WO 02/ 059880 PCT/ US02/ 02061 -1 | NTEGRATED ELECTROSTATI C SLI DER FLY HEI GHT
CONTROL FIELD OF THE I NVENTI ON The present invention relates generally to
di sc dri vwodawsosse or age devi ces, and nore particul arly wprCraisp2/hionitati on
to control of fly height spacing between 5 a slider and a di sc. BACKGROUND
OF THE | NVENTI ON After a disc drive is energized, it warnms up and has a
tenperature rise. In particular, there are large tenperature rises in the
heads used in a disc drive. The headslirnclude magnetic transducers
deposited on slider substrates. The nagnetic 1o transducers carry

read/ wite c ¥ he -head The ture rise
in the headswmmfﬁq HIgSHL i]FI(é FT%@@% in

relation to the anmount of hed: 3 e gated i n the nagnetic
transducers. The Wéeﬁewéﬁi&%&%ssgeﬁamyeo Hs9bave G058t aelicel ther mal
expansion (CTE) than the. slider.. substrates. As tenperature Increases,

t he magnet i candiborempartdlackyrvitiione métatign toxqoatrd] of flnhejgbtdpacing hetaveeman t he
slider substrates. The thernmal expansion causes the pole/shield tips of the
magnet i c5tra?n§’d]§{':%‘?dsa§’6°' protrude with respect to an air bearing surface of
the slider substrate. At BAgIREIROUNIPOFTHESSVENHORP! e/ shield tips are
closer to the nedia and the transducer- nedia spacing is reduced. If the

t ransducer - medi a Afierc disc diive is waergizedpibwarnag ep 201 has afemperafgerismdugh, then

at higher tenperatures, the protruding pole/shield tips ..hit.the pedia. To
Vol 0 1t r ans AUELP e iR a6 s Erirp g ik g M ol A% i s Rl ghe ™

| ower t enperihdd Bisluds neghétid tedmatliosed depositaicon Sites shtatrges.fThe hginghieé at | ower
tenperatures, however, undesirably limts the electrical perfornmance of 25

t ransduclr s, tragaduderucarry yreadierity ctmrens tthafe genergte (knagdpi the hrads-sdber e i nch)
that can beter%.ﬁ@aﬁ%@ﬂsei?tﬂ?ﬁ%ag gﬂa&g%%paﬁ{s@h&é%eagse%ﬁ%%%ltéﬁ?facé?&faé ect the
W tTh pole tip Jr

probl ens assoctate otrusion a I gher tenperatures.
in relation to the amount of heat that is dissipated in the magnetic transducers.

(L

The magnetic transducers have a higher coefficient of thermal expansion

(CTE) than the. slider substrates. As temperature increases, the magnetic

15  transducers thermally expand at a greater rate than the slider substrates. The
thermal expansion causes the pole/shield tips of the magnetic transducers to
protrude with respect to an air bearing surface of the slider substrate. At higher
temperatures, the pole/shield tips are closer to the media and the transducer-
media spacing is reduced. If the transducer-media spacing at lower temperature

20  is not large enough, then at higher temperatures, the protruding pole/shield tips
hit the media.

To avoid transducer-media contact at higher temperatures, the fly height
at lower temperatures is kept relatively large. This large fly. height at lower.
temperatures, however, undesirably limits the electrical performance of

25 transducers, particularly the areal bit density (gigabits per square inch) that can
be achieved.

A method and apparatus are needed that correct the problems associated

with pole tip protrusion at higher temperatures.



WD 02/ 059880 PCT/ US02/ 02061 -2 SUMMARY OF THE | NVENTI ON Di scl osed are
enbodi nents of a disc drive that includes a slider wwith a field em ssion
sensor thaD emses fly height. The disc drive conprises aPdirasor/mast
includes a nedia surface, a slider 5 that includes a read/wite head that
is spaced apart fromthe nedia surface by a fly height spacing, a field
em ssion sensor, an actuator and a feegback circuit. The sensor conprises
an electrode tip disposed on the slidéef. The electrode tip faces a first
portion of the nmedia surface across a gap The sensor conducts an electric
current through the gap a”%[JEMMfAlIQ?%FaTﬁEfIWEN‘” rical 10 output
representative of the lengtitr of tfie gap. The actuator adjusts the fly

hei ght spaci ng asDiscloset bieamieklimenteota dixt drivet thatt includese slidec avith aput . A
feedback circuit provides the actuator electrical input as a feedback
function of H i%e@@ﬁ’é’&se@%@ﬁﬁeﬁqﬁg’ﬁ% to control the fly height

spacing. 15 TheseriidoyahiOUsmahiists LiSatHit Gifs hicsasdlVani gurs whi ch

characterize enb ments of t present invention wll|l be apparent upon
readi ng sof thitendloddsaniendyvatiit heddatiatdie spadegtapart feomal theowmedio swffadetty associ at ed

Somot ¢ vilbGPesfhl AP, Sg it e 31 SEal At R Gt cs b

cross-section of faeskdder cahpfiRMn RFRBHANUY Aidpo¥dd1@nONR! siilefli The sur f ace.
FIG 3 schematically il Iustrat es a cross-section of a slider at el evated

t enper at ur eslcmpde pp |faces |a;ﬁlpir partion pHthefmedia gwa@r acgosgiasgaps Jhe R80T F| G 4

illustrates r 4 hat |n | udes_ a t ip . 25
FIG 5ill us“PP "Eci Xeé: i S‘H‘éﬁm 34“8 Fhe =8 aa Py eésnga?’%%g Fel%ﬁ‘gcag in
FI G lbogqiulf@héyrésen@udé §ﬂh@.wﬂ1gﬂjd‘fhﬁé aIFI G 6 illustrates an enl arged
view of the slider illustrated in FIG FIG 7 illustrates a bl ock

di agr am cor r esporidieragtugitar-adiss ﬁlﬁrfbhb@ﬁhhﬁpacmg as a function of a received
actuator electrical input. A feedback circuit provides the actuator electrical input

as a feedback function of the sensor electrical output to control the fly height

spacing.

15 These and various other features as well as advantages which
characterize embodiments of the present invention will be apparent upon reading
of the following detailed description and review of the associated drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a top isometric view of a disc drive.

20 FIG. 2 schematically illustrates a cross-section of a slider at room
temperature flying over a disc surface. |
FIG. 3 schematically illustrates a cross-section of a slider at elevated
temperatures with pole tip protrusion flying over a disc surface.
FIG. 4 illustrates a bottom view of a slider that includes an electrode tip .
25 FIG. 5 illustrates a sectional view of a slider taken along line 5-5’ in FIG.
4 together with a disc and gimbal.
FIG 6 illustrates an enlarged view of the slider illustrated in FIG. 5.
FIG. 7 illustrates a block diagram corresponding with the arrangement

illustrated in FIG. 5.



illustrated in FIG 5. WO 02/059880 PCT/US02/02061 -3 FIG 8 illustrates
an electrical schematic diagram corresponding with the arrangenent
illustratwoomwos®se 5. FIG 9 illustrates an arrangenent WwCThusamomet uat or
deflecting a slider relative to a ginbal point. 5 FIG 10 illustrates a
bl ock di agram corresponding with the arrangenment illustrated in FIG 9.
DETAI LED DESCRI PTI ON OF | LLUSTRATI VE ENYBODI MENTS I n t he enbodi ments
illustrated below, a disc drive includés a slider with a field enission
sensor that senses fly height by passing quantum nechanical 10 tunneling
current across apgapghRiasa shReeciidafiStheRRc AiadReh BoRslpbaditg Mithahéli sc. An
output fromthe field emssion sensor is fed back to an actuator that

adj usts fl wringexnt iNfstmteiie FH@ad experi ences thermal pole tip protrusion
at higher tenperature en the feedback.controls and,st.abil |,z the fly
hei ght to avoid Fﬁé‘ag @P‘ﬁé &% an [BraRgeIPE ‘ﬁgﬁgaﬁt%(’%b% rg‘%éeé:%g%ea ?lbﬁfrar ket
demand for i 0GHEAR I EnMaPRdint. density, the control and stability illustrated
by the enbodi ments bécones increasingly inmportant. Additional factors,
such as the desi &Gt 40 ilustrstesiacincla diagrams porersponsing Wity the grrgagemest ocessi ng
advant ages f.ﬂom ,LHIe iﬁan onductor industry wunfortunately adds further to
the fly heid PSURES P pf'obl em by increasing the 20 pole tip protrusion at
hi gher t enper at pEFAILEDDESCRIPTISON SFeS 1 WIS TRWDVEEMB@DIMENTSC drive 100
including a slider 110 that 1ncludes one or nore rgggq{writf heads. Di sc.
drive 100 i ncl udds the embedimsaisillussatedRalons adise dgwe moMmdss @ 3hdsrcRdh 106 t hat
are typically yer:s.. I rqd I | udes a
stack of wlattliépl?ee%glségééé%ggg}%/@%l téﬁlhﬂea t2 gse%&u%ﬁﬁﬁé%les t he
slider 1430 windeliag caacituicidse atgapbstieerthd sidepanha netleckethceps e.difl sc pack

126 is spun or rotafed as shown hy arrow, 107 tq allow,K read/wi.te head
assenbly 11A8 6“”‘&%@%9’%%1 ¢ fie "éﬂ’tSSlPBtS%{‘iSPf)ﬁaﬁ%Z |ba§lafq Yhactpypr %‘ﬁE %1&1‘6 §
fly height. When the head experiences thermal pole tip protrusion at higher

temperatures, then the feedback controls and stabilizes the fly height to avoid
head crashes.

15 As fly heights decrease due to market demand for increasing areal
density, the control and stability illustrated by the embodiments becomes
increasingl.y important. Additional factors, such as the desire to use silicon as a
slider material to gain processing advantages from the semiconductor industry
unfortunately adds further to the fly height control problem by increasing the

20  pole tip protrusion at higher temperatures.

FIG. 1 illustrates an embodiment of a disc drive 100 including a slider
110 that includes one or more read/write heads. Disc drive 100 includes a disc
pack 126 having storage media surfaces 106 that are typically layers of magnetic
material. The disc pack 126 includes a stack of multiple discs. A read/write head

25  assembly 112 includes the slider 110 with a read/write transducer for each
stacked disc. Disc pack 126 is spun or rotated as shown by arrow 107 to allow
read/write head assembly 112 to access different rotational locaﬁoné for data on

the storage surfaces 106 on the disc pack 126.



the storage surfaces 106 on the disc pack 126. WD 02/ 059880 PCT/ US02/ 02061
-4 Read/wite head assenbly 112 is actuated to nove radially, relative to
t he di sc wear/0i®8) as shown by arrow 122 to access differ @c/usazizbl

| ocations for data on the storage surfaces 106 of disc pack 126.
Typically, the actuation of read/wite head assenbly 112 is provided by a
voi ce coil notor 118. Voice coil 5 m)tgr 118 includes a rotor 116 that
pivots on axle 120 and an arm 114 that ' actuates the read/wite head
assenbly 112. The arm 114 presses down on a central ginbal point on the

slider 110, provig;A8yte Head agééfn%%fotér@ﬁs halstsd tdenove rhdlglly, k3Rtive 16! ose

proximty to the storage surface . One or nore read/ wite_ heads are
deposi t ed onhd disc phdkoEd6, a4 hosmobyf dryovahd o advessdifesgbradial laggéomsder at a 1o

fly height. circuit at |ocgati 130,.contro e.radial posj.ti of the
slider 110 ‘Qﬁdoréﬁl?c?tf’fagﬁls a‘ieﬁﬁ@pf e Paeckdﬁg’ ﬁ?yglcﬁ@%a%e 3§m§#1‘it)rﬂ§?s 110
With a compytidngriteSiut 08N 117 1sGRovided by Ghen@d dotlahbier it 8.Usdieatsil a br oken
away cross-section of a slider 203 flying over a disc nedia surface 240 at

room t enper avatoe 1 {§i@ludes ardonilGthat Phvasy enawdel 12@ apératagnel Lthat - 3) .
o O i dike P Al L ShoRL Ll OVR Ly S BALR R il 0

drive, parti® enperature of the

slider 203 idagi4 al Phiat loanme sHisr BL0pfprovigingl 4 e RB@ ihaskblds thad/ or of
t he transducer 236 can be significantly higher _than the overal| disc drive

t enper at ur e stder 118 inisdose Rrqramithriuthe shragrentiage 196 pApe ar MAra 15ed/P G sducer

20 236 rel ative t . ly. S | pelipd i ents of

t enperature h@?(%aaﬁgidgﬁgsft%lsl)th%%lﬁgr EL éﬁdfg? ea'nggit}é%gyra f v%r‘?ous deposi ted

|l ayers 2Q2, fR3A@ightl A\ cizdit atlecatippil B@kontrods tHeeadinl pdsitivm afitlee slaeni Her .

Typically, the magnetic netallic |ayers 236 i,ﬁd?%@:,ﬁeor 203 have |.arger

CTEs, and i sadieleqtmepllyaipigriacopseadiite beads 9g, i } 2 CAPU ese | ayers

are 25 grownp o SHOgtrate 201 that has much larger volume conpared to the

vol une of th ?ayer's 231, 210, 202 and the magnetic netallic |ayers 236.

Due to the diff &6t 2GHehemiticatly diustits a broker awayscrbssesgctienafrasslidehe shape

of the sli d%r(B (gf?ng over a disc media surface 240 at room temperature (FIG. 2) and at an

15  elevated temperature (FIG. 3). During disk drive operation, electrical power is
dissipated in the disc drive, particularly in the transducer '236, and the
temperature of the slider 203 increases. The temperature of the slider 203 itself
and/or of the transducer 236 can be significantly higher than the overall disc
drive temperature due to the large amount of heat dissipated in the transducer

20 236 relative to the small size of the slider 203.

The coefficients of temperature expansion (CTEs) of a substrate 201 and
of various deposited layers 202, 236, 210, 231 are typically different from one
another. Typically, the magnetic metallic layers 236 in slider 203 have larger
CTEs, and insulating layers 202, 231, 210 have lower CTEs. All these layers are

25  grown on substrate 201 that has much larger volume compared to the volume of
the layers 231, 210, 202 and the magnetic metallic layers 236. Due to the
different CTEs of materials in various head layers, the shape of the slider 203
distorts at elevated temperature. The pole tip recession (PTR) 237 that is present

at room temperature as illustrated in FIG. 2 is reduced or completely lost with .



distorts at elevated tenperature. The pole tip recession (PTR) 237 that is
present at roomtenperature as illustrated in FIG 2 is reduced or

conpl et elwoloomsosss t h . WO 02/ 059880 PCT/ US02/ 02061 -5 el ecatusd/mwad
tenperature as illustrated at FIG 3. The change of PTR with tenperature
is historically referred to as thermal PTR (T-PTR). At higher

t enperatures, however, the pole tip prgtrudes beyond t he substrate surface
as illustrated in FIG 3. 5 The CTEs of the al um num oxi de | ayers 202,
231, 210 are close to that of substrate 201, so that the pole/shield
prot 1 usi On a3t ifadOREHpBINAG o5 AIRRAL W P10 5. HE oRAIRGH PYR tiexPanSi on
of the netal ayers | transgucer IS expanS|on is only weakly
constrai ned tempétagirads aﬁQMCﬂlgb&tfemetdetcﬂ(ai theMeEmt (I-BYB). 20bjghend

overcoat |ayers 231, 0. . 10 ring dri er on he sl der 203 flies
above the sﬁPWﬁ?rﬁBH??aéﬁg’FY% a?’e@? FPriJOHE S 58?18&13%3 gate

operating t‘iﬁﬁﬁfa‘t’é&‘iﬁgG% the drive, the fIy hei ght 238 needs to be kept
| ow enough as require for reading and witing the desired high areal bit
density. 5The sl i dire QDOBs sfltlmldlummturrg@udﬁ: ﬂa}’@rsrﬁ@cmw W arm@@ﬁetto thatredi a

surface 240 ﬁ@l %g%t rggjy 3 H‘?’E t&g 301‘3@% 1[ he'(%agtattz S 15 Pffect ed by
t he ‘shape of%t ri"ng C t
i 11 ustratedehp éxﬁuﬁé&elssciue%@f &lli_'ia% Eﬁgﬁsi%ﬁjofthé metalBé weﬁfﬂhe@em@twey a | oad

force applied by an arm erformance of the transducer
236 depends 23¢r Thisrdxipgnsien IS ]dmblﬁd@nmm&fbhyma%é@@’? gibsfateeddla and t he

pol e/ shield,t Therg i hus a need to reduce fly

hei ght to i r%?egc\‘?%tolﬁ%eé?age or néﬂles %%Hf%ld conflicting need to increase
fly height to avabeidpedivecoprediion, thdutidér2(3efids pboterths spinniak nhdgbtic

t enper at ures as Illustrated in FIG 3. These two conflicting needs are net

in a nuch i rpesdiag media syriacge24y p&ﬁ@é‘ﬂr@ﬁ?@tln@é@%?qrmsﬁ%\ﬂﬂYF: B‘?mectl on
wih FLCS - Hlheighi 135 foedliRV6: E@@?@@%ﬁ&gﬂ%@ ik RE YR
yin ove

operating erature fl magn &t c rre ur ace
i |l ustrated the tésire® gy arealt et demsitg Htgesdidet ﬁOFBl@ul&notg@ mlcazrtsdumdr 236 does
not contact ngerl]gerletlc media surface 240 as illustrated in FIG. 3. The fly height 238 is
15  affected by the shape of the air-bearing surface 222 that is patterned (mot
illustrated) into the slider substrate 201. It is also affected by a load force
applied by an arm 114 (FIG. 1). The performance of the transducer 236 depends
primarily on the distance between the recording media and the pole/shield tips of
the head 236. There is thus a need to reduce fly height to improve head
20  performance, and a conflicting need to increase fly height to avoid head crashes
due to head protrusion at high temperatures as illustrated in FIG. 3. These two
conflicting needs are met in a much improved way by the arrangements
described below in connection with FIGS. 4-10.
FIG. 2 shows schematically a transducer 236 at room operating
25 temperature flying above a magnetic media surface 240 illustrated with
exaggerated roughness. In FIG. 2, the transducer 236 does not contact the
highest points 239 of the magnetic media surface 240. FIG. 3 shows
schematically the same transducer 236 at high operating temperature. Most of

the volume of the transducer 236 is formed by metallic layers and the coil



hi ghest points 239 of the magnetic nedia surface 240. FIG 3 shows
schematically the sane transducer 236 at high operating tenperature. Most
of the vbuwamssBo t he transducer 236 is fornmed by netalli ecCrawer/e2oand t he
coil WD 02/059880 PCT/ US02/ 02061 -6 insulator that have |large CTEs. Due to
the larger CTE of netallic layers in the transducer and possibly al so of
cured photoresist used as coil insulator, the pole/shield tips of
transducer 236 protrude nore with respgtt to the air bearing surface 222
at higher tenperature (FIG 3) than at roomtenperature (FIG 2). 5 This
effect kno I etic
medi a surf\zggn&g&gr E’[-gﬁﬁ#ugeae terrpe?jaut%lr}?g%%%%%ﬁgﬁd%gl%%uﬁg@BG has
to fly Iow, tfdn@diﬁeﬁlaﬂdlghsﬁlkﬂytcﬂﬁ) Klsﬁd:ua:,d phaioﬂes\ls’eugﬂdoals ebléanmjla:taﬂ the

per f or mance. e sl r 203 s to sta under all
condi ti ons \M"M%qg NEFPE%E“F HFH e ISSPethtOt%E l{ea@gg hei ght at

| ower head tgim, t ojy uded
pol e/ shi el d 1 I'ps %5 qﬁBPQan& teer%ﬁé%%ogggﬁ%Fmﬁg?Fﬁ:}t )t he medi a

causi ng sherTs eﬁeqﬁdmmmees T-‘Pfi‘i%plawuhe gransduceigAdh clos¢miot thbinhdgneee and
contam nati o t.r.i bol og robl ens, and eventually a head
crash. To é@‘ﬁdlﬁsﬁgﬁgzﬂ@'ﬁﬁl&g %ﬁ‘fm[%etrgtﬁ{ephl gher head tenperature (FIG 3),
the fly height haﬁleliéa%ﬂeu@@rahﬁw@f BIEOng o aty 1bwros@ea&1gqlet6n@é Alediae (FI G
2), with undesirable effect on head e lectrical performance. It is

difficult tdo he'@oqudeelﬂhycaﬂmem@nnammvﬁértb@gqm@m ‘flhhéh@ﬁ?é’roéthﬁﬁg) stgenper at ur e

range wt ho haV| nedi a. act I olved in
a rmuch i rrpr ‘i}gﬁg ‘ioﬂgltlgfl§ %8\9}9 ?cs}]aﬂlé: élngetﬁélxﬁ i Iggl% %’?mecti on
with FIGE 4 taﬂb@& hémdGembérdtird e FI@. Blis @lef lag@Cerotigh, ﬂi@prd&ﬁdet‘,sed in a
di sc drive suc disc drive 100 (FIG 1) in a t hat. reduces the pole

tip protrusiprote/ %bﬁiélmﬁﬁ it thlsﬂhﬁlathé%ﬁ Tqmmr@re fseg. Ffébr@ hit the mediz s i der
300 are of GONMER' hoRAk IRBLARs SThECHAM) i#on agﬁlétg&ge%ﬁ{agﬂlhés 3Qdq t hat

serve as sli surtaces or the's
contamination leading to tr1bolog1ca1 problems, and eventually a head crash. To

avoid head-media contact at higher head temperature (FIG. 3), the fly height has

15  to be large enough at lower head temperature (FIG. 2), with undesirable effect
on head electrical performance.

It is difficult to keep the fly height low enough over the operating
temperature range without having head-media contact. These difficulties are
solved in a much improved way by the arrangements described below in

20  connection with FIGS. 4-10.

FIGS. 4-6 illustrates a slider 300 that can be used in a disc drive such as
disc drive 100 (FIG. 1) in a way that reduces the pole tip protrusion problems
illustrated in FIGS. 2-3. .

Some aspects of slider 300 are of conventional design. Slider 300

25  includes rails 301 that serve as sliding surfaces for the slider 300 to slide on a
disc 304 when the disc 304 is stopped or started. The underside 303 of slider
300 is shaped to provide an upward aerodynamic lift force 305. A gimbal poiﬁt
307 applies a downward load force 309 that is provided by a load beam that is
included in a head assembly such as head assembly 112 (FIG. 1). When disc



di sc 304 when the disc 304 is stopped or started. The underside 303 of
slider 300 is shaped to provide an upward aerodynamc |lift force 305. A

gi nbal powpt02/03830 appl i es a downward | oad force 309 that iP€TASOYdeéd by a

| oad beamthat is included in a head assenbly such as head assenbly 112
(FIG 1). Wien disc WD 02/059880 PCT/ US02/02061 -7 304 is spinning at its
normal operating speed, the aerodynam'_r7_lift force 305 lifts slider 300
of f the disc 304. The slider 300 flies ‘over the surface of the disc 304 on
a layer of air. The disc 304 includes a nedia surface 306 that includes
magnetic matguiidlyi eadh id d ZerodynafadiliMbice 308 8es 308 is 5
deposi t ed or@?ﬁﬂépsﬁ@g%? 300%%%%rigﬂl%lﬁwaig%’gﬁ%}ead 308 is spaced apart from
the nmedia slidéra309 GPehendisa3d4. Thieeliden 3¥hlics nyerthe surface afdbeidiae ﬁB‘é head 308

has pole ti r.ot rusi an L e rature, .ho [ ,2n@S i ned bel ow,
an arr anger?g’n{‘) IF%erquoW'di%e {affg? ¢4eg%@=§%s it gﬁfi}?n%%%g ¥ r%ogoﬁhggfric%id%rgot rusi on
and mai nt aifSmatié Shabidefey Shdakk entl Wrikgy dita. 10 réwl/etiechearlgo8iip 302 i s
di sposed on the slider 300. The electrode tip 302 faces a first_portion

314 of the risgosited onfthe slidee 09 r Bresreadiyape bewl 34 is spacek apagiglsomithe 302, t he

gap 316, and_the fi.rst [ti 314, 0 di her
conprise a JB %Fu%.3% %ﬁsg?:—lié%ﬁ%’a%%%ajﬁt s%%%ﬁ@@??ﬁ%g%apggﬁ% t hr ough
the gap 316 pand thyr pritAsnAats B0 tenRlegstred, driwever, past explaineddbeBRG tbat 15
represents the length of the gap 316. Sensor 310 is nQt a capacitive sensor
and al so dod&rapgrmens| iy RSﬁVld?ChglPafﬁ Téﬁ‘i“@s.dﬁ%@nénw‘ﬁlblpo?eﬂgimat.m#‘ﬁé ag{l” rent

t hr ough Sen%ﬁiinfﬁngJr@laﬂ%ly%ta{b%:@a%%i%ﬁtye di spl acenent current, but is

approxi mat el'y I'n phase w age on sensor 310. Sensor 310 is
arrangedoso t hat Ai eleattodepiy ddZisatisppsefliamthemslider 30c Hhaielsatrods fipd02 r ef err ed

to variously as "field em ssion," "the.col d-ca de effect,"”
" au;/o- IeI gct ?lfé‘ffﬁca é"lf’fﬁtsﬁ?lﬁﬁl}"?’lg? oﬁtﬂ%ﬁéq%%ég&a%%é:{egcrgasr £a8® Aitt &P ace)
bet ween a C%ﬁ&ﬂ??gfig%i eé%?mpaﬁ&%e HREprAbRB14 bEthS WRides fefhct 908 | ow

| evel electric appl i to the vacuum (or insulator) transverse to
t he surf ace,togdtisareconspriseta bansor 3Hd Hat séisomn3b2 cendusts s electric current

through the gap 316 and provides a sensor electrical output on lead 320 that

15  represents the length of the gap 316.

Sensor 310 is not a capacitive sensor and also does not rely on
thermionic emission for sensing. The current through sensor 310 is not a
capacitive displacement current, but is approximateI}'r in phase with the voltage
on sensor 310. Sensor 310 is arranged so that it can operate on a quantum

20 mechanical effect referred to vériously as “field emission,” “the cold-cathode
effect,” “auto-electronic emission,” or “tunneling.”

When a surface (interface) between a conductor and a vacuum (or
insulator) is subjected to a low level electric field applied to the vacuum (or
insulator) transverse to the surface, there is little or no net flow of electric

25  current across the surface into the vacuum (or insulator). Electrons in the
conductor have energy levels up to a so-called Fermi level. There is a high
potential barrier at the surface. The electrons do not have a net flow out from
the conductor into the vacuum or insulator because the potential barrier is higher

than the Fermi level by a large amount called the “work function” of the



25 current across the surface into the vacuum (or insulator). Electrons in
the conductor have energy levels up to a so-called Ferm level. There is a
hi gh potwoteaboskarri er at the surface. The el ectrons do mem/usaye20al net
flow out from the conductor into the vacuum or insul ator because the
potential barrier is higher than the Ferm |evel by a |arge anmount called
the "work function"” of the WO 02/05988Q PCT/ US02/02061 -8 conductor. Wen
an individual electron does escape fromthe conductor into the vacuum or
insulator, the loss of the electron causes the conductor to have a net
posi tive chalggudtbl, CWheinfildwididl eRekSn HHG BtfeiFfRiiewWoh@itididstoandegat i ve
charge) back into the conductor. Wth a low électric field, there is no
si gni fi cant vaceun or Snsuhaters therlosst dfcthe elador gauses the qondndemie havae nghen t he

field applied transverse.to f. ur e s extrhensl i t he
botent tar bartias ShEs sy ey Al e Y el i

probabi | ity YabRtntdRhetaduton With alewelenis gblde frRfgis foosiphifitgdt filldir ough t he
thin barrier and not be drawn back into the conductor. This 10

pr obabi | i5st iemissieetdict.el ectrons, which is sonetimes referred to as a
"tunnelin curre " has. i i j re

i ndependegt. mceﬁd%eﬁgﬁtlit 3?1;%%2(? wagﬁvﬂfé‘%]?t%é 21?@% Haegfdlréséﬁlé%gg;%%n%i nt ai ned,
sur pri si ngl yutfasdie extremelglhigly thai the pbeentiarbaftiebec@nes thinhemosginststhaf anper es

per square centineter. Wth_ an extrenely hl?h field near the conductor.
surface, thépereiisadinitearababitity thagram glegrqneWill hayg enough gpereg i S816h" ef f ect

is used in [ [ AS C bS8ABRL NGle t 4RRELHNT THiST OSCOpE.
In the sensoﬁl%égli,tﬂgﬁleﬁepée%?fo g?#pﬁ%ggavﬁls iﬁaénge eto provl?de'mlélzel d

em ssi onoor probabistiofloswnf elettrans, aviticipissuonfetiows 3erredtaGas 6) “turiikkng| ect r ode
tip 302 is forngd.as a migrostructure.. The electrode tip.has a tip surface
adapted to X¥TEReyhad aq@ag}pmq!enté%gnrei%ﬂve& Wemsﬁngwegﬁ?qten "through the
gap 316. Theo,giBhd 18F ednRling | fe Sastdohsed3drd rasihmel N SurpkikmblyPRirbd on 314 of
the nmedia surface 306 provides for a small field em ssion current through
the gap 316.tuffiieding eigentsade flavp @@ 2thpusands of fmpenssl pas square bentimeddry t hi n

layer that Rivith Iag %}S{trgrplglgf%igh field near the conductor surface, there is a field emission

15  effect. This “field emission” effect is used in measuring instruments such as a

scanning tunheling microscope.
In the sensor 312, the electrode tip 302 is arranged to provide field
emission or tunneling current at a tip surface 322 (FIG. 6). The electrode tip
302 is formed as a microstructure. The electrode tip has a tip surface adapted to
20  provide quantum mechanical field emission current through the gap 316. The
small area of tip surface 322 facing the first portion 314 of the media surface
306 provides for a small field emission current through the gap 316. The
electrode tip 302 is also formed as a relatively thin layer that provides sharp
edges. This sharp edged feature produces high electric field strength
25  (volts/meter) around the tip surface 322 with a relatively low voltage applied
across the gap 316, in other words between the electrode tip 302 and the portion
314 of the media surface 306. A boundary layer of air at the moving media
surface passes through the gap 316, sweeping away any ionized gasses that
might otherwise accumulate in the gap. The high electric field strength near tip



edges. This sharp edged feature produces high electric field strength 25
(volts/neter) around the tip surface 322 with a relatively |ow voltage

appl i ed worce®sIsshe gap 316, in other words between the elpegtusorda20si p 302
and the portion 314 of the nedia surface 306. A boundary |ayer of air at
the noving nedia surface passes through the gap 316, sweeping away any

i oni zed gasses that m ght otherw se a_?pumjl ate in the gap. The high
electric field strength near tip WO 02/059880 PCT/ US02/ 02061 -9 surface
322 produces conditions for tunneling. As will be explained in nore detail

bel ow i n conpeméd 9m Wrddcdd &ndfionk Ter fumpsledd. N sowillr B txplained 0 nldreri t ed by
electrical circuitry connected to the el ectrode tip 302. Tip 302 is

connect ed t dletail balewdn gpnimsiion wethi o8, twsuarsling cugrepiols Alsodupied bpad 336.
Cont act pad 336. con t i i f 38.. In
LGS, 4 b Sleksal cFPORs Shinda0 i Mol R THES02R SRUEGE R2F L) Ut
the fly hei gbgistsPa8iNReibra®sdacdmnoett itom ofntact rpadedd6edCantattapat 386 ect ri cal

i nput at a capacitor plate 332.. Capacitor gloate 332 is a nesa that is
formed i t FennetH@ARElGFEIGNPEIEAI08ISPYEE 3300, Sl ider 300 is preferably
formed of doped sil4 4.40 agitd ; | the first
capacitive el ect ?%d%@rﬁéc%zggafﬁﬁghat %t%ﬁ%ﬁé%ﬁg% Bsﬁég%g’?éﬁ(?éégr&agoo and a
f aci ng secondjiptrthe gy RAdht epacinpe3 Heali afurstiod atf e r8Révedhatuatarehsticakecond

capacitive electrode. |n qne eferred rr enment, .the firsg. acitive
el ectrode sURPHAER2 SR Igbtﬁégél' gﬂﬁarcfto? P@Tﬁ@% Sa%@%ﬂﬁp@a{gﬁﬁ’&ﬁﬁnﬁﬁgel ect rode
340 by a canaghidivetpacbRgides0d. "Slidc 3001EHE AL Aftmed of DS AIMR0BDAC] Ng 316

to provide ectrical ack gain. The electrode tip is electrically
connect el viEhecmpakitvoact@or 3fdconyirisdetheI0st caphsitive elsclzededwitiare832to a

capacitor plate 332. The capacit l,ate . 332 serves a n. act uat or

el ectri cal itﬁ?}df .ﬁls?ﬂ?—?éleonetﬁgéﬁ%régb a@gm@&%g&ﬁ%“g@&ﬁ%?%@@@8&%% % circuit
that provi degrhhte 396t Hiat Gordd eCkédondl capapitive adle@rddecdacknd wasteiredl 20 of

t he sensor electrical output to control the flg hei ght spacing 310. The fly

hei ght spaciamgngagentsthetfiii sapeadvawlesiradsspeiaee 232 iscppendatnartdiemdhe he sl i der
300 san 0 LM BhORRL clobirddis4TPEY B cafcliBe Spebfhg ™Rtk AL AL
15  the gap spacing 316 to provide electrical feedback gain.

The electrode tip 302 is electrically connected via conductor 320 and
slider 300, which is conductive, to a capacitor plate 332. The capacitor plate
332 serves as an actuator electrical input. These electrical connections provide a
feedback circuit that provides the actuator electrical input as a feedback function
20  of the sensor electrical output to control the fly height spacing 310. The fly
height spacing 310 is stabilized with respect to temperature and the slider 300
can be flown closer to the media surface to obtain higher areal density with
reduced likelihood of a crash.
. In one preferred arrangement, the gap 316 is in a range of 5 to 15
25  nanometers, or about the same length as the fly height spacing 310.
The electrode tip 302 has the tip surface 322 facing the gap 316. The tip
surface 322 can be metal, or can comprise one or more coatings with determined
field emission properties such as p-doped diamond, diamond-like carbon (DLC),

tungsten, molybdenum, lanthanum hexaboride, silica particles and beryllia



reduced |ikelihood of a crash. In one preferred arrangenent, the gap 316 is
in arange of 5 to 15 25 nanoneters, or about the sane length as the fly
hei ght spaoingsBRO. The el ectrode tip 302 has the tip surfPeraSB2@20baci ng
the gap 316. The tip surface 322 can be netal, or can conprise one or nore
coatings with determned field em ssion properties such as p-doped

di anond, -di anond-1i ke carbon (DLC), typgsten, nolybdenum | anthanum
hexabori de, silica particles and beryltia WD 02/059880 PCT/US02/02061 -10
particles. In one preferred arrangenent, the electrode tip 302 is fornmed as
part of a |l of i i f L . i referred
BT angerent P’ dp Rk dit Elred SrbSolBE AL A0PR, fofled ) Pur®

t enper at ur esfiaragednof sexeiahdty thesread/veitepladad 308 p Iptlos puefemed afanghmentead/ writ e

head 308. 5 | n operatjon, the read/wite head 308 flies, over the nedia
surface 306 ele&rqq%pp”ﬂp&ﬁ@cﬁﬁ @??tﬂgetainglgg‘é%ﬂp@ﬁwewé’at&e SPE YR S hot teer,
it protrude%%ﬂgﬁp?gws%ﬂmthﬁgh@g@c’ﬁ)gs%. The electrode tip 302 of

t he quant um ne sensor 312 al so &r}o'grudes, changi ng the sensor
out put psesent ofnoepemticn,che 82d/writthead B fies @verthsanedia syiace 3A6 @bnduct or
320 is fed bagk.thr slider 3 to 10 .t Cc CLLiV { or 330. The
capacitive &c Yjé’ﬂﬁh?g@ r‘é§ hid ‘Vjﬁﬁe%ﬁélﬁg g‘%g%ott% rlagfloﬁvggé 8i°te 344,
ther eby rai $hRgdithe meliadeffadd0d. Thateldcaosd tip 302 o kieyquatanpaRskingcaf or t he

protrusion at high tenperature. The fly height 310 is thus_stabilized, and
t he read/ wr istrsonhé & a0 Prajedep changing thessersor Quintié Present Hnsionducier 32806 wi t hout

fear of da e due.to pole ti I ORan YV i khg, 15
i gher bit daarerans sPRoaibl B CddiEor 320 f 1 Ak bl O RlacFBAOLED. |
correspopdi ABe Wiphéitivh BctastoABRE MRS capdcitlvesictuatos 830 Bespbids 1y refiiding s 7
illustrates control system aspects of the Sfllrran ment iﬂaFlG ) In FIG

5
7, a slider agmsiivaolrees 346+ dbereby ppismer dhes sfiflert 300 ntq eleastaBiHaRY d | oad
force 402 appl] ' [ t-%f{% %hg 26, .o0) aeRR] Fidl thfi§ force
404 appl i ed%fej([)dpt% g?eh%o eftﬂés e Sﬁ)ﬁtaﬂéu |8§)rg ody 400 and-a colnstrol | ed
downwar d actstabilived f andcthe 4641/ driee hended (8ceandst amni dosetrtto dloe imediai surface

306 without fear of damage due to pole tip protrusion. With this closer spacing,

15  higher bit densities are achieved.

FIG. 7 illustrates a block diagram corresponding with the arrangement
illustrated in FIG. 5. Figure 7 illustrates control system aspects of the
arrangement in FIG. 5. In FIG. 7, a slider body 400 is acted on by forces that
include é downward load force 402 applied at a gimbal point, an upward

20  aerodynamic lift force 404 applied to the underside of the slider body 400 and a
. controlled downward actuator force 406 due to electrostatic attraction in a
capacitive actuator 408 that actuates the slider body relative to a media surface.
The capacitive actuator 408 is controlled by a received actuator electrical input
410, also called an error signal. The capacitive actuator 408 and the slider body
25 400 comprise a feedforward path. The slider body 400 responds to the forces
applied to it and flies at a particular fly height and a corresponding gap length

412.
The gap length 412 is sensed by a field emission sensor 414 which

comprises a feedback path. The field emission sensor 414 presents an



capacitive actuator 408 that actuates the slider body relative to a nedia
surface. The capacitive actuator 408 is controlled by a received actuator
el ectri cawoionfsa880 410, al so called an error signal. The capaaisnz/em®énct uat or
408 and the slider body 25 400 conprise a feedforward path. The slider body
400 responds to the forces applied to it and flies at a particular fly

hei ght and a corresponding gap length ,412. The gap length 412 is sensed by
a field em ssion sensor 414 which corﬂ)]r'"l ses a feedback path. The field

em ssi on sensor 414 presents an WD 02/059880 PCT/US02/02061 -11 inpedance
at sensor el; I.cal 442. An

el ectrical e]'ﬁlg)tregénggtaf %#E%?%%@ﬂ%gﬁg %ﬁ)@gﬁ&gﬁ%ﬁ%ﬁ%@@ é%ﬂéilglrdrpé n%gt hrough a
hard- wi r ed electnidahgnérgivationm sout@d4 i Sptoveales iar letbctivabsiromt $lensglr a hadl- The

el ectrical energization sour 41 i des.a set i nt .for .the control
system The ‘Wﬁ‘{ g'ﬁ’émglgal“nﬁﬁl‘gpcgf@ o glf?%%ﬁl eﬁ-"i}%sl‘i)% E%S?ﬁﬁi‘?i cﬁ]i‘eoqlecﬁ%‘f the set
point and t el MEEARGEOY18 PRATRS akbfipoihhfor YR EiR] 8Fst&h ST vltaget put 416

is representative of the gap | ength. he voltage at ‘el ectrical output 416

i s coupl 6d \atazlachiz sutpat AP jsunbimcton 4P bothothe tsetepaiatpansi thevimpedangaoér 408 as

actuator electri p.nput 410, .The feedforward th t f eedbagk path and
he. sunmi ng SFURREA b BLYUER 8heleckis SEBH F1s0S resrbiafva o Bp ERITEy hei ghe.

Wien t enper atHér®ltapé hecle@ficalldugpul all € i dtplddrai HedanBing jéifon 4o tgap | ength
412 decreases. The field em ssion sensor 414 senses the decrease and a

cor r espondi rib¢ yaphstivwasdenterhdbes gawpler clestricaldnmuedds. Fhe deedionvrasd

capacitive acluato 8+ .IThe 111V t : S eased
attractive a& uglﬁeoieeé%arcg & aﬂb%&:{ﬁ%% %@Iﬁ/d'g% ﬁgjaclég%g%/t%@%glgcgéS%gﬁgo%dceogﬁ%gs ed
attractijpe LFteciliabipht.f OVhen ®afpebuts éscrédses, the/pdletighprdtmde nesreané, t her eby

novi ng t he rotruding pole tip away. fromthe nmedia surface. A fly height
with incr eaégﬁga&l@agﬁhﬁlg;ﬂea@a%f ffh%%lP@rFf%‘FSI%PF‘ﬂ’é?r lgrsenges the drereast abl i shed.

FIG 8 illu jﬁr%t]i h ' o"hﬁ% S [ ith the
arr angement %P%?rr%?%(gl [ %I%eaieglg%hfe gﬁ’&??{i c qé%(ﬁeggd[kﬁg&ghn%mhasi zes
the 20 sinphpaitive attubtoe 408 c UThe yapafbitevedaetuatds 468 opodecksadedrédsedt r at ed at
430. This

attractive actuator force 406 at the decreased voltage. The decreased attractive

15  actuator force 406 causes the fly height to increase, thereby- moving the

protruding pole tip away from the media surface. A fly height with increased
stability as a function of temperature is thus established.

FIG. 8 illustrates an electrical schematic diagram corresponding with the

arrangement illustrated in FIGS. 4-7. The electrical schematic emphasizes the

20 simplicity of the circuitry. The disc is grounded as illustrated at 430. This

provides a ground connection for both the field emission sensor 432 and the

capacitive actuator 434. The electrode tip 436 on the slider is connected directly

via line 437 to the capacitor plate 438 that is integral with the slider.

Alternatively, an insulating slider can be used and a separate conductor can

25  provide a connection on the slider between the electrode tip and the capacitance

~ surface. This line 437 corresponds to the path through conductor 320 and

conductive slider 300 to the capacitor plate 332 in FIG. 6. A resistor 440 is

connected to the electrode tip 436. Resistor 440 corresponds to the resistor 334

in FIG. 6. Resistor 440 is also connected to a voltage source 442. The resistor



provi des a ground connection for both the field em ssion sensor 432 and the
capacitive actuator 434. The electrode tip 436 on the slider is connected
di rectly woioaobisse 437 to the capacitor plate 438 that isPCmtusgredoswi th the
slider. Alternatively, an insulating slider can be used and a separate
conductor can 25 provide a connection on the slider between the el ectrode
tip and the capacitance surface. Thi §]g_i ne 437 corresponds to the path

t hrough conductor 320 and conductive ider 300 to the capacitor plate 332
in FIG 6. Aresistor 440 is connected to the electrode tip 436. Resistor
440 correspoRESilioHe hRHags sstuRE 2B%ogbtel béiphse BE el 48 gizatiét SO
connected to a vol tage source 442. Tﬁe resi s?or WO 02/ 059880 PCT/ US02/ 02061
-12 440 and sbiwee ¢d8t Hiperesistanceofit giston 440 hed theoipiagesel wnitage saires 644

energi zation source 418.. The resistance. o Si;St or 0 and t vol t age of
vol t age sour¥ese ‘iféef@r%mg’élle@cﬁeéao?’g% rc(S’%}fraLOgE’gé?n%%Pﬁfhef%alp %lgﬁ?“rlsol of the
l'ength of the gaghiand Willuse uddeYstb®i B thosk iskillelllin hBe BAAR4tSthO@tbchical hose
skilled in the art that the electrical 5 energization source can

al t er nat 5velepergizafion seurge camaktenpdvely gpmprise 8 sonielledacurepnt BRHCS.| e 444
illustrates the  sl.idef,,s. hani gal € i . trode tip 436
and the capéléglegr hB? aA{'A’é1 Aglgs?raﬁeﬁiﬁl%sﬁcf#ﬁs rglil%géa!\aﬁgoa ng ntz’ﬁ?‘}w\%égl zgfr?érjangerrent
500 that is eRdctrbdeip 496 hbthebpageplent43ghown in FIGS. 4-8. In FIG 9,
however, the actuator 330 (FIG 6) to which operates across a capacitive

air spacing bet wddg- 8 llustaries amalternalivecarrangement A Bhat 1§ sinplagsto ghe 5
2o e o 0 e B WG I PG AL R o2 hoietor it Ay 3iPaagobyal poi nt

504. Al so, a co | 'er I'S’ adde rovide g
f eedbackoal atgcll bperatedictoss hepacitivatprspsdg betviaen® slidensid at disc as sl i der

501 that can_be used in a disc driv uch a i.sc 15 driye 100.(FIG 1) in
a way that F@Hﬁ’é"é%d-tw. |9ea{1?Wﬁ@b??i?&fﬁ“@?‘gﬂ}%ﬁ@“ﬁﬁfﬁg‘f@ég@ﬁ‘("? n Fi G)S
2-3. Some a%&sgielﬁ?af oﬁlt!s‘é)ﬁrAﬁglinlaFdlg. ‘9‘;,% g&%}m 5063 addes k@provide gaxp! ai ned

above with respec osimlar & . An electrode tip 512 1s disposed
on the sli dendS@fbackhedorg kit ¥08de the tBid® S0Races -a nedi a surface 514 across

a gap 516. The ellﬁgf é?lijuestr%%eg aSSﬁgér 5t0r1] %haq %Qn ge::L gSed in a disc drive such as disc

15 drive 100 (FIG. 1) in a way that reduces the pole tip protrusion problems

illustrated in FIGS. 2-3. Some aspects of slider 501 are of conventional design

as explained above with respect to similar slider 300.
An electrode tip 512 is disposed on the slider 501. The electrode. tip 512
faces a media surface 514 across a gap 516. The electrode tip 512, the gap 516,
20 and the media surface 514 together comprise a sensor 522. The sensor 522
conducts an electric current through the gap 516 and provides a sensor electrical
output on lead 521 that represents the length of the gap 516. Lead 521 connects
via line 520 and resistor 523 to potential source 525. Sensor 512 is not a
capacitive sensor and also does not rely on thermionic emission for sensing.
25  Sensor 512 is arranged so that it can operate on a quantum mechanical effect

2% ¢C

referred to variously as “field emission,” “the cold-cathode effect,” “auto-
electronic emission,” or “tunneling.” The sensor 522 is generally similar to the

sensor 312 illustrated above.



20 and the nmedi a surface 514 together conprise a sensor 522. The sensor 522
conducts an electric current through the gap 516 and provi des a sensor

el ectricawooewosyssd on | ead 521 that represents the | engt hPofi/ushroyap 516.
Lead 521 connects via line 520 and resistor 523 to potential source 525.
Sensor 512 is not a capacitive sensor and al so does not rely on thermonic

em ssion for sensing. 25 Sensor 512 igjarranged so that it can operate on a
quantum mechani cal effect referred to variously as "field emssion," "the
col d-cat hode effect,” "auto- electronic emssion,” or "tunneling." The

sensor 522 i s genmealduaisi 5 aspofdd e thé eagollal dulpld st et 608 dAlyove. WO
02/ 059880 PCT/ US02/ 02061 -13 The actuator 502 responds to the controller

outG put9 on | |enpar?50& lltﬁ/thl%nwr(apmgmmatelr metieakds in FiGh D osdhibersby vodet i cal Iy in
FI t 502
can be) a caglé ersagyagg%b 1232 ect rc at %@ng&glc ehae a%héﬁu{?%b%hoe%‘g%;gist ood

by those Sk'tﬂfddeeﬂcthﬁtoﬁ he rarillt bamnaétedeatsy attrgermaﬂted: id tisd mettthet ithe FIG 9 is
schematic and that a w de vari et% of . mechani cal port %nbal i ng)
g9 isy

ar r angenént griegenagni dHpstited En Al &é’ﬁff@&ct@dug@ t%é“?l"eéfﬁ’g%k
arrangement oitiflca bl (@le. CARIANIZR | AANSOHGRE fHPARIGABIPRAA BEDAral &

circuit as i rate Inte Into the controller 506. 10
FIG 10 il ugipted @suse thé ﬁaehtba:hkeegmagemmtrshewnn&ilemwl bhergizetuar samege ment
illustrated in FIG 9, and the reéerence nu a tf ﬁ are the
sane as t hd3 ceisbeia srpaptecirgt afqd QL CeR| 8&1??%{@? drptethe gapagller,
actuators h?p been proposed in the past, but have been of Ilimted val ue
due to the spaci ng2 rel ationship between 15 the slider to disc
attractiwe forceFi@dlo distates arhb@k dibgzart)/ epwspanging ‘@fithtthQ)mmgpmetlbnds to

make control.  unst sence of hi b s rement of
the fly hei diystrate |”§;%I(I}1 é:tat“g%t ??%In@n?bgﬁgﬁsggﬂn?gﬁﬂ ?re(;c an?%% fly
hei ght to abgit wged38%1GEJUCti on from the nominal fly hei ght W th no

applied voltage. Furthernore, sone neans
Capacitive (electrostattc) fly height actuators have been proposed in the

past, but have been of limited value due to the 1/spacing® relationship between
15 the slider to disc attractive force and the distance. The 1/spacing’® relationship
tends to make control unstable.

In the absence of a high bandwidth measurement of the fly height, this
limits the stable range of control over the fly height to about a 30% reduction
from the nominal fly height with no applied voltage. Furthermore, some means

20  of measuring or estimating the fly height is required in order to control it. Using
the signal amplitude from the head is a simple method, but limits the bandwidth
of the feedback as this only provides a useful measurement at the servo sectors,
since the amplitude of the data regions are subject to variability due to position .
error as well as fly height changes. Capacitive fly height sensors have been

25  considered, but require complex electronic circuitry that adds to the cost of the
system.

Since the voltage at the field emission electrode tip is approximately
proportional to the electrode to disc spacing, and the electrostatic force is

approximately proportional to the square of the electric field strength, the fly



20 of nmeasuring or estimating the fly height is required in order to
control it. Using the signal anplitude fromthe head is a sinple nethod,
but |i m twotldesdsamdwi dt h of the feedback as this only praeirdss2/ecoesef ul
measurenent at the servo sectors, since the anplitude of the data regions
are subject to variability due to position error as well as fly height
changes. Capacitive fly height sensors A{mve been 25 considered, but require
conpl ex el ectronic circuitry that adds!®o the cost of the system Since
the voltage at the field em ssion electrode tip is approxi mtely

proportionalg bﬁ?lt IR ALESI 28lE téi’ec(tyoﬁg g%Bﬂ'l%{rggmu@tngetdb‘é‘lgﬁb@% rﬁé@u@é' ¢ force

is approxinmately proportional to the squar the electricfield
strength, tHeedbayk mnomt%%ﬁdbnﬁﬁﬂ' ¢leSoRleGa @ik spadihgowere ithl sagleeastthest at i ¢

force electr georretry e desi i de dback gain. If

Lo oe, ol et g SOl el e Sesh 01ES e Mo B DR 02

em ssion el ERb RBHBktEn bPiesTyReibE:. be

const ant rgg%&%lgesspﬂjg S?%mﬁ %gé(lzlﬂ%éez{l&glﬁeresmul dlbe no St};\gl i zation of
the fly Bei @uplaﬁu@yﬂlpldmtmgettmm @(pamad@elqcméfn@ncﬁaﬁimtawbowhe@trode on
a slider as sho ure 6, at th i f the fly.caontrol

el ectrode td? V\% F%ﬂ?{% %ﬂaCIPSr?ﬁh ﬁ%?%’f{ﬁt@i‘% flﬁg %S‘élls Se@?ﬁa}slg?lgﬁ to disc
spaci ng, fqur%é%aﬂﬁierﬁé}@emi%@ma&aafsafsp&mg\/vféehbacwgmBaaibesmeﬂafw of 0.3 tin
(mcroinch) at the em ssion electrode and 1.0 tin at the control

el ectrode, a 0.1 With aleemiabspacingsyf 3 wig (wiitroinchyiatctbe eméssion@lestrede r ost at i ¢
force by 45% .and a 0 1t|n cre C|n will inc

el ect rogt at |‘%1df1d)r B %@64‘6’@*?0 ?eW(Sf%? bﬂé@ﬁ%ﬁ@ﬁ Sﬁdpﬁpchlgrgﬁﬁﬁeg%ﬁt}ﬁ? he

em ssion, ele‘i’ecrtrroatg ¢ IB'; 92435, 8158 g.’g Ségnracﬁlg Vﬁﬂgﬂérgfseathe

measur enent Sign to an ec’tronlc f'e circurt used to control the

vol t age appldi@gobtatié Herct Ib;y 46t IOhighed ﬁeamﬁegalfrha‘; seqaiirsd, 'gie\mmsgomat er
flexibility in the selection of nmaterial for the 15 em SS{ ?I ectrode as

the vol t age SHFioAR caibbe Risd a8 acPaFIRg genser iediroYidpRrRepsHEMSsat HgRal &ydal to t he
em ssion e GHABAR f}égAt;a@lg%I ot IS8 tb Q@nﬁél‘ fekoftbde O@%@& ROURUTY Aol ABS) i s

coated with a I anon e car bon ayer rotecti on agai nst both
mechani cal veatrodadlhis also gives greater flexibility in the selection of material for the
15 emission electrode, as the voltage on the control electrode is not limited to being
equal to the emission electrode voltage.
Since the slider air bearing surface (ABS) is coated with a DLC
(diamond like carbon) layer for protecﬁon against both mechanical wear and
chemical corrosion, it would be desirable to fabricate the field emission
20 - electrodes in a manner that does not disturb the function of the protective DLC
| coating. This can be done by producing the field emission electrodes out of the
same metal as the write transducer poles, coating the ABS (including the field
emission electrodes) with DLC in the normal manner, and finally ion implanting
the DLC directly over the field emission electrodes to make it conductive. In
25 some applications, the DLC coating can be produced with sufficient
conductivity that the ion implantat{on step will not be required. At a spacing of
0.3 pin (7.6nm), the p-doped diamond material at 70V/um would produce

0.53V, which is an ideal level as a sense signal for a feedback control circuit.

For directly driving the fly control electrode, a somewhat greater voltage is



chem cal corrosion, it would be desirable to fabricate the field em ssion
20 electrodes in a manner that does not disturb the function of the

prot ect i vwoDR@3988wat i ng. This can be done by produci ng t hecfiiwhziomsi ssi on
el ectrodes out of the sane netal as the wite transducer poles, coating
the ABS (including the field emssion electrodes) with DLC in the nornal
manner, and finally ion inplanting the DLC directly over the field

eni ssion el ectrodes to nake it conducti¥e. In 25 sone applications, the DLC
coating can be produced with sufficient conductivity that the ion

i npl ant ati on, st i | not .be.reqyired. Af. spaci ng. of ; 9 tin.(7.6nm,

t he p-doped qﬁsgﬁtﬁﬁﬁ%pgg@gsu&toggwﬁ*wﬁ%ﬁ pﬁygtgﬁlcgtgsdi. 39 V;) ‘iv%lﬂéi s an

i deal |evel Ao diReORIA SbeR8Y dt e A6 heeMpRsikhicontrol circuit. For directly
driving the Tly contro? el ectrode, a sonewhat greater voltage is WD

02/ 059880 PCT/ USdR/ draeary, 21dseidsive 4b0Q. invlydesidisy (34 thatonciedes pl i a
ticl t { -5 | . ' 8 t the 7.6
Do s ey a0 S1t) o0t ace i o ot Bleb 38 oBoids |1,

i ncl udes sa tiEdhéelugey 4 Rad/WrdOGeadd(BAB) thihis sgaced apart Vion{ (heGhedd s@facacl udes a
slider (300, 501 5 that includes a read/wite head (308) that_is spaced
apart from t(ﬁ@@rr%]d’i)éYs@ﬂYa]é@g](t:ﬁPe?nSl@}o)b% fiekd gmisgiogsenss 1 hS12310). A

frold e ssi 7 Ragmnt g . )

i sposed on SRS dditie BiT0 SOMRRORH B RYRLEBONOMM G HAR0) [°
rredid a surf adﬁlst(lﬂ?ﬁc)n @am@eﬁthta n?ﬁlia s@ﬁfﬁﬁi (’;BYB@)wroﬁ'%uigG@e(gi;@rS166.3]32,5&@1)2) .

conducts an electric curren [ou e , and proyj des a
sensor el ectPieallZdee ts(@l%?@"eﬁ?@éﬂ?ﬁ‘?ﬁ’f}@ggﬁp ﬁ]‘é} ?l@gﬁ“ﬁ Eﬁo"’)c/ ® gap
316, 6) . i : i ;

( 5th6) -2 %s@x%]}é\@/%ﬁﬁlaéﬁgbt gﬁ%zl)ree;ﬁéée!dﬁah?e tJrahd h%hﬁg'?ggﬁoegaﬁg\s 1y as a

function of a Trecel r ctrical input f eedback
circuit (410164280 as@@lor (P3W\403psdiuste the flyaiaght spacding ias al funetput obs a

f eedback function of the . sensor lLectr.igal, putput to .cont t fly

et ght - spaciTRiF S I LeITaBL i r Gk SBB nBEak - EnE DAY damerBus
characteri stdrggidéNthe astvait agREiRl iMAk &8 REMNEK "RAtonObf the skiéent i on
have been set forth in the .foregoing description, together with details of

t he struct ureecaisl puipot fomentel the Ily height spacing.
15 It is to be understood that even though numerous characteristics and

advantages of various embodiments of the invention have been set forth in the
foregoing description, together with details of the structure and function of
various embodiments of the invention, this disclosure is illustrative only, and
changes may be made in detail, especially in matters of stricture and
20 arrangement of parts within the principles of the present invention to the full
extent indicated by the broad general meaning of the terms in which the
appended claims are expressed. For example, an insulating slider can be used
and a separate conductor can provide a connection on the slider between the
electrode tip and the capacitance surface. In addition, although the preferred
25 embodiment described herein is directed to a magnetic disc drive, it will be
appreciated by those skilled in the art that the teachings of the present invention
can be applied to other systems, like magnetooptical drives or optical drives,

without departing from the scope and spirit of the present invention.



vari ous. enbodi nents of the invention, this disclosure is illustrative

only, and changes nay be nmade in detail, especially in mtters of
st ruct ur ewerid/o2@s@r r angenent of parts within the principl @€TafSo2/bmepr esent
invention to the full extent indicated by the broad general neaning of the

terms in which the appended clains are expressed. For exanple, an

i nsul ating slider can be used and a separate conductor can provide a
connection on the slider between the -&-ectrode tip and the capacitance
surface. In addition, although the preferred 25 enbodi nent descri bed herein

is directed n lsc drive, it will be appreciated by those
skilled in t%&%@eachi ngs of the present invention can be
applied to of her gysdieiiof doh#SIIABIYHRMP ] £ disc BFile/@SmPfisiARt i cal dri ves,

w thout departing fromthe scope and spirit of the present invention. WO
02/ 059880 PCT/ USQzp0ddgia fly heightmaging Setmyornvapad/grite head anet $isiér end
controlling fly height in.a di.sc drivye, conprising: providing a -fly hei ght
spaci ng between a reac?/W‘?lf‘éurﬁﬁcgd)_nc?ha/lﬁd’sl ider and a nedia surface on a

di sc; sensing W tdangng QlitBGI«sberolit Bptthatis dpsiedRARE slater bhe ittt fdes and t hat
faces a first portion of the nedia surface across a gap, the electrode tip
conducting an el ectri ¢ it petion of the pedia surfacerasinsh atgap, tgaplectipde tip he

onduct i ng an el ectr | . tRhe
Cength of tho Gap:  actURIARerRcr P bhER B bl R SR RENRA WP P

received actuator el abérietatroddptip; @odidpreova disegsot helaaiddht outpat ectri cal
i nput as a feedback function of the sensqr electrical output to control
the fly hei ght spaci ngeprosenigiive ggthedength obfhgigaps wherein the el ectric

current that bassgnah oy KIBOAREES & BUSBLANR PESERcal oligho om i or

conprising: controll ickgtddabinpap and a range of 5 to 15 nanoneters.

providing the actuator electrical input as a feedback function of the
| sensor electrical output to control the fly height spacing.
2. The method of Claim 1 wherein the electric current that passes through
the gap is a quantum mechanical field emission current from the electrode tip.
3. The method of Claim 2 further comprising:
controlling the gap in a range of 5 to 15 nanometers.
4. The method of claim 1 further comprising:
providing the electrode tip with a tip surface comprising material
selected from the group: p-doped diamond, diamond-like carbon
(DLC), tungsten, molybdenum, lanthanum hexaboride, silica
particles and beryllia particles.
5. The method of Claim 1 further comprising:

forming the electrode tip as part of a layer of metal in the read/write

head.
6. . The method of Claim 1 wherein the actuating is performed capacitively.
7. The method of Claim 6 wherein the capacitive actuation is performed by

a first capacitive electrode surface that is disposed on the slider and that faces a

second portion of the disc that forms a second capacitive electrode.



4. The nmethod of claim 1 further conprising: providing the electrode tip
with a tip surface conprising material selected fromthe group: p-doped

di anond, woanwosssé i ke carbon (DLC), tungsten, nolybdenumpcCirarsoheasem
hexabori de, silica particles and beryllia particles. 5. The method of
Claim1 further conprising: formng the electrode tip as part of a |ayer of
metal in the read/ wite head. 6. The nethod of Caim1 wherein the
actuating is performed capacitively. -¥7- The nethod of Caim6 wherein the
capacitive actuation is performed by a first capacitive el ectrode surface

that is dispgsed an th | i.der hat faces a second portion of the disc
that forms aé)-secoﬁb"Eﬁtg‘aif)fl&@émj]@?r&d’@%%z/ 059880 PCT/ US02/ 02061 - 17
8. The nethod of Ghaing e ffitist REpacRBRPEIEAE: sERRS! t fend ithé kedongaci tive

el ectrode surface apart fromthe second portion of the disc by a capacitor

spaci ng that is great eportiompf thedliscgapa ceppgiter spacing thatse geatsrdbancdapr i si ng:
a disc that includes a anqgri%%surface; a slider that includes a read/wite
head that is spaced ap%upt omthe nedia surface by a fly hei ght spacing;

a sensor conmpri si Agdiedddegcdmprieng:i p di sposed on the slider and facing a
first portion of the nedjia surface across a gap, the sensor being adapted
to conduct an el (a?c‘ilﬁ‘i@abﬁﬁhlé?ﬁamﬁ%ﬁéﬁa‘i%e gap and to provide a sensor

el ectrical output, gy anaNARkXeaGkad/Rfid 88T haflis hRSa%RM AlmagLUAl or

adjusting the fly heig spacing as a tfunction o recerve actuat or
el ectrical input; and mediesdfmebyaifixchsightppacingtli ng t he actuator el ectrical
'nput as af eedbaacskensor comprising an electrode tip disposed on the slider and facing a
first portion of the media surface across a gap, the sensor being
adapted to conduct an electric current through the gap and to
provide a sensor electrical output representative of the length of
the gap;
an actuator adjusting the fly height spacing as a function of a received
actuator electrical input; and
a feedback circuit providing the actuator electrical input as a feedback
function of the sensor electrical output to control the fly height
spacing.
10.  The disc drive of Claim 9 wherein the electrode tip has a tip surface
adapted to provide quantum mechanical field emission current through the gap.
11.  The disc drive of Claim 9 wherein the gap is in a range of 5 to 15
nanometers.
12.  The disc drive of claim 9 wherein the tip has a tip surface comprising
material selected from the group: p-doped diamond and diamond like carbon
(DLC), tungsten, molybdenum, lanthanum hexaboride, silica particles and
beryllia particles. ,
13.  The disc drive of Claim 9 wherein the electrode tip is part of a layer of
material in the read/write head.

14.  The disc drive of Claim 9 wherein the actuator is a capacitive actuator.



function of the sensor electrical output to control the fly height

spacing. 10. The disc drive of Claim9 wherein the electrode tip has a tip
surface woapwsmsse o provi de quantum nechani cal field em s®cCarusounent
through the gap. 11. The disc drive of Caim9 wherein the gap is in a
range of 5 to 15 nanoneters. 12. The disc drive of claim9 wherein the tip
has a tip surface conprising naterial 8sel ected fromthe group: p-doped

di anond and di anond |i ke carbon (DLC)',1 tungsten, nol ybdenum | ant hanum
hexaboride, silica particles and beryllia particles. 13. The disc drive of

Claim9 whergin t : D i in the
read/ wite h?éd. %%ﬁg}l{é‘?gg%{%lf‘gp@g&n afl?l%chp %ﬁ%ﬁ?‘%&att%e a rLsg% Sr is a
capaci tive afistedpacitivi\ele@ibodd 98Bt e FhaE/iW8BPO@A0GI the-sliflel and Hatfadesa drive of
Claim 14 wherein the capacitiye agctuator conprises a .first cgpacitive

el ectrode suicPgdPartieq o ‘Z‘e&?e@ﬁ?o% C‘éﬁ‘ gms @;s é’ﬁﬁa"cﬂlﬁ‘éﬁ‘ﬁ?cﬁ‘@g -a second
portion of tpe megia S Ece SN alP! PP MRECEMpSARACIhLKE eegidode. 16.
The disc drive of d 6(11?%1 15 ?urt he:F11 conpri si ng spgci n% tphe gi rst capacitive
el ectrode sumbpamitvd cectpalestriageaisispdoed aparhfropetho second Fapaditivecsledtmde r ode by
a capacitor ,spaci ngrthat S eater éﬁq?a%t he %?afg.spaci ng. 17. A disc drive,

conprisi ng: % $4PAGTOTSRARE LIS Bvalsy £ 8AMERG ™ 8and a di sk including a

nedi a surfacg, spRefd dRaeldonprRMg he read/wite head by a fly height
spacing and an actuator adjusting the fly height spacing as a function of

a received act uadiderinebditgeateailinpiie heaghand e dsbdasiuding aanddig swieei ng t he
fly height spacing as a _functi of, a uantum.nechanical, cur.rent .across a
gap between the sli derPAft apl%tg?oén%r??%@@9%%e§d@ea£%h?g %’ﬁ%lngélﬂ%rati ng
the actuator el ectri @l adtiqol adjasti@nihe dly hbighf kpyachel ghh fapainner a

received actuator electrical input; and

feedback means for sensing the fly height spacing as a function of a
quantum mechanical current across a gap between the slider and
media surface, the feedback means generating the actuator

electrical input to control the fly height spacing.



