid APpROTENREAREgRREH ¢ di sk
i s rotatinghat i pofitionoaf tsa il heuppBleeahs ABY St Ghlys{d¥dr asitRkct SkithSsaide
extrenmely | ow external .lLoad 9 ' ' '

n the slider is an i nportant factar in
M 2i g SIS T AR Bedfym, sRen 51d nagnetit; KEqoraing medin s
' stationary.

12. A magnetic disk storage system as in claim 11 wherein said support
means comprises a shaped slider having a flat bottom surface and a
leading tip with respect to the direction of rotation of said magnetic
storage medium, said shaped slider suspended at a predetermined angle
such that said leading tip is in physical contact with said magnetic
storage medium when said magnetic storage medium is stationary.

13. A magnetic disk storage system as in claim 12 wherein said
.predetermined angle is in the range between 1.5 degrees and 5.0 degrees
with respect to the surface of said magnetic-ééorage me?ium.

14. A magnetic disk storage system as claimed in any -of claims 2 to 8
further comprising an access arm including suspension means adapted for
providing a substantially zero external load on said shaped contact

slider.

15. A magnetic disk storage system as claimed in any of claims 2 to 8
further comprising an access arm including suspension means adapted for
providing a negative external load on said shaped slider when said

magnetic storage medium is rotating.

16. A magnetic disk storage system as in claim 15 wherein said
éuspension means comprises twisted spring means adapted for maintaining
said shaped slider suspended in spaced relationship adjacent the surface
of said magnetic storage medium when said magnetic storage medium is
stationary, said shaped slider disposed in a tilted orientation with
respect to said magnetic storage medium, a portion of said -shaped slider
being in physical contact with the surface of said magnetic storage

medium when said magnetic storage medium is stationary.



fi*nf &K of the slider also play an inportant role in mni 11Ie
the generated tribo- This is the replacenment sheet [err]
force is sufficient to counter the lift created by the a
al so inportant to mnimse the air bearing effect itself as nuch "as’
practical . skipwavese since the air bearingjidoes provi de a benefici al

| ubricating effect, conplete elimnation of the air beemmu

desirable. Whether or not a tribo-attractive force wll g ﬂmm’”md
t he magni tude of the : .

surfaces and in reducing the effects of stiction. The gR0l m nd surface

17. A magnetic disk storage system as in claim 16 wherein said shaped
slider is oriented such that a leading tip portion with respect to the
direction of rotation of said magnetic storage medium in physical
contact with the surface of said magnetic storage medium when seid

magnetic storage medium is stationary.

18. A magnetic disk stordge system as claimed in any preceding claims
wherein said magnetic storage medium comprises a particulate magnetic
disk.

19. A magnetic disk storage system as claimed in any of claims 1 to 17
wherein said magnetic storage medium comprises a thin film magnetic
disk. '

20. A magnetic transducer for use with a magnetic storage medium,
comprising:
i
magnetic head means for recording and/or sensing data on a magnetic

storage medium; and

substrate means maintained in physical contact with said magnetic
storage medium, said substrate means comprising a crystalline material
having a high resistivity, high thermal conductivity and a low
coefficient of friction, said magnetic head means formed on a surface of
said substrate means in close proximity to a major surface of said

magnetic storage medium.

21. A magnetic transducer as in claim 20 wherein said substrate means
comprises a shaped slider, said shaped slider having a flat bottom
surface, said bottom surface maintained in sﬁbstantially physical

contact with said magnetic recording medium.



material pairs which will exhibit tribo-attractive cont

behavi our with the restoring force effect. As a general rule, when the
frictionlmgkius | oad curve for a pair of materials, ~slider and disk,7/tas a
char act e¥ tO3fhape, particularly im t2Be negative | ' Fmar- to
that of curve 14 illustrated in Fig. 2, the materi al gmuﬂﬂﬂmmmm[ﬂ“r
tribo-attractive contact sliding behaviour. The deviatién trom the % i near
relationship in the negative |oad region which results in an extended -

gr adual not oni cal . decrease in the friction, for, negatiye |pads.is

i ndi cat i g% 0 Té}%’ehb‘f/é:lrﬁb?@’rﬁroTs a"“s’f#ablﬁ‘ghr &&Fﬁ?ﬁmagfé%@“ﬁs R8T been
found t hatfigkes deleading carmerseh@ct ¢dailiog edgei dith angeectf teray diatdtive and
amor pRouse PBLEEGA! 8¢ ANl dhek QW 198L4d GEER, OLald hilrdtlcHUhdRbHs ar e

either electrically non-corn Ive or have a high reSistivity In
conbi nat fermedi o apfaeeeof| §aif srabling ¢Ag§net i ¢ storage di sks exhibit the

force generated is a function of the materials utilized in the fabrication
of ¥th& slider and the disk to be used. In view of the : andi ng
of the triboelectric charging phenonenon, it is diffic ﬂ

23. A magnetic transducer as in claim 22 wherein said shaped slider
defines a triangular-shaped slider, an apex thereof defining said
leading corner, said trailing edge comprising the base thereof, said

face being normal to said major surface of said magnetic storage medium.

24. A magnetic transducer as in claim 22 wherein said shaped slider
defines a rectangular-shaped slider, a corner thereof defining said
leading corner, .

25. A magnetic transducer as in claim 20 wherein said substrate means
is fabricated of a single crystal material.

26. A magnetic transducer as in claim 25 wherein said single crystal
material is selected from the group consisting of diamond, sapphire,

quartz, cubic boron nitride and calcium titantium oxide.

27. A magnetic transducer as in claim 20 wherein said substrate means

is fabricated of a polycrystalline material.

28. A magnetic transducer as in claim 27 wherein said polycrystalline
material is selected from the group consisting of silicon carbide,

- zirconium oxide, aluminum oxide, SIALON and cubic boron nitride.

29. A magnetic transducer as in claim 20 wherein said substrate means

is fabricated of an amorphous material.

30. A magnetic transducer as in claim 29 wherein said amorphous

material comprises fused quartz. e



desiraple tribo-attractive characteristics. Wile materials also exhibiting
a high thermal conductivity are preferred, a high thermal conductivity does
not appear to be required in all materials which exhibit the
tribo-attractive effect. Table | is a listing of various slider materials
whi ch exhibit tribo-attractive contact sliding effects when used with a
vari ety ofdgggnftlc di sks, for exanple, 2%bon zirconia or Si 3N4 overcoated
thin film k2 aln and carbon over coaftd particul ate disks and thin
filmdisks with chrom um oxide overcoat. This is the replacenment sheet

Dat e: 10 : .

Abstract

A contact magnetic storage system in which.the slider 13, which
supports the magnetic read/write head, is in physical contact with a
rigid magnetic storage medium 12 during system operation at'é selected
operating speed. The slider material has a load versus friction
characteristic that is non-linear in the negative load region. This
characteristic allows the slider to be suspended from an access arm with
zero or negative external loading. In a conventional magnetic storage
system, at operating speed the slider is lifted away frdm the surface of
the storage medium by at least the thickness of the air film adjacent
the moving storage medium surface. In the present invention, due to the
non-linear load versus friction ch;racteristics of the slider material,
a restoring force is generated at systeﬁ operating speed which overcomes
the lift of the air bearing and maintains the slider in cdntact with the
storage medium surface without substantial wear or damage to either the .
slider or the storage medium. Various single crystal polycrystalllne
and some amorphous materials have been shown to work.in such g_contact

magnetic storage system. ' %—~“‘“*“-4;:;~9;_~§____

This Sheet Has Beg
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“pe dbsorbed will affect both the triboelectric and tribol ogi cal
performance. In practice, the presence of polyether type lubricants have -
not shown any del eterious effects on the tribo-attractive phenonenon.
Referring now to Fig. 3, a magnetic di sk storage system according to the
principles of the present invention is shown. At |east one rotatable disk,
such as disk 12, is [err] supported on a spindle 14 and rotated by a
di sk drive notor 18. The magnetic recording nedium 11 on each disk is in
the formof an- annular pattern of concedfhic data tracks having an inside
di aneter 22 and an outside dianeter 24, as shown on disk 12. At |east one
slider 13 is positioned in contact wwth the magnetic recordi ng nedi um




e e

11; and each slider 13 supports one or nore read/wite heads 21. The slider
13 is attached to an actuator arm 19 by neans of a suspension arm 15. The
suspensi on arm 15 provides a zero or slightly positive spring force to .
externally load and maintain the slider 13 in contact with the di sk surface

20 when the disk 12 is stationary, i.e., not rotating, as described in nore
detail below with reference to Fig. 4. Wien the magnetic disk 12 is
rotating, i.e., relative notion exists between the disk 12 and the slider

13, the slider 13 is maintained in contact W%tz the di sk surface 20 with a
zero or slightly negative external |oading. 4 h actuator arm 19 is
attached to an access  -nechani sm such as voice coil nmotor (VCM 27, for
exanple. The VCMis a coil novable within a fixed magnetic field; the
direction and speed of the coil novenent is controlled by an applied
current signal. As the disk 12 rotates, the slider 13 is noved radially in
and out across the disk so that head 21 nay access different portions of
the di sk surface 20 containing the stored data.
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The vari ous conponents of the disk storage systemare controlled in o
Q operatioh by signals generated by control unit 29, such as access. control
signals and internal clock signals, and which includes |ogic control .
circuits, storage neans and a mcroprocessor. the control unit 29 generates
control signals to control various system operations such as notor contro
signals on line 23 and head position gpntrol signals on line 28. The
control signals on line 28 provide the desired current profiles to .
optimally nove and position a selected slider 13 to the desired data track
on the associated disk 12. Read and wite signals are conmunicated to and
fromread/wite head 17 by neans of recording channel 25. The above
description of a magnetic di sk storage system and the acconpanyi ng
illustration of it in Fig. 3DAFAeSTORAGIESYSPEMI| | ustrative purposes only.
It should be This is' the replacenent sheet [err]

ABSTRACT

A contract magnetic storage system in which the slider 13, which supports the magnetic
read/write head, is in physical contact with a rigid magnetic storage medium 12 dming system
operation at a selected operating speed. The slider material has a load versus friction
characteristic that is non-linear in the negative load region. This characteristic allows the
slider to be suspended from an access arm with zero or negative external loading. In the
present invention, due to the non-linear load versus friction characteristics of the slider
material, a restoring force is generated at system operating speed which overcomes the lift of
the air bearing and mamtams the slider in contact with the stbrage medium surface without
substantlal wear or damage to either the slider or the storage medium. i
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712 apparent that such storage systens may cont alﬁg__.a_J.a.L.ge_.n.unhe.r._.u.t_st-u-rsige-
«di sks and VCMs and that each actuator arm may s§ppoREPBAGEMENT SHEETS de

"The present invention of a contact recording magnEkDescdiptitm spagedge. oypaseth.....
is fully applicable to any such novabl e storage |afpEtan(s3, ppageddedtoi paged .....
of the type in which the sliders are 1n contact |wWiX Drdvirg(s) opapd .oewh paged .....
when at operating speed. Referring now to Figs. |[4[pABsthact i n: pagedr. Cagec pagedt.h.
the principles of the present invention, the slijder 13 is attached t

suspensi on arm 15 and posi t DATAISTORAGERYSTEM ! R oé) ﬁmt
t he di sk surface 20 when the disk 12 is stations
13 is furthidie presentednvestionsredates gsnerally 199 @atae StoBages §e¥ems sand, haose i der |i's

particularly, to a magnetic disk storage system in which the magnetic transducer is

Juer
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mounted on a slider in physical contact with the storage medium at operating speed.

In magnetic storage systems, an information bit is stored by applying a magnetic
field to a small volume on the disk to align the magnetic domains in that volume to a
desired orientation. In such storage systems, the demand for increased storage capacity
is presently being met by increasing the areal bit density on the storage disk.

In magnetic disk storage systems, increase of areal bit density requires the
reduction of three basic parametérs, the magnetic write transducer (head) gap length, the
thickness of the magnetic storage media and the head to disk separation. Given a
specified gap length and media thickness, the smaller the head-disk separation, i.e., the-
lower the head flying height, is, the smaller the bit éell size which can be achieved is.

| The limit of lower flying height is contact recording; in which the slider is in physical

contact with the rotating magnetic disk, i.e., the slider is sliding or rubbing continuously
on the disk Surface and the read/write transducer is as close as the edge of the slider can
be to the disk surface. U.S. Patent No. 4,819,091 to Brezoczky et al, assigned to the
instant assignee, discloses a magnetic contact recording system comprising a magnetic
read/write head mounted on a slider fabricated from a single crystal material which is in
physical contact with the rotating storage medium. A tribo-attractive force is generated
between the moving disk surface and the slider which counteracts the lifting force
generated by the moving air layer adjacent the disk surface and which ﬂlows contact
recording and reading of data without excessive wear to either the magnetic head and
slider or the recording medium. i

U.S. Patent No. 4,901,185 to Kubo et al, assigned to Kabushiki Kaisha Toshiba,
discloses a rotating magnetic disk storage system wherein a trailing edge of a slider is
maintained in contact with the surface of a rotating magnetic disk. The slider is

suspended over the rotating disk by a set of gimbal arms which include a leaf spring

s the rep\acement sheet
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sllghtly tilted, such as by tw sting suspension arm 15 slightly, and a
forward or Ieadlng corner 31 with respect to the disk rotation (as

i ndicated by arrow 32) is in light contact with the disk surface 20 when
the disk 12 is stopped. The tilt angle, while exaggerated in the draw ng
for illustrative purposes, need by onl¥ enough to ensure contact of the
slider tip 31 with the disk surface 20. For a preferred enbodinent, a tilt
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contact surface of slider . As the charge generated the corner tip 31
begi ns tlRaé Busfack. Warsﬁltﬁleshdbz doftacurfie ang e Aisk e elisithibel by @seliols
surface 20. This process enhances the triboelectric charge

disk lubricant and reduction of the disk rotational speed.

~ It is an object of the present invention to provide a high denSity, contact recording
system for a moving magnetic storage system which permits the magnetic transducer to
be maintained in contact with the moving recording medium in differing conditions of
transducer loading and disk speed  without excessive wear of either the magnetic
transducer or the recording medium. _
According to the invention there is provided a magnetic disk stbrage system
comprising a magnetic storage medium comprising a rigid substrate héving layer of
. magnetic storage material thereon; a magnetic transducer and a contact slider for
supporting said magnetic transducer in physical contact with said magnetic storage
medium, said contact slider comprising a substrate of material having a load versus
friction characteristic that is non-linear in the negative load region; and means coupled to
said magnetic storage medium for rotating said magnetic storage medium and producing
relative motion between said- magnetic storage medium and said contact slider up to a
selected operating speed sufficient to geﬁerate a restoring force responsive to said load
versus friction characteristics of said contact slider, said restoring force having a
magnitude sufficient for maintaining a surface of said contact slider in substantially
physical contact with said magnetic storage medium at said selected operating speed,
whereby said magnetic transducer is- maintained in close proximity to said magnetic
storage medium and data can be written or sensed without excessive wear to either said
contact slider or said magnetic storage medium. The magnetic disk storage system is
characterised in that said material comprises an amorph‘o‘us fused quartz having a high
resistivity and a low coefficient of- friction, whereby an attractive force is exerted
This is the replacement shest
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generation due to the increasing contact area and at a threshold point,
sufficient charge has accunul ated for the slider to be suddenly attracted
and pulled to the disk such that the slider contact surface is parallel to
and in substantially physical contact with the disk surface 20. As |ong as
the disk continues to rotate at a suff8cient speed, the slider is

mai ntai ned in sliding contact with the disk mﬁth zero or slightly negative

e apergedn Sha sliage misiim s’ G maggeic ramang sop i il onstiiogroisn” o
T e e e g A s.aﬁd‘%lgmes&@t 1 ghon o
density recorded data can be reliably written on and sensed from said recording medium.

There is further provided a magnetic transducér for use with a mztgnetic storage.
medium, comprising magnetic head means for recording and/or sensing data on a
magnetic storage medium; and a slider for supporting said magnetic head in close
proximity to a major surface of said magnetic storage medium, said magnetic head
formed on a surface of said slider, said slider comprising a substrate have a surface
thereof maintained in sliding physical contact with said major surface of the magnetic
storage medium, thé substrate material having a load versus friction characteristic that is
non-linear in the negative load region. The transducer is characterised in that said
substrate comprises an amorphous fused quartz having a high resistivity and a low
coefficient of friction, whereby an attractive force is exerted between said storage
medium and said magnetic transducer so that said transducer is maintaiiiled in contact
with said storage medium during said relative motion and high density recorded data can
be reliably written on and sensed from said recording medium.

In a preferred storage system embodying the invention the magnetic read and/or
write transducer or head is mounted on a slider suspended from a support arm such that
the slider is maintained in f)hysical contact with the moving magnetic storage mediunt
(magnetic disk). Relative motion between the slider and the magnetic disk generates a
tribo-attractive restoring force sufficient not only to overcome the lifting force generated -
by the moving surface film of air, but also to counteract any perturbing force tending to
separate the slider fréfn the disk stlrface. Thus, a very steady average slider-side
separation is maintained, ﬂuctuating within only several nanometers (nm) with respect to
the disk surface. At least one magnetic read and/or write head is positioned on the slider
in close proximity to the slider contact surface. Since the slider is in contact with the
disk surface, the head to ntedia separation is dictated :)nly by the thickness of the

protective layers over the magnetic recording layer, i.e., the magnetic medium, and the
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time. The disk rotation is seen to start at the left side of the graph at
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0. As the rotational speed of the disk increases, the friction

s while the load renmains relatively constant. The oscill ations of
both the friction and | oad nagnitudes are due to repeatabl e runout of the

t he gradual acceleration of thHe disk as evidenced by the

ng of the prior of oscillation. The large spike 34 in the friction
|nd| cative of the point, when the slider_has accunul ated sufficient
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that the contact sliding occurs in the nonlinear reglon
minimized. Thus, by utilizing a magnetic disk device according to the present invention,

the data areal bit density can be significantly increased. In addition, data can be easily
read from the magnetic recording surface of the magnetic disk.
Since the tribo-attractive force generated by the relative motion between the slider

and the magnetic disk surface in sliding contact overcomes the lift generated by the

moving air layer immediately adjacent the disk surface, the requirement for a positive .

external load on the slider is eliminated. Additionally, because the tribo-attractive force
actually behaves in the manner of a restoring force, such as, for example, the restoring
force of a spring, any force tending to lift the slidér from the disk surface is countered
with an increasing tribo-attractive force. Thus, when any disturbing force, for example,
resulting from disk asperities or runout, which tends to separate the slider from the disk
surface, the tribo-attractive restoring force maintains the slider in contact with the disk
surface. Another benefit of this tribo-attractive restoring force is that the slider may be
operated with a zero or negative external loading thus prbviding minimum frictional
loading at the slider/disk surface interface minimizing wear at the slider and disk contact
surfaces. |

.. Typically, prior art moving ﬁlagnetic storage system, Winchester drives, for
example, use the "start and stop in contact mode," i.e., when the disk is stationary, the
slider rests on the disk surface. When the disk commences rotation, as an air bearing is
developed between the slider and the disk surface, the slider "takes off and flies" above
the disk surface. When the rotation.of the disk is stopped, the slider lands and comes to
rest on the disk surface. As disk surfaces become increasingly smooth, an increasing

problem of striction between the slider and the disk surfaces is being encountered with
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of the friction versus |oad curve where the derivative with respect to the
load is snall. Referring nowto Figs 6-8, in accordance wth the present
i nvention, the slider 13 is positi-oned such that it is in sliding contact
with the recording medium 11 while the disk is at normal operating speed
produced by rel ative notion, at a predgterm ned rate, between slider 13 and
the disk surface 20 in the direction indicated by arrow 32.- A "snow pl ow'

"boat-)ike! slider geonetry is utilized to deflect surface_ particles,
ng, t ﬁd@{sllﬁ?‘?ﬁ ﬂ% oReTRtiqd. pﬁgléipaysplplpmylsanana%gtﬁéam coteaRirernert farigh staftingoni ng
bet ween .t he slider.and the di sk surface.. In a preferred enbodi npent, the
or i dor " 1o Gt ghe ek Forget SR SShRf otsk B SR 16 Tl sty

| eadi [ Pn3h:al herd. i | af.i ti .i.ndi_cat b
arrow S5PRCRRh 4 R sk’ GRBct. ' ThisToRiont B Blarkball f o Boil ek,
t act : ' pLd | .
At er nat DUE O, (08 sfdet, réfifee ABARanlclack the Bl Ro® Bl ufed o B P00
Cgai ot Tofeds 1108 MOV Miaflemd shitdke Syt AbRIdRQ! e tprilen ivehiS, e
slider has a zero or slightly negative. external loading resulting in the slider being

suspended above the disk surface when the disk rotation is stopped; i.e., no relative
motion between the slider and the disk. Emther, the slider is mounted to its suspension
arm such that it is tilted slightly allowing a forward or leading tip or corner to be in very
light contact with the disk surface. The stiction .forces generated by this point contact are
of negligible magnitude and disk rotation is easily started. As rotation is commenced
and the disk comes up to its operational speed, thg point contact allows the generation of
triboelectric charge which propagates over the bottom contact side of the slider. When
sufficient charge has been generated over the sliéer contact surface, the resulting tribo-
attractive force pulls the slider down onto the disk surface such that the slider contact
surface is parallel to and in physical contact with the disk surface. As described above,
as long as the c_lisk continues to rotate above a threshold speed, the slider is maintained in
physical contaét with the disk surface with zero or slightly negative external loading on
the slider. When the disk rotation is ceased, the slider lifts and tilts up again with only .
the slider forward tip in contact with the disk surfaces as the disk becomes stationary.
Brief Description of the Drawings
_.The foregoing and other objects, features and advantages of the present invention

will be apparent from the following detailed description of a preferred embodiment of
the invention, reference being made to the accompanying drawings, in which:

Fig. 1 is a perspective view of a contact slider supported on a rotating storage disk
in ac;,oordance with the principles of the present invention;

Fig. 2 is a graphical diagram illustrating the frictional force versus external load on
a seiected slider as shown in Fig. 1; |

This is the replacement sheet
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[err] 14 The slider 13 is fabricated of a material having suitable
tribo-attractive properties, such as a material selected fromthe materials
listed in Table I, for exanple. Single crystal dianond or sapphire are
suitable materials for slider 13. 1In a preferred enbodinent, slider 13 is
fabricated of a polycrystalline conpac® of silicon carbide (SiC). Wile the
Si C conpact exhibits excellent tribo-attractive properties, it does not

General, oi rEite S ACPRERH el Bitatl i IR gk s Hrog8 Sy8E Ty
pr esent é&b{iﬁﬁ&? a’%ﬁ,@‘?@ﬂﬁ&ﬁﬁﬁﬁf rEseeik' &E | n consistent triboelectric
wear e

chargi ng an crease expénse
Fig. 4 is a cross-sectional view illustrating a slider mounted for self-loading in

accordance with the principles of the present invention;

Fig. 5 is a graph showing the slider load and friction forces as a function of time as
the disk commences rotation for the magnetic storage system shown in Figs. 3 and 4;

Fig. 6 is a top plan view ﬂlustréﬁng a preferred embodiment of a contact slider for
use in the system shown in Fig. 4;

Fig. 7 is a cross-sectional view taken along lines 7-7 of the slider shown in Fig. 6;

Fig. 8 is a cross-sectional view of the slider shown in Fig. 7 with an alternate
embodiment of the recording medium; and ..

Fig. 9 is a cross-sectional view of another preferred embodiment of the slider :
shown in Fig. 4.

Detailed Description of the Preferred Embodiments

Referring now to Fig. 1, an ilzformation storage system comprising at least one
rigid storage disk 12 fixedly supported on a spindle 17 and rotated by a disk drive motor
(not shown). The recording medium 11 is deposited on the disk in a well-known manner
in the form of an annular pattern of concentric data tracks, for example. The storage
medium is covered by a protective layer such as a carbon or zirconia overcoat. At least
one slider 13 is positioned in contact with the protective overcoat layer at the disk
surface and supports one or more read/write heads. The Slider 13 is attached to an
actuator arm 19 by means of a suspension 15. The actuator arm 19 is attached to an
accessing mechanism such as a voice coil motor (not shown) for positioning the
read/write heads over desired data tracks. As the storage disk 12 rotates, the slider 13 is
moved radially across the disk so that the read/write head may access different portions
of the disk surface 11.

In accordance with the present invention, the slider 13 is positioned by the

suspension arm 15 so that it is in contact with the recording medium at normal operating
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of single crystal materials such as dianond over polycrystalline materials
may not justify the increased wear performance. The magnetic read/wite
head 21 preferably conprises a nmagnetic head forned by thin filmdeposition
techni ques such as the thin filmtransducer described in comonly assigned
U S. Patent No. 4,190,872 to Jones, Jr.7 et al, for exanple. The magnetic
read/ wite head 21 is deposited on the face 34 of trailing edge 35 of the
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coating 43 thereon. nmagnetic coating conprises magnetic particles in an
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surface finish and a small quantity of a liqu
confact is maintained by an attractive force, referred to as a tribo-attractive force, that is
of sufficient strength to overcome the lifting force created by the film of air which is
moving with the disk surface which tends to force the slider away from the disk surface.
The above cited U.S. Patent No. 4,.819,091 discloses in detail a magnetic disk storage
system incorporating a slider in physical contact ..with the storage medium and is hereby
incorporated by reference as if fully sét forth herein.

The tribo-attractive force is due to the columbic attraction between the triboelectric
charge genefated asa rqsult of relaﬁve motion between the slider and disk surfaces when
inlﬂnmkhlcomwmt The triboelectric force is relatively independent of the disk speed
above some threshold sipeed of the orde_f of one meters pef second but decreases below
this speed. As the speed is reduced, there is a point at which the tribo-attractive force is
no longer sufficient to maintain the slider in contact with the disk surface. This point of
release appears to be a function of the disk run oﬁt and surface roughness. Additionally,
as the suspension arm loading, i.e. ,. the external load, on the slider 13 is decreased to a
négative load, a "restoring fbrqe" i generated. That is, when the two surfaces are

.ﬂuuulqmn,ﬂbtﬁh}mnmeefbuzimxamm;K)amnwnwtﬂmibnzlugmglhetwn
surfaces apart. This restoring force enables the slider 13 to be maintained in steady
contact with the disk surface 11 in spite of the surface roughness and run out of the disk
12. As shown in Fig. 2, when the external load is positive, the actual load on the slider,
i.e., the measured friction between the slider and disk surfaces, is linearly proportional
to the external load on the slider 13 and there is an additional, constant tribo-attractive
force. The net load at the slider-disk interface is the sum of these two forces. As the
external load is reduced into the negative region, i.e., the slider is pulled up, away from

the disk surface, the net load decreases, being the difference between the tribo-attractive
This is the replacement sheet
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| ubricant, for exanple, is deposited on surface 41 of the recordi ng nmedi um
The slider 13 then is positioned in sliding contact with the disk surface
41, the lubricant formng an interface between the slider contact surface
37 and the recording nediumsurface 41. The read/ wite head 21 deposited on
the rear face 34 of the slider is theré&ore maintained in close proximty
to the disk surface 41 at a substantially constant hei ght above the
recordin

Fro. . ToRRa e P eRche shdtns A8 IR PUTendt i HbaPust i pucgal |
load. is decreased into the negative region, the friction versus load characteristic
gradually deviates from the linear relationship observed at higher loads in the positive
load region. As the magnitude of the negative external load on the slider 13 is increased,
the net load at the slider disk interface decreases slowly as does the frictional force. The
tribo-attractive force is a weak function of the disk speed above a minimum threshold
speed. - The restoring force effect and the small net load resuits in increased slider
stability and extremely low wear at the slider-disk interface in contact recording systexhs
utilizing the tribo-attractive phenomenon. |

The tribo-attractive force gener;tted by the relative motion between the slider and
disk contact surfaces includes a restoring force which, in a similar manner to the
restoring force of a spring, counters any force tending to separate the slider from the disk
surface with an increasing tribo-attractive force. ' When any perturbing force is applied
which tends to separate the slider from the disk, the restorinig force thus generated
maintains the slider in physical contact with the disk surface. Without the effect of the
restoring force, disk surface roughness and disk runout would cause the slider to be
separated sufficiently to allow the moving air layer adjacent the disk surface to
completely lift.the slider from the dislf. The net result is that the requirement to apply a
large positive force to the slider to counteract the air bearing lift and any perturbing
forces is eliminated. Additionally, sincé the tribo-attractive restoring force generated is
only sufficient to counter the perturbing force, no additional load is experienced at the
slider/disk contact interface. Thus, the system may be operated with little or no external
load on the slider. Optimum systein performance is achieved at essentially zero or
slightly negative external loading on the slider while the magnetic disk is rotating.

In addition to the material physical characteristics, the extremely low external load
on the slider is an important factor in minimizing wear of both the slider and disk contact
surfaces and in reducing the effects of stiction. The geometry and surface finish of the

slider also play an important role in minimizing wear. While the generated tribo- _
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thin fil mmagnetic disk. The recording nedium 50 conprises a substrate 59
made of an Al -My alloy, for exanple, an undercoat 57 of material such as
chromium for exanple, a nmagnetic |ayer 55 of a cobalt-based alloy, for
exanple, and a protective overcoat 53 of a nmaterial such as carbon. As
descri bed above, the slider 13 is positdoned in contact with the surface 51
of the recording medi um 50 under nornel operating conditions of a magnetic

di sk storage .system w t hout produ0| ng .excessi ve wear . Referrl ng, now to Fig.
9, a pr ef‘@‘%\" Ymélzﬂ%d‘ls 1cight (o G%V%smeeh "rr?é?d by SR AR, bearipgniiolsi 3le0
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speci fi CapHaadhd R ot desicaiposi te slider 60 conprises a slider body 63 of
single crystal sapﬁﬁlr% upon which is deposited a | ayer 67 of suitable

crystalline wfiefhdradr nods €iboGiirtive I6RYSvillobe BaBRidCanE e/ MhgdiRdBeFdnél s
force generated is a function of the materials utilized in the fabrication of the slider and
the disk to be used. In view of the present understanding of the triboelectric charging
phenomenon, it is difficult to predict material pairs which will exhibit tribo-attractive
contact sliding behaviour with the restoring force effect. As a general rule, when the
friction versus load curve for a palr of materials, slider and disk, has a characteristic
shape, particularly in the negative load region, similar to that of curve 14 illustrated in
Fig. 2, the materials are showing tribo-attractive contact sliding behaviour. The
deviation from the linear relationship in the negative load region which results in an
i_extendéd gradual monotonical decrease in the friction for negative loads is indicative of
the development of a strong restoring force. It has been found that slider materials
selected from a wide range of crystalline and amorphous materials having a low
coefficient of friction and which are either electrically non-conductive or have a high
resistivity m éombination with presently available magnetic storage disks exhibit the
desirable tribo-attractive charécteristi_c_:s. While materials also exhibiting a high thermal
conductivity are preferred, a high thefmal conducﬁvity does not appear to be required in
all materials which exhibit the tribo-attractive effect. Table I is a listing of various slider
materials which exhibit tribo-attractive contact sliding effects when used with a variety of
magnetic disks, for exainple, carbon zirconia or SigNy overcoated thin film disks, plain
and carbon overcoated particulate disks and thin film disks with chromium oxide

overcoat.
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deposited on the face 62 at the slider trailing edge.

t hi cknéss of about 250A is suitable to provide the tribo-attractive
characteristics required to ensure contact between the bottom surface 65 of
slider 60 and the recordi ng nmedium 69. [err] 16 [err] 1. A nagnetic
di sk storage system conprising: a nagn®ic storage nedium (12) conprising a

rigid substrate having a | ayer of magnetic storage nateri al

magneti c transducer (21) and a contact slider (13) for supporting said

magneti c

A layer 67 having a

(11) thereon;

TABLE I
Material Morphology* TA Behaviour
diamond sc excellent
sapphire sc excellent
silicon sc possible
quartz sc good
cBN sc good
CaTiO3 - sC good
SiC HP some wear
ZxO HP some wear
. alumina HP some wear
SIALON HP good
cBN - pe ' good
fused quartz a good

* gc: single crystal, pc: polycrystal a:amorphous, HP: hot
pressed compaction (usually multiphase pc mixture) Co

As shown in Table I, a wide range of materials are potentially useful in tribo-
attractive contact recording applications. While a bleed-off path for the triboelectric
charge must be provided, the resistivity of the disk coating is not critical. However, as a
general requirement, most of the generated triboelectric charge should be dissipated to
ground in the time required for a single disk revolution. Typically, the magnetic media
utilized in thin film disks is metallic and if grounded, the protective overcoat is thin
enough to allow the charge to dissipate. If the magnetic media is non-conducting, as is
the case for some of the commonly used oxides, a deliberate design for' bleeding off the
triboelectric charge is required. Whife disk lubricants will decrease friction and enhance
the wearability of both the disk and slider, lubricants and other contaminants which may
be absorbed will affect both the triboelectric and tribological performance. In practice,
the presence of polyether type lubricants have not shown any deleterious effects on the

tribo-attractive phenomenon.

Referring now to Fig. 3, a magnetic disk storage system according to the principles

of the present invention is shown. At least one rotatable disk, such as disk 12, is

This is the replacement Sheet

Date: f‘L’(U ?0‘;’

a



transducer in physical contact with said nmagnetic storage nmedium said
contact slider conprising a substrate of material having a | oad versus
friction characteristic that is non- linear in the negative |oad region;
and neans (13, 14) coupled to said magnetic storage nediumfor rotating
sai d magnetic storage nmedi um and produdiing rel ative noti on between said
magneti c storage nmedi um and said contact slider up to a selected operating
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slider or said magnetic storage nediunm characterized in that:
- 11, and each slider 13 supports one or more read/write heads 21. The slider 13 is

attached to an actuator arm 19 by means of a suspension arm 15. The suspension arm 15
provides a zero or slightly positive spring force to externally load and maintain the slider
13 in contact with the disk surface 20 when the disk 12 is stationary, i.e., not rotating,
as described in more detail below with reference to Fig. 4. When the magnetic disk 12
is rotating, i.le., relative motion exists between the disk 12 and the slider 13, the slider
13 is maintained in contact with-thq disk surface 20 with a zero or slightly negativé
external loading. Each actuator arm 19 is attached to an access mechanism such as voice
coil motor (VCM) 27, for example. The VCM is a coil movable within a fixed magnetic
field; the direction and speed of the coil movement is controlled by an applied current
signal. As the disk 12 rotates, the slider 13 is moved radially in and out across the disk
so that head 21 may access different portions of the disk surface 20 containing the stored
data.

The varibus components of the disk storage system aré controlled in operation by
signals generated by control unit 29, such as access control signals and internal clock
signals, and which includes logic control circuits, storage means and a microprocessor.
the control unit 29 generates control signals to control various system operations such as
motor control signals on line 23 and head position 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 head 17 by means of recording
channel 25. .

The above description of a magnetic disk storage system, and the accompanying

illustration of it in Fig. 3, are intended for illustrative purposes only. It should be
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said slider substrate conprlses an anDrphous fused quartz having a high
reS|st|V|ty and a |l ow coefficient of friction, whereby an attractive force
is exerted between said storage medi um and sai d magneti c transducer so that
said transducer is maintained in contact with said storage nedi um during
said relative notion and hi gh density rMé@corded data can be reliably witten
on and sensed fromsaid recording medi um 2. A magnetic di sk storage
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such movable storage apparatus, provided it is of the type in which the sliders are in

contact with the storage medium when at operating speed.

Referring. now to Figs. 4 and 5, in accordance with the principles of the present
invention, the slider 13 is attached to a suspensioh arm 15 and positioned such that it is
suspended on contact with the disk surface 20 when the digk 12 is stationary or stopped.
The slider 13 is further mounted to suspension arm 15 oriented such that the slider is
slightly tilted, such as by twisting 'suspension arm 15 slightly, and a forward or leading

~corner 31 with respect to the disk rot.ation (as indicated by arrow 32) is in light contact
with the disk surface 20 when the disk 12 is stopped. The tilt angle, while exaggerated
in the drawing for illust.rative purposes,.need by only enough to ensure contact of the
slider tip 31 with the di'sk surface 20. For a preferred embodiment, a tilt angle in the
range between 1.5-5.0 degrees is sufficient. Too large a tilt angle may cause the slider
tip 31 to "dig in" to the disk surface when disk rotation is started. The stiction forces
generated by this light contact are of negligible magnitude and the disk rotation is easily
started. With fhis configuration, as fotation is commenced and the disk 12 comes up to
its operational speed, the point contact of corner tip 31 allows the generation of
triboelectric charge which propagates over the bottom or contact surface of slider 13. As
the charge generated at the corner tip 31 begins to spread, the slider 13 is increasingly
attractéd to the disk surface 20. This process enhances the triboelectric charge
generation due to the hicreasing contact area and at a threshold point, sufficient charge
has accumulated for the slider to be suddenly attracted and pulled to the disk such that
the slider contact surface is parallel to and in substantially physical contact with the disk
surface 20. As long as the disk continues to rotate at a sufficient speed, the slider is
maintained in sliding contact with the disk with zero or slightly negative external

loading. When the disk rotation is ceased, the slider 13 lifts and tilts up to its rest
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contact slider (13) when said nagnetic storage nedium (12) is rotating,
sai d negative external force urging said contact slider away fromthe
surface of said nagnetic storage nmedi um said negative external force being
of a magni tude such that said contact slider is maintained in substantially
physical contact with said nmagnetic stb¥age nedium at said sel ected
operating speed and said contact slider is suspended in spaced relationship
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storage nediumis stationary. b. magneti ¢ di sk age system as clai ned
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relatively constant. The oscillations of both the friction and load magnitudes are due to
repeatable runout of the disk and the gradual acceleration of the disk as evidenced by the
shortening of the prior of oscillation. The large spike 34 in the friction curve is
indicative of the point when the slider has accumulated sufficient charge to be attracted
into full contact with the disk surface. For a preferred embodiment comprising a single-
crystal sapphire slider with a 3.5 inch particulate magnetic disk, the friction spike 34
corresponds to about 2400 rpm in a system where the final rotational speed was 3600
rpm. After the high friction spike 34, when the slider initially comes into contact with
the disk sufface 20, the friction curve flattens out at a value approximately equgl to the
lower value for the load. In contrast, the load curve continues its oscillatory behaviour.
This is most likely due to the fact that the contact sliding occurs in the nonlinear region
of the friction versus load curve where the derivative with respect fo the load is small.

Referring now to Figs 6-8, in accordance with the present invention, the slider 13
is positioned sﬁch that it is in sliding contact with the recording medium 11 while the
disk is at normal operating speed prdduced by relative motion, at a predetermined rate,
between slider 13 and the disk surface 20 in the direction indicated by arrow 32. A
"snow plow" or "boat-like" slider geometry is utilized to deflect surface particles, and,
thus, minimize the possibility of dust and other contamination coming between the slider
and the disk surface. In a preferred embodiment, the slider 13 is formed in the shape of
an isosceles triangle with apex or leading corner tip 31 along the line of relative motion
(as indicated by arrow 32), which may be 3600 rpm or greater. The slider bottom side
or contact surface is flat and lapped to at least an optically flat surface. Alternatively,
the slider 13 may be an equilateral triangle or a squére or rectangular shape mounted

such that a leading corner tip is directed against the disk rotation direction.
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respect ,to the direction of rotation (32) of said nmagnetic storage nedi um
(12), said shaped slider suspended at a predeterm ned angle such that said
| eading tip is in physical contact with said magnetic storage nedi um when
said nmagnetic storage nmediumis stationary. 6. A magnetic di sk storage
systemas clained in claim5 wherein sal4d predetermned angle is in the
range between 1.5 degrees and 5.0 degrees with respect to t he surface of
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when sai cerfibailiRbht; sHi&H PR fABiHatsd dflpolyérystatiné tospact of silicon carbide (SiC).
While the SiC compact exhibits excellent tribo-attractiye properties, it does not wear as
well as sapphire or diamond with respect to the disk surface. In general, single crystal
surfaces provide better performance because they present uniform surface properties
resulting in consistent triboelectric charging and wear. However, the increased expense
of single crystal materials such as diamond over polycrystglline materials may not justify
the increased wear performance. | |

The magnetic r_ead/write head 21 preferably comprises a ﬁagnetic head formed by

. thin film deposition techniques such as the thin film transducer described in commonly
assigned U.S. Patent No. 4,190,872 to Jones, Jr. et al, for example. The mhgnetic
read/write head 21 is deposited on the face 34 of trailing edge 35 of the slider 13 which
is substantially normal to the bottom surface 37 of the slider which is in contact with the
disk surface 20 (as shown in Fig. 7).

As shovs_(n in Fig. 7, in a spetific embodiment, the recording medium 40 is a
particulate magnetic disk. The recording medium 30 comprises a substrate 45 made of
an aluminum alloy, for example, having a particulate magnetic coating 43 thereon. The
magnetic coating comprises magnetic particles in an epoxy-resin binder. The magnetic
coating is cured and buffed to a desired surface finish and a small quantity of a liquid
lubricant, for example, is deposited on surface 41 of the recording medium. The slider
13 then is positioned iﬁ sliding contact with the disk surface 41, the lubricant forming an
interface between the slider contact surface 37 and the recording medium surface 41.
The read/write head 21 deposited on the rear face 34 of the slider is therefore maintained
in close proximity to the disk surface 41 at'a substantially constant height above the

recording medium 43,
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9., A magnetic disk storage systemas clained in claim8 wherein said
suspensi on neans (15) conprises twi sted spring neans adapted for

mai ntai ni ng said contact slider (13) suspended in spaced relationship

adj acent the surface of said magnetic storage [err] medi um (12) when
said magnetic storage nmediumis statior@ry, said shaped slider disposed in
atilted orientation with respect to said magnetic storage nedium a
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portion (Flvgifoy, T&Séaﬁ.ﬁiplé,oantﬂﬂe%ﬁ?ﬁ b Fhal¥irial such as chromium, for example,
a magnetic layer 55 of a cobalt-based alloy, for example, and a protective overcoat 53 of
a material such as carbon. As de_scribed above, the slider 13 is positioned in contact
with the surface 51 of the recording medium 50 under normal operating conditions of a
magnetic disk storage system without producing excessive wear.

Referring now to Fig. 9, a preferred embodiment of a compoéite slider is shown.

A composite slider 60 comprises a slider body 63 which is made of a suitable material
such as a ceramic, a mixture of Al,O3 and TiC, for example, and a thin layer 67 of a
suitable tribo-attractive material bonded to the slider body bottom surface 65 and in
contact with the recording medium 69. In a specific embodiment, a composite slider 60
comprises a slider body 63 of sing_le crystal sapphire upon which is deposited a layer 67
of suitable crystalline material. As described above, a magnetic read/write head 61 is
deposited on the face 62 at the slider trailing edge. A layer 67 having a thickness of
about 250A is suitable to provide the tribo-attractive characteristics required to ensure

contact between the bottom surface 65 of slider 60 and the recording medium 69.
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rotation (32) of said magnetic storage medium (12) in physical

the surface of said magnetic storage medi um when said magnetic storage
mediumis stationary. 11. A magnetic disk storage systemas clained in any
precedi ng clai mwherein said nagnetic storage nmedi um (42 —coenpri-ses—-a

particul ate magnetic disk (40). 12. A ffgnetic disk stog o
claimed in any of clains 1 to 10 wherein said magnetic iﬁﬁmmgmﬁhmu
conprises a thin filmmagnetic disk éER)Msl?’ A magneti C'» : s Ol
with a magnetic storage nedium (12), conprising: nmagnetic head neans (21)

contact with

for recondi ng, aRGh&AIc BROSbRge 35étEm _rigﬁg_netic storage nedium and a

sl i der

surface of said slider,
t her eof mmeagnetic storhge maeriali(bt) thesesnyral

(13) for Supporting said magnetic . .
surface of sai gapigiccitbgs iédag (12)icomprifiagh PR SibstraleeRelih® aNREfePbf a
said slider conprising a substrate having a surface
contact with said major surface of

the magnetic storage nedium the substrate

a magnetic transducer (21) and a contact slider (13) for supporting said magnetic
transducer in physical contact with said magnetic storage medium, said contact slider
comprising a substrate of maierial having a load versus friction characteristic that is non-
linear in the negative load region; and .

means (13, 14) coupled to said magnetic storage medium for rotating said magnetic
storage medium and producing relative motion between said magnetic storage medium
and said contact slider up to a selected operating speed sufficient to generate a restoring
force responsive to said load versus friction characteristics of said contact slider, said
restoring force ﬁaving a magnitude sufficient to maintaining a surface of said contact
slider in substantially physical contact W'lth- said magnetic storage medium at said selected
operating speed, whereby said magnetic transducer is maintained in close proximity to
said magnetic storage medium and data can be written or sensed without excessive wear
to either said contact slider or said magnetic storage medium;

characterized in that:

said slider substrate comprises an amorphous fused quartz having a high resistivity
and a low coefficient of friction, whereby an attractive force is exerted between said
storage medium and said magnetic transducer so that said transducer is maintained in
contact with said storage medium during said relative motion and high density recorded
data can be reliably written on and sensed from said recording medium.

2. A magnetic disk storage system as claimed in claim 1 further comprising an access
arm and suspension means (15) for suspending said contact slider (13) in substantially
physical contact with said magnetic storage medium (12) at said selected operating speed.
3. A magnetic disk storage system as claimed in claim 2 wherein $aid suspension

means (15) includes spring means adapted for providing a negative external force on said
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material having a load versus friction characteristic that is non-linear in
t he negative | oad region; characterized in that: said i are

conpri ses an anor phous fused quartz having a high resi st

coefficient of friction, whereby an attractive force is lg‘“lﬂl@imwaml
sai d storage nedi um and said nmagnetic f'Yansducer so that salcd LramsdsiCer is
mai ntai ned in contact with said storage nediumduring said relative notion
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sai d recordi ng nedi
external force urging said contact slider away from the surface of said magnetic storage

medium, said negative external force being of a magnitude such that said contact slider is
maintained in substantially physical contact with said magnetic storage medium at said
selected operating speed and said contact slider is suspended in spaced relationship
adjacent said magnetic storage medium when said magnetic storage medium is stationary.
4. A magnpetic disk storage system as claimed in claim 3 wherein said suspension
means (15) includes means for orienting said contact slider (13) such that a portion of
said contact slider is in physical contact with said magnetic storage medium (12) when
said magnetic storage medium is stati(fnary.

5. A magnetic disk storage system as claimed in claim 4 wherein said contact slider
(13) comprises a shaped slider having a flat bottom surface and a leading tip (31) with
respect to the direction of rotation (32) of said magnetic storage medium (12), said
shaped slider suspended at a predetermined angle such that said leading tip is in physical
contact with said magnetic storage ‘medium when said magnetic storage medium is
stationary.

6. A magnetic disk storage system as claimed in claim 5 wherein said predetermined
angle is in the range between 1.5 degrees and 5.0 degrees with respect to the surface of
said magnetic storage medium (12).

7. A magnetic disk storage system as claimed in claim 1 further comprising an access
arm including suspension means (15) adapted for providing a substantially zero external
load on said shaped contact slider (13).

8. A magnetic disk storage system as claimed in claim 1 further comprising an access
arm including suspension means (15) adapted for providing a negative external load on
said shaped slider (13) when said magnetic storage medium (12) is rotating.

9. A magnetic disk storagé system as claimed in claim 8 wherein said suspension
means (15) comprises twisted spring means adapted for maintaining said contact slider
(13) suspended in spabed relationship adjacent the surface of said magnetic storage
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14, A magnetic transducer (21) as clainmed in claim13 wherein said
substrate means conprises a shaped slider (13), said shaped sl|ider havi ng a
flat bottom surface, said bottom surface maintained i nuw“ I Ellll;j”“'
physi cal contact with said magnetic reggrding nmedi um ’ tad! 13
transducer as clainmed in claim114 wherein said shaped slider defines a

| eading corner and a trailing edge with respect to a direction of rotation
of said magiehi (12)t Whéd Saide diaghtics sofageb@Bdiuic id sadiolRy ) sald 'shEsedosliderf ace
of said trailing edge. 16. A magnetic transducer_as clained in claim15
wher ei n shispdsehipea dilted iodientatioh iwiths respéat ita sajd | magnstia podagel medinm, anpernpiox
thereof defining said |leading corner, said trailing edge conprising the
base t herofshid comtagt skides beingniyp physieal cantacs aiith the jsurfaceueff saice magnetit storaggnet i c
storage nedjum 17. A magnetic transducer as clainmed in claim15 wherein
sai d shapeediem;when sgid mageetis sfragemedingy s SRHBBAYs| i der, a corner t her eof
defining 1?]?' Cj& ln?aag%}atri]g dfsﬁrs%arzrtge system as claimed in claim 9 wherein said contact slider

(13) is oriented such that a leading tip portion (31) with respect to the direction of
rotation (32) of said magnetic storage medium (12) in physical contact with the surface
of said magnetic storage medium when said magnetic storagé medium is stationary.
li. A magnetic disk storage system as claimed in any preceding claim wherein said
magnetic storage medium (12) comprises a particulate magnetic disk (40).
12. A magnetic disk storage system as claimed in any of claims 1 to 10 wherein said
magnetic storage medium (12) comprises a thin film magnetic disk (50).
13. A magnetic transducer for use with a magnetic storage medium (12), comprising:

magnetic head méans (21) for recording and/or sénsing data on a magnetic storage
mediﬁm; and

a slider (13) for supporting said magnetic head in close proximity to a major
surface of said magnetic storage medium, said magnetic head formed on a surface of said
slider, said slider comprising a substrate having a surface thereof maintained in sliding
physical contact with said major surface of the magnetic storage medium, the substrate
material having a load versus friction characteristic that is non-linear in the negative load
region;

_ Characterized in that:

said slider substrate éomprises an amorphous fused quartz having a high resistivity
and a low coefficient of friction, whereby an attractive force is exerted between said
storage medium and said magnetic transducer so that said transducer is maintained in
contact with said storage medium during said relative motion and high density recorded

data can be reliably written on and sensed from said recording medium.
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14. A magnpetic transducer (21) as claimed in claim 13 wherein said substrate means
comprises a shaped slider (13), said shaped slider having a flat bottom surface, said
bottom surface maintained in substantially physical contact with said magnetic recording
medium,

15. A magnetic transducer as claimed in claim 14 wherein said shaped slider defines a
leading corner and a trailing edge with respect to a direction of rotation of said magnetic
storage ﬁedium, said magnetic head means formed on a face of said trailing edge.

16. A magnetic transducer as claimed in claim 15 wherein said shaped slider defines a
triangular-shaped slider, an apex thereof defining said leading corner, said trailing edge
comprising the base thereof, said face being normal to said major surface of said
magnetic storage medium.

17. A magnetic transducer as claimed in claim 15 wherein said shaped slider defines a

rectangular-shaped slider, a corner thereof defining said leading corner.

This is the replacement sheet

- | Date: P’llg {0‘0'



