; e3e) B) >>?$@ad bB6BTBZd ; I NTEGRA TATI C SLI DER FLY HElI GHT
CCNI'RO_ FI ELD OF THE | NVENTI ON The p E@ﬁ@ @MW lon relates generally to @
di sc dri vevsled@ogshor age devi ces, and I arly w tpepisdlodddiati on

to control of fly height spacing between*@o*s|ider 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 heads inhclude nagnetic transducers
deposited on slider substrates. The nagnetic to transducers carry

read/ wite currents that generate heat in the heads. The tenperature rise
in the heads INTE%TEBL&HEGTMMEB@ SEdDER FENHEIGEF EROL: i n

srelation to the amount of heakl DEION i n t he magnetic
transducers. The netic.tra sdu ers hav oeff|C| t.of thernmal
expansi on ( CTE) tﬁﬁ%pfeﬁ? mvffl{]‘aréfe ates %%Eﬁygf’gy%% éﬁﬁ&rﬁg YiSHcr eases,
the nﬁgnetmaﬂcﬁmbf@;%iﬁéiﬁﬁ[ wItH&[tflﬁﬂu’t%oﬁW@&ﬁr@ofﬂ Hefiht Spachiitwéran the
slider substrates he th eyrsma expansi on causes tr}{e %gl g;/ssﬁflétel d tips of the
magnet i ¢ iraﬁshldﬁtr@néatdwcprotrude W|th respect to an air bearing surface of
the slider substrate. At hj, ! ] e/shield tips are
closer to the nedia and tFe +Ss reduced. |f the

transducer - nedi a agREL Bc dkivé ﬁ%@rg@dapﬁwmwﬁ%ﬁdhﬁs Ampepdta@ rRBOMIN, then
at higher tenperatures, the protruding pole/shield tips hit the nedia. To

avoi d_t r ansdp@éeulae these areiarge feraperaiizstiises iethgdicadsised in @ ﬁiéc firiye.Adeght at
| t h ht at
ower + t orpards fude ol faildotfs Yenfidpn MG o Riifes, T migpel’

performanece @hnsdbcdrs aansurad/svritp adurtets! ﬁfat Veehbratea hed! mbrtﬁe teadsi thhe(gi gabits
per square |nch) t hat can be achi eved. A nmethod and apparatus are needed
that correct eP’(Pér%‘FSS!S%H% ol §%ﬁ§ll§.{3é§ W%‘Weﬁb‘l’ Beads hays a sl pusfcaareri gher

temper at ur sy, eiion §, SR el Fud IMENELEN iPRGHAREH: RLSARERRST ont s of

adlscdrlve hat 1 nc a slider wt
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.
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field em ssion sensor that senses fly height. ° The disc drive conprises a
disc that includes a nedia surface, a slider 5 that includes a read/wite
head t hat wigspaRosged apart fromthe nedia surface by a fly f&yghibosraci ng, a
field em ssion sensor, an actuator and a feedback circuit. The sensor
conprises an electrode tip disposed on the slider. The electrode tip faces
a first portion of the nedia surface across a gap. The sensor conducts an
el ectric current through the gap and pevi des a sensor electrical 10 out put
representative of the length of the gap. The actuator adjusts the fly

hei ght spacing as a functi Oﬂm&ﬁ&ﬁm *t el ectrical input. A
feedback circuit provides t Feal=+nput as a feedback
function of the Sﬁ?scc%seﬁ|a?é:s%1ﬁb&ﬁfneﬂc§to@dtd1%@dﬁ@¥}fa9hlc§da%s fa's}idé}%ﬂﬁ'ta spaci ng.

15 These and various other features as we as advant ages whi ch
char act eri zefieldboussivarsessovfhat bensps By beight. nvention wi |1 be apparent upon

reading of the fallown .detailed descripti.o nd review aof the. SSOCI at ed
G awi ngs. BRIEF CESCRIPAFERIBEPRIE DRAWRESORPES 3 94 Safiped Siffop
i sometric Vigw @kludedd %dﬂﬁﬁt&%eac?ﬂlaﬂs@pa@edsﬁﬁﬁnﬁém%é nédiad duktate By 8S @

cross-section of a slider at roomtenperature flying over a disc surface.
FI G 3 schenfly haght spamngmﬁerlétemsmncspma-@ea@ma@n anfl afeedbacleeirquit. el evat ed

tenperatures wit ole tip rotru3|o ng_oyer a.dis FIG 4
illustrates a bot SWSQFNC(S’ PLISEY P € e‘i"f?é‘? ﬁlﬁ (Yfﬁ?égd an @?e?ﬂ‘i%d . 25
FIG 5 illusdeaicds t% f6&td AReboMiof W Mhe Medial shefacé akoss 2kay AHei saﬁso'i» 5 in
FIG 4 together with a disc and ginmbal. FIG 6 illustrates an enlarged view

of the sli de¢0ndu¢t§|3tnr¢i@@dc icarrent @gthhGgaP and| providgs @sseasys| dektiedlagr am

correspo d|n wi.t h rra ated in FIG 5. -3 FIG 8
illustra Lglr‘é%r %“'PI:“ Hveggﬁ%g%ﬁhéoghgggém corresponding with the
arrangem?nt i1l usrlﬁeabcﬁdatbxnadih& the fl¥Iheigh® spddints bs atfafctivn 6ff 4 astgieent with
an actuator deflecting a, sli ‘relative to atglnbal point. 5 FIG 10

i |1 ustrates aetusQrcalectiay - e%fqeééaﬁlsﬁaic pravidestthe acipatanelsshieal inpYtust r at ed
FIG 9. T, o RY
gzbodi ment SQ% %ASEF r a%%kfoév%gggpésokleﬁ ﬁée%i-lonéugg@ %&@\%ﬁgb’ r‘hvaE %lﬁ afield

em ssi on senspacinghat senses fly height by passing quantum nmechanical to

tunnelin urrent_across,a gap betwe t he slider, and media s ace on a
di sc. 95out put Flese ¢ Ard fyagIoys ﬂ‘iﬁ"%"s %?'F‘-‘Eeén%r“’ie @éda@ fageo We éct uat or

t hat adl UST Scifala% eEfib GibodiRaR Jritke ;&}@ﬁ:@l t BXBRPRAESe 4 Qﬁb%féﬁ% &pﬂesdlhgp

protru3|on at er tenperatures, en the feedbac ontrols and
stabilizes tdrfethé fqlrlolmnggdiﬁtaﬂed chmlpaﬁoheadirmm hEthe ag$cinded digwingsght s decr ease

due to market demand fo easi ng..at control and
stability illustrated b@&@%@ %@IE?JE“UWM

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. '



increasingly inportant. Additional factors, such as the desire to use
silicon as a slider material to gain processing advantages fromthe

sem condugigpgdstudyst ry unfortunately adds further to the fgogh@h@bdercontrol
probl em by increasing the 20 pole tip protrusion at higher tenperatures.
FIG 1 illustrates an enbodi ment of a disc drive 100 including a slider 110
that includes one or nore read/ wite heads. Disc. drive 100 includes a disc
pack 126 having storage nedia surfaces-3t06 that are typically |ayers of
magnetic material. The disc pack |26 includes a stack of nmultiple discs. A
read/ wite head S. 112 .inclydes the slider 110 w.th a.regad/wite

t ransducer for eé@ﬁf?tlggﬁ%s %?cqﬁiféglbe 3210 ?‘8"888??0891%&%@8 as shown
by arrow 107 facehéMlnfatdmirig. head assenbly 112 to access different
rotational Iocagi ons for data on the storage surfaces 106 on the_disc pack
126. -4 Read/ WIG. & hidustrates santyrangemeni withcan agtaeior deflestingraalidar| vy,
Jelative to t@ﬁ d}sc ’3@‘%; 12@, as shown by arrow 122 to access different
radi al | ocat’*EHYC %1 8 P2t he storage surfaces 106 of disc pack 126.
Typi cal Iy, the actigatigdflugfatésepBlodk ididgrdie @drrasoadib Writhl thel Srapganémded by a
voice coil motor 118. Voice coil 5 notor 118 includes a rotor 116 that

pi vots on axllustiate @FdGafl:- arm 114 that actuates the read/wite head
assenbly | 12. 5% i int on the
slider 110, pro ﬂL@ﬂ £ OT TE mnﬁ?}?f&%&?mﬁg%%wn cl ose

proximty to the atthé agbodinichacitiudttfied bElowpsa divordeive daclidesid idaewith are
deposited on the slider 110 and fly above the storage surface 106 at a to
fly height. 3afigldrqaission sensg 4hat sanies 31y Beighioh Passing: quaniim meshaniedl of t he

slider 110 apg ' i r [ [Wiﬁg&]% i 110 with
a corrputlljong envelqirn g%‘&e&ﬁ@cwségrgagHf?‘g%%gﬁg?ﬁ%égabggl ustrat g%g ag(g(gz)'en away
cross-sect i osn ofitpat fibirdthe fROB emisgiongensoers feddiack torediaatustor thet edjd4® at room

tenperature (FIG . 2) d gt an 15 el.evated te rature (FI G - .3).. During

di sk drive ofé‘éhsl@hbn,‘ﬁﬂffnegﬁl?eéélexawe? Shegnal pela iRy Profruciol a&i}géheari ve,
parti cul arl #ﬁhﬂeﬁaﬁﬂei RS e CREINASE coftils bHE staBiTRES fldN1§ Helght Bfapdinder 203

i ncr eases. e tenperature of the slider 203 i1tself and/or of the
transducer 2@dcemshdse significantly higher than the overall disc drive
tenperature due to the, large . anount,of heat. di ssipated in the transducer 20
236 relabive to t&% tg’nﬁ‘ﬂgh i JeFrese L dps 1 P&Pé‘feqz%é‘?a?“%hﬁ"fc’é‘&?eﬁ‘% e of

t enper at ur e LXBANSheNcdiFSdndoktaBility HELS RG] BY! thaNemBbdiMRhisObscofiRROSI t ed

| ayers 202, 236, 210, 231 are typically different fromone another.
Typi cal | y, tihereasegletinporiattalAddgiqnal fetorg sach #s e dgwre Rose sligen phfger CTEs,

and insul ating | ayer 02,. A [ . ers are
25 grown on S%@Brsf‘%régetr 1‘eéll %b%mfl ﬁ%&ceﬁéég r?ug%ﬁar%?ggﬁe‘op \% E%%%@#}%%?Z‘gﬂts gy' t he
vol ume of t hebyiRtedly 2dds fidildr t@ @k Andheidhe compsigirbbleffebyplihdreasingythe s 236.

Due to the different CIEs of materials in various head |ayers, the shape of
the slicd¥r Jwde dp prosrusiongt highes/igmpgratieher at ure. The pol e tip recession

(PTR) 237 that | syl a5ffibudibs L OALbAIRGE Bt il |0PHERNE] 4 Bidek & 2 1o

reduced or conpl et 0S
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 locationé for data on

the storage surfaces 106 on the disc pack 126.



-5 elevated head tenperature as illustrated at FIG 3. The change of PTR
wWth - tenperature is historically referred to as thermal PTR (T-PTR). At
hi gher t egReéalsbdsgs, however, the pole tip protrudes beyonsbdhQ2pblstrate
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
protrusion at higher operating tenperatures is due primarily to expansion
of the netallic layers in transducer 2%6. This expansion is only weakly
constrai ned by the adjacent substrate 20l, basecoat |ayer 202 , and

overcoat | ayers 1,.,210.. . 10 I drive operation) .the slider, 203 flies
above the spinni e%@éﬁﬁ@ﬁ?@ﬁé&%}ﬂ?ﬁﬁ%ﬁ&?%‘a&e rtf’éﬁ%vezl) 1a ﬁ/@hatﬁiﬁtooperati ng

tenperatur estP@tiisE hacid 24 Qs shé\on by ¥rrB@l 120tto 23&s9 QFfPeri @adidl 15iBbnd W enough

as required for reading ‘and witing the desired high areal bit density. The
slider 203 sdetaibn thostogge sunfacesntQécof dise packadA®t Typicadlyi thesasiuadion 0f40 as

Illustrated in,FIG .3., The fly height. is 15 affecte y. ape of
t he ai r-bear‘ieﬁ%fwg% pégideassembly I‘H? 13 gmﬁé‘%ai)rynae&m{;%fi?ﬁ F}Wrt?ngI?aYégg c?ﬂto t he
slider supstpaiop 138Linclubled & rados Q168fthackiosts h axlkaad dndraearapplé ekhtby an arm
114 (FIG 1). The performance of the transducer 236 depends primarily on

t he di st anceadstesetbn readiwrise beadh argemblyi bl2andbe wempbldepispies dawn ¢saof  t he

head 236. There js. t,hys a.need tq.; e -hei i d 20
per f or mance,cegﬁrﬁf gu%b(?quof%t?nng'ensglggggg&i }?18&%851 Iag F%/d Eée)rf:ég%?l é?dg\b@lg d head
crashes due e epdlinidl6del proxigiityatb thé @brape ndicet106e Oner mdreigdatiinitd i n FI G
3. These two conflicting needs are much i nproved way t

] ) met in a h by the
ar r angenent sheads ersi depasitsd) ennhe slidesnil8and dly shove tha steyage surface f0E5at 2 shows

schemati cal | tran r Laf | hSDeEhaty fihyi ng

above a ﬁ%gn%’fﬁ%lg%@d? gﬂgﬁg ?ﬁ@ga@%fol 3?%%@@?5‘?%%3% ? ﬁSI{éxagge?gl?&e% 1r1 gughness.

In FIG 2, thf éleanisslly dutedBd@s demBwritt hexlst @c sliddre 100 ghids b qooiputing239 of

the magnetic nedia surface 240. FIG 3 shows schematically the sane

transducer 28WIQRMK{RGh operating tenperature. Most of the volune of the

transducer 236 i zﬁfgg@ﬁsaﬁénﬂﬁﬁﬂyl illﬁsﬂa@é’@’bﬁ)k@ﬂgw%?@ro%@'séction of Bslidkgul at or
S. e’l CTE of netall

t hat have | arge Due to t ar ger ic layers in the -
transducer a2 fiyiagiobena diss medfa sorfaex4fhastroomdemperamexi(FAS. Loind atasul at or,

the pole/shield tj ft 236 .ud ‘e wth. t.to th
5t bear iy clovid Eawemsuredti Sh g B itk eotric AptiAERO oom |
tenperature éiEé-iﬁate@)in Thelldiss filecharkionily 3 TheP HRnplee236hand rgsducer

236 closer to e magnetic nedi a surface 240 at higher tenperatures. The
magneti c t r atesgperature 28 Ghehslder 803 incr¢ases. Tk demperamtaydl the slides 208dtself t o have

good el ectrical, perfornmance. t he ,sap®e .t.i he slid to stay
flying undera@{% ﬁ&itfarngﬁlécewéﬁﬁg&? bﬁesé%%ﬁf%qlgllyl @Jg %uttk:lﬁll % %%galpreglca. If the
fl'y 1o hei ghgrimt teh?éﬁh’unlaetﬁﬁ thahPeirgé wmeurftsefchdat Gissidated $n figd trirdaeerenough,
the protruded pol e/shield tips 23S at, higher head tenperature {see FIG 3)

hit the Bedi Basliivade thesmallsizgoidhe #ides203rhi s results in nagnetic

instabilities and 1.: i j. N E L I and

eventually a headTgé)gé%m’%g& g\%élnl‘d)% Eéelgjg%ﬁr{é%?sydc@%g? f%% “kﬁfrgﬁ%e@ Iir‘ksf‘uelgld

t enperat ure ¢fVdrious)depbsited flaperd1202y1286/1280, 231 tave hypidally gifferaiugbm anel ower

per for mance. aaothars THPERI bt megnREcBeHE 1§ Hatgh SRS Ch SO FERR T ¢ he
ti ¢ ' . . | . T

operating !t CERAL Adffind AE%a k! SPUL3NDIAVOS A r%@m%ééqéyers qigse

difficulties are solv I nprove e arrangenents
descri begs bepowni on Sibstae 26t thad hassnth et ges volimidconiaBSl to4hGvoluinestr at es a

slider 300 that, can he d.jn a disc drive s s di deive 100 (FIG 1)
in a way tha@erléﬁ‘?fée’galt tﬁ&pabg apgi&hf),rgqgna’gq: dﬂé%%ﬁllfiapmagﬁ @élf:rtgt 8 in FIGS
"2-3. 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 .



Sone 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 ggiSsBesgn4 when the disc 304 is stopped or startggdaigobrger si de
303 of slider 300 is shaped to provide an upward aerodynamc lift force
305. A ginbal point 307 applies a downward | oad force 309 that is provided
by a load beamthat is included in a head assenbly such as head assenbly
112 (FIG 1). Wen disc 304 is spinri-ng at its normal operating speed,
the aerodynamc lift force 305 lifts - slider 300 off the disc 304. The

slider 300 fl.ies er. the surface.of th i 04.0on.a la f air. The
di sc 304 i nc?lﬁ}.ﬁaéj%‘? e?fjeﬁﬁ‘%i’eéﬁ}“iea%seﬂgﬁ%a@ﬁég f“ﬁﬁcl ué@g chaﬂ%egﬁghl‘ Wlterial for
reading and ﬁ%ﬁigﬁefa&'&edﬁt RistoficAl8A S rbd Q0 NRatheRRR PTRS@LWR I @ dhigRert he
slider 300. Thé read/wite head 308 Is spaced apart fromfhe nedia surface
306 by a f| ytemperstires,faovevgr, 3O polehtép peddides beyoridethd sgbgratasunfase st i p
protrusion a{l hi;ﬂh %ﬁé@g%ature, however, as expl ai ned bel ow, an arrangenent
i's provided fystrated, “problens with pole tip protrusion and nmaintains a
relatively stabl erfd p1ipRidghle aldidin kRetlaRge202,2330210 srecilsRqs eEuton t he

slider 300. The electrode tip 302 faces a first portion 314 of the nedia
surface 306 eftrsubgrate 3, 306 thaththee pelsfshild propugonr, att highgappmidingand t he

fi [ 314 of th dia. f 06 . | 312.
The- sensor SPZPEaER tourpurQud b RERTare! ARAhOR AR b Fulgia
provides a seyg %ﬁb}?&hﬁibﬁ@é oﬂgtxﬁé&ﬂdwﬂoﬂs&aﬁheﬁw the alljaééntrsabsiREePOs t he

| ength of the gap 316. Sensor 310 is not a capacitive sensor and al so does
not rely on baseeast laypc2®iandiogercodlayeendilngl0The current through sensor 310

is not a, capaciti .di spl [ bt el y 1 n phase
with the'%ol t age 1§§n§%§§3§‘8§%§?&n§g¢]{%§1@ggg?ﬁes§§9 gﬁg@%&@%}g@}e@ “can
operate on aregtiditigiedia sUEREADAX Advee fallegeratidpaemperatupesvel thoWsivy, te "fiel d

em ssion,"” "the col d-cathode effect,” "auto-electrgnic em ssion," or
"tunnel i ng. "flyheighh23] needs &0 be kerdrlpWeampugie esisayired EJaeting AN WELES v acuum
(or insulato i gd_lll)ﬁ : I I i to the
vacuum (or i%%lﬁegifor ]gﬁ%eﬁge%;aglzsdpfgw%l%gms%r@ggg?m?ﬁlg&gg‘lllg(?P%H gﬂlcl)r no net
fl ow of el ecinagetidSmedinrenfacaCioss illostrated imddGi Bt dhehBy \eighti 238 ais

i nsul ator). ectrons_in_the copnductor have gner evels up to a so-called
Form | el . THgieds OF s g o i SerBa RFBFe 20 et Supidieed e

el ectrons dojfigharb@Vaitd tReblide QubQiste DOLM It HE afNsREIQAr by At Bad HGrc¥acuum or

i nsul at or because t’he potential barrier is higher than the Ferm |evel by a

| ar ge anount appdied bgt anfaem " (KIG. UncTheoperfopmandeeof the trgnsduerr@i6tdependshen an

i ndi vi dual el ectron dpes. esc fromthe conducgtor .nto.t vacuum or

i nsul at or, tPFéInPIBlé’sonotﬁe ?ﬁ@ngﬁ%ﬁ%{ﬁs&?&é %Héeﬁbaoar? J@? %?le}f]@e gt{PS % net
posi tive chajgendshi 235, AMerK iy tiist b a8 fohrdte ey BEightvy thf)xgwé lkadegative

charge) ' back into the conductor. Wth a |low electric fie there is no
signi ficaht péréiraaaceeand siconflishingneed tpdngsease flyi height to ayeid heatherashigan t he
field applied transyerse to syrf I 3 i e
potenti al ba§l 5 eﬁé@gﬁ%‘ 1otnhe}ttr@?%lﬂ%&gﬁﬁ@géfﬁ%{fﬁ%ﬁ%?%%} Ekg%i ?n %gt%lr;'obabi lity

that an el ec¢ddictiMg hediBvareemeudh #maichyithgrofethnely blrtheghrdngemeitsn barri er
and not be drawn back into the conductor. This 1 o probabilistic flow of

el ectrons, whfsenbgdsbedeyin soppectiosrwith BKOX-¢-H5 a "tunnel i ng

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



current,” has a magnitude that is relatively tenperature independent. Once
conditions for tunneling are established and maintai ned, surprisingly |arge
t unnel i ngweurrdsise can fl ow, e.g. thousands of anperes perpcIGuKALB82061
centinmeter. Wth an extrenely high field near the conductor surface, there
is afield emssion 15 effect. This "field em ssion" effect is used in
measuring instrunments such as a scanning tunneling mcroscope. In the
sensor 312, the electrode tip 302 is aPranged to provide field enission or
tunneling current at a tip surface 322 (FIG 6). The electrode tip 302 is

formed as a.q r The.electrode ti ti.p.syrface adapted to
20 provide q]g%ﬁnétgﬁh{%ggéuan& Sl |Sélr§"eé[ﬂ1gg% 158 rc@fﬁ é)ﬁtmt‘ttﬂpﬂzgﬁrs[ ]ﬂetﬁﬁap 316.
The smal | artemsdicet iapd Sioediblyeald® of foaeddnphdtbRsist 8dd BOLhil GRsdddr, ahet he nedi a
surface 306 provides for a small_field em ssion_ current through the gap

316.. The el dole/gaelditips of dransdyucen 236 prgprrdeimese witharsnert/tol the wiri beatinger  t hat

provi des sh hi gﬁﬁf ‘pr.od s_hi ectric field
strength Zs%wgfe?gﬁn%tt @E&’&a@@%ﬁ“{‘?ﬁ |'p3$ thérﬁ gtclg"’g’z%ﬁ%ef%‘“gqf g(jt} ‘a@r vely | ow
vol t age applTlideffestdswwnhs TRIR3Blaces the etaheduceOLss chsénwene igmetigct r ode
tip 302 and the portign 314 of the nedia surface 306. A boundary | ayer of
air at the msAingrrase240 aiughe demperaiarest hr ough the gap 316, sweepi ng away
any ionized gass t ) i i e high
electric field sﬁén%%?eﬁ%%%@%&%ﬂ%géﬁmw gg)ge |81r?(())II éggﬁ‘ég%nﬁg{l“ ons for
tunnel i ng. Ashavd goddeeletyidahperdanianceroitehelsdnee timbethewlider 200haees dtep wi t h

FIG 8, the junneling current is also limted by electrical circuitry
connect ed tgfyt”hge et 21 qopditiops, without I?F‘i?ag’@EﬁY bouchmgdhe apdia Ihthe fwsi st or

334. ResipSt g connects
o an ol ot B e e OARE e N EEIG PAly idlerd gk, BEBrofled OTTor
330 (FI G 6) pol/shield tipso23Sded highat heat] tesmperathee {dey FIE. gt his fhe inngli8l 0 as a
function of a r.ecegjved 1act uat or 1%%):tri Cﬁ| input at.a .catggii,i,tor p| ate 332.
Capaci t or pl°AtR0EB3FE¥ RRIHIC ot N5 5 TEY e | fagheice ity o y of
slider 300. cghﬂaﬂﬁx{ati%ﬁ(?eddﬁlg}%elﬁ%lﬁgﬂcﬁl ﬂrf@lﬁl@ﬁﬂ, AMd depadily 'alﬂleﬁ(‘i"@rasl}OI‘OThe

capacitive actuator 330 conprises the first capacitive el ectrode surface
332 that is aupidhhsadinedin qomtactitidgher 3ol wnperatiradFKY 3abeodky height han 340 of

t he nedi.a syr e 306 that .for second ¢ i~tive electrode...ln one

pref er rég a:tl? %ﬁgaéﬁ%ro?{wuﬁhh% I?W?rgl?eagéﬁlaﬁr ﬁ%@?ﬁ@@mﬁ% uEﬁ‘FSI’IQ e4fst | 5 spaced
apart from bheeadelostticalpeaoihdni¢e. el ectrode 340 by a capacitor spacing 342
that is greater than 15 the %gp spaci ng 316 to provide el ectrical feedback
gain. The el ect r &dés diffcudbso ikeer the flyi heighty lavoeneegle@ven thecopriatingor 320 and
slider 300, I ' | ] apael 3 The capacitor

pl ate 332 sér eegggisesga(r}]l%ggﬁg%{u i(;(r?la‘é]lﬁ-‘gcli%:ra ?%gﬁad?% tﬁg%tfi Hj '&r’l&ﬁlgsseeﬁéﬁglgpgﬁ &5

connect i ons splivediidea andcheithproked iwayuby thé afrrappamerste debditbed ChdladOin

el ectrical input.as a fﬁ‘ggb i function 20 of the sensor electrical output
to cont Bl ff eetign wEhdi s‘g' ing 310. The fly height spacing 310 is
stabilized with reeperk ilenbRYRIALUD Bk (b 485 dR00%GaRdE, | Ovn
closer to the nedia surface to obtain higher areal density With Teduced

| i kel i hood discalrived$h.(FIG bnie spwey ¢hat extiuaes thegmie tip ,prothesi@aproBletsi s i n a

range of 5t 5 25 ers, or about the same length as the fly height
spaci ng 310.11Pufﬁ'§teéﬁé€fc?§§g§'ti p 302 has the tip surface 322 facing the gap

316. The tip surfame Apects AT ARICFEIN! areObf CARVABRAL EKidH, e coatings
with determ ned fiel dé%rri ssion pro er%riees such as p-%%b%gesdﬁfgﬁo%,

di anond2§ i kinclusieb oails(301Chat 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



tungsten, nolybdenum | anthanum heaaboride, silica particles and beryllia
-10 particles. In one preferred arrangenent, the electrode tip 302 is
formed aswpaplossoa | ayer of material in the read/ wite hggeg@8malep this
preferred arrangenent, the electrode tip 302 tends to protrude at higher
tenperatures in the sane way as = the pole tip protrusion of the read/wite
head 308. 5 In operation, the readlwite head 308 flies over the nedia
surface 306 at a fly height 310. As the/-read/wite head 308 gets hotter, it
protrudes nore toward the nmedia surface 306. The electrode tip 302 of the

guant um nec i.cal. sensor. 312 al so protrude changi ng,. S I, _out put
present on dt cRIBr g 1ts Wﬁﬁﬁﬁ@%%@ﬁg@??%TS?%‘%F%H%%%@@? g’lﬁs320 i's
fed back thrgugh3sd bfshe 380 309, TiR difHer S60 AtdstdveethaGhtfadss B8 Qisc Boe
capacitive actuator 330 responds (%r educing its attractive force 344,

ti

t hereby rai simg laper ef pileThealisa 304 tindludast a meadia amifgeecHMp s andudesr ¢ he
protrusion at high te rature.. The fly. height 310 is, thus s Ll ized, and
the read/ w i’P@gWg‘&cfngfggglcg(H 'E?éd]rngnarﬂf %gpgt %‘Q?‘he n@ﬁ@&rg‘ﬁ%g‘ig%golé wi t hout
fear of dameggog &:PiHRNidel 36D, PTRS kdkdiwiite N8AE B08 hid Spackdepdrt SRacihey, - 15

hi gher bit densities are achieved. FIG 7 illustrates a bl ock diagram

cor r espondi rigedip tshrfa¢ee 300 bxmgByrdeight spaging 31 d The read@yrite. heaf A8ehas
illustrates control system cts e i I . kN FIG 7,
a slider booRP?‘ﬁd&’ iPLO {"é‘dagﬁ’?%i/t@n&?%%s & velRe) gﬁgs‘%l Sgn%é‘r"g’ Iagad force
402 applied ﬁangeﬂbﬂb_ﬁldp@oidaa,thwwdnmr proBlengewithypvderitip piofrisibnrand 404
applied to the underside of the slider body 400 and a controlled downward
act uat or f ormeainipde ansdativelystade Apdeight.c attraction in a capaci tive actuator
408 that .actuates i V/ 12 i : i :

capaci ti Pe act uat%%ggeﬁgblaésiﬁégﬁ??% 1%@(%@%9}{311«% %Edglr\gigg ]glgt%fu%{ngraggpé??ri cal

i Ppgt 4%08 aflacs Qaﬂiﬂsﬁ@oﬁﬁme]&I@}[ofﬁ(;fgﬁﬁédia'(j&lﬂﬁ‘aﬂ&ﬁﬁa&ihdcfos? a(ajt(gaplt;ﬁlgr T8 and t he
slider body 25 400 conprise a _feedfo rd path. slider y 0
responds to QleéfOﬂélt’@egBa‘i?ﬁI&aﬁélﬁs&tht{‘%%&tPP’i’t’é’§ 33@"2“5&?? 18 Y eﬁﬁg hei ght
and a corre ' ! . TROGeRRP 318MhBudd 2ni degdetety @ field
em ssi on seﬁ@gérmélqgmg |Sgh§§gﬁrr%F?’:s%'sTa fg%gback patlrlL The fi eld e(riri ssion
sensor 414 phesehtthe aap 316 antllpronjslesl anseasat elswnead rougdug onr leahB20 dhadut 416
that represents the ]ga}g | en ﬁﬂ?_ 415 An el ectrical energization source 418
provi des’an TEPEE‘?I}WE length pEThE #RP80gh a hard wired suming junction 420 to
the field enissioge360390 Al flot TheaptcREFA! &8br an®@iddidead imdh BRUbAE 418
provides a set point for the control system The voltage 5 at electric

out put 416 ithemnibuiccemissionf fayosensinge Thet cyssnh thrangh tshesor rpl@dinset 8f sensor

414. The voltage.at electric output 416 is representati ap
| ength. The ??(I)’g e dgpﬁg?rggftﬁuggﬁt, f?ﬁ’t BuP Ef’fémlgtseglc%&g‘? %aed%\%ﬁhg{lef %@?a nmi ng
junction 420u4 Gerdsbe 3600 BWunbdrVS1 (AG tiadriped 408thasit aah Wibkfite ®hertidmgah i nput
410. The feedforward 1E)fath, t he feedback path and the supm ng junction

est abl i s? clwseunicebptfees refested; togvagiously east Tfipld, emigsion, \\ithe cp ofeur e
i ncreases, tmecppl‘%u{g_agctp%ﬁé éﬁ{ggognr? »gap | ength 412 decreases.
? 47 sense®

The field eni’sSi’on 'sensor s f he ease and a correspondi ngly
decreased sensor Wiepui sutfhieagitdrfaee)s beimekn too cotictampaci i veeuamt (cat or 408.

The capacitive actuator 408 produces decreas attractive actuator force
406 at the di@sylaigekis bjeckgato arg@’v 3%‘@?(—5‘;@36: gg"@r%&?ﬂflé" e Yuum ¥ force
406 causes t i t.q 4 , I Vil p kg pol e
tip anway fr oilrﬁng"%%{gil )nggiljsglgfssartp a%lggug{ﬁffyth %ﬁgﬁ?ﬁ S\Argt%hﬁdinl%gti gg‘ge%pgllté gﬁbﬁi lity as a
functi onzof &eraperasidss ahé Sutfices irs tthd vasihmad . (of irGnlagor).| | Elsttradsein the

el ectrical schematic¢ di agram, correspondi ng, w th rr enent_illustrated
in FIGS. 4- 7SONFHEIOR PEYS FREEY I%Véife%_‘?é Sé’ﬁ%il}aéitﬂf]’é@l f‘?{gl-zgﬂ_ eripia Bieby of the
"circuitry. T exﬁieﬁ’?)gf;r&é%% ﬁfé{kﬂlgfgfés The leltrb 6nédt haA3Q nel Mot Sito¥bHes a

ground connetcti on el d em ssion sensor 432 and the capacitive
act uat or 434the Thrdwetadhiodbe vaqupmigdnadatohlescaiisedhe potentind bawisr ischigherect |y vi a

Time 437 to fhe ganact9r plate 438 L3 Sl BRI R hldlP o ber

el
ec



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
capaci t anggy @wsd@age. This line 437 corresponds to the pat lpdi@edahoe
conductor 320 and conductive slider 300 to the capacitor plate 332 in FIG
6. Aresistor 440 is connected to the electrode tip 436. Resistor 440
corresponds to the resistor 334 in FIG 6. Resistor 440 is al so connected
to a voltage source 442. The resistor -8 -12 440 and the vol tage source 442
t oget her conprise an electrical energization source 418. The resistance of

i stor 440 and the yol tage..of, volt 442 | ect i d
" set poi nt FBRUEDNT PR aR UG Ot BB IS G R DYy BNt 1t

Wi Il be undejsheabradsllftos ehsldss bethel dledin catides ihtorddgioptEldvei£adt 5

energi zation source can alternatively conprise a controlled current source.
A dashed | i neositing chatgesvirieh ewicklattedciuibe elochen (it bas araggliveeharg®ween t he

el ectrode ti 36 _and th i | gt.e .4 BlG .9 ill t
21 ternattve SiefdRgdRE bRty Tk Ao bt g et i pnlstlien® £ 1
FIGS. 4-8 |gnkibn efecthonever, the actuator 330 (FIG 6) to which operates

across a capacitive air spacing between a slider and a disc is elimnated.
In FIG 9, an actJdewevesot issfoynd\thafewbemahe dieldiapplicdatransvese toethbati ve to a

gi mbal point_504..A so. in.F a con . | S.: ed, t ovi de
gain and feeth S%ISaﬁxifﬁaw'Yquéhf?B%‘?%hS Qoﬁ%ltléfc?#&?%l?e%g%ﬁ% ﬁ]ﬁ?%goughisﬁ Iﬁga!s.tt rates a
slider 501 tfhafe isanfikite pbability thatlius eledtrony ik bigte afoughshedy tdrtueel 100 (FI G
1) in a way_ that reduces the pole tipéﬁ_rotrusiqn problens illustrated in

FIGS. 2-3. Shughsthecthin barisriand, nejobe rawp tbagk Hpentheorendugies ghhigs

expl ai ned. ab i i :Lat j C ip 512 is
di sposedﬂ)on ﬁégaﬁglgltgef;&g%?%ﬁeﬁ\rgn%I‘g%%l?gsd“sédr{l?gﬁ?%g%{r ae@gg%g%rre I aﬁggrface 514
across a gapcurtent,” Hae = heghitadbetiat s pél2tivey eernperatndd ind2peralent. t nceedi a
surface 514 together_ conprise sens%réhggz The, sensor 522,ci)n ucts an

a
el ectric curfesgitions fopdunpginggans esgp She vgiiaineds SHEBISingle da5ee c al

out put on | ead. 5; r epr n : 521
connects via |elr§1§1%5 gﬁd@e@?‘g’t %? E%gse{nggg’gte tfég{ﬁggﬁlgdég%@g#a%gnsor 512
i s not a capWithtan\extrsmeldrigiafidldalesothd cesdusttr snefhae, theret ik erfieiderissieni ssi on

for sensing. 25 ns 12 is arranged sq that it can operate .on a guantum
mechant o ettt e Brmingod PRBLE ol hraspin ARECREHS ot s |
col d- cat hodegghfige tunnelifdfer64c8pé.r oni ¢ em ssion,” or “tunneling.” The

sensor 522 is generally simlar to the sensor 312 illustrated above.
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



-13 The actuator 502 responds to the controller output on Iine 508 by
expanding its thickness (approximately vertically in FIG 9), and thereby
vari es thg@arsske and the fly height. Actuator 502 can be@Ercapasicii ve or
pi ezoel ectric type actuator. It will be understood by those skilled in the
art that the 5 arrangenent illustrated in FIG 9 is schematic and that a
w de variety of nechanical support (e.%. , ginballing) arrangenents for
slider 501 can be adapted to use the feedback arrangenment shown. El ectrical
energi zati on source 524 can be a separate circuit as illustrated or can be

integrated intp t controller.,.506..1 Fl. J tr Kk

di agram cor§"é§8%ﬁg? Wéo‘%ﬂcg% c?lhdéé%l}sr%)ﬁélgmngiﬁ?g'i I]‘z}osu{sviﬂr g?géﬁ lfa%%gf}t%%% and t he
reference nugddl Beld6SE dofinddtion wiith BIG &, lige fanelimgScurdens & alsemited ByG. 9.
Capacitive (electrostatic) fly heitght actuators have been propgsed in the

past, but haslectried eitgpitny; qenpecied,tol the clegodeotip A2.1T1p 303 ds Repmerted & Ronshi p
between is the_slidgr .l e, f e a2&he

1/ spaci ng2 rreeglg foﬂg’hi%gstlégtr%??tgana {eSt\éoantc ?%t?&uﬁ%? %%#Te-d%ﬁatcfﬁg@é% é_ence of a
hi gh bandsi dédine®a ssaeetedtiic eherpiaatidd souheidpst, this linits the stable range

of control over the fly height tqQ about a % ction from.the nom nal
fly height with ni& Eﬁ#i‘b‘éa oiapagive W%tﬁég%réf&gbﬁ% aﬁ@a}ﬁgwééyéhatneasuri ng

or estimating;: I i L: i J : b b ing the
of gnal  anpl { PSS ety e Ypatjie 304, b Biction raBodiferf R, clteqieddE 18 dt
of the feedbmplt A% dapicitopplage 1320\Capesitoa plssed il ismeassartkatenformed irhideser vo
sectors, since the anplitud f t data .regi.o re subject . ta variability
due to posi t?QS‘Hu%tF‘fed?Odﬁé’fﬁ}éq?qrggg' gﬁﬁrﬁggdﬁf’ eé‘ﬁgﬁéjgg’m éfbﬂ’?q ?/‘Bc‘?"_ry hei ght
sensors Y@V%@f&}a@ﬁvs agﬁ.taﬁ?wcmﬁ isels AIRIif € carReRive el I8 ad Giftcg 3821 Ul try

that adds to the“cost o e syste Since the voltage at the field
em ssi on el ethat isdksposgl o thepbidexd ttearel 3/ fasingpsecondpertion §40 o€ thel medinode to

di sc spaci ng, and el ectrostatic force.i s approxi el roportional to
t he sqgare g?‘ngﬁ‘é ﬁ]éé}ﬂarti’%’nfn?e‘f oseg?qdeﬁ@%}tl‘iehgggﬁr‘ffﬁ' "Bi“lﬁ.’}l‘ﬁg‘?{f’fé&e&
el ectrostati &—fatng]gﬁlt%rﬁé klfféfﬁJSQQeﬁaaai@iQe%keﬁfodeJ&&fdae 3desd gneed hpart ROt de

e

f eedback gai n. fly control electrode to disc spacing were the sane
as the fi el dseeoid sapmnitive edactrode 340 byliasapagites isprping B2 Biabis greafenthag f or ce

woul d be_ congtant regargl ess of.the i .t here woul d be no
stabiliz&tio e@f‘pﬁ’ﬁf%ﬁ ﬂGﬁgipé%vthle e@gagl%%ec@%%‘gpgaﬁ% el ectrode tip and

capaci tive el ectrogig electeodel figi802 aselsdieivally tornectyd &idcormiacton3R0tah@ spaci ng
of the fly control electrode to disc is several times |larger than the field

enussi on t o #lidst 36pawhieh, is cerdnstivk 194 ¢rpasitrilatg Sidr athsgcapggitas Rlathoni nal
spaci ng of 0,3 ~.1n ] ' it qt-he e SS) : din at
the control 3é e%ﬂeéc?é%%&g%‘{%gg% f%tc%lec éa@gfqénagé‘%a?%%gﬁ?‘% e%élljlgeégt he to

el ect r ost at i feefliickiroyit 4falproxitds hetrctuattireldctrivabapet asn fepdizack duwitioh i ncr ease

the electrostatic force by 46% |f higher. feedback gain Ls.required, the
eni ssi on2@| e@ ﬂ’écﬁ@nﬁf’éﬁ?%'ﬁ‘ﬁ’%QHtPHEthC‘%‘g@ii%@g’ﬁ@ SPAFIng éﬁ(?'dg’ﬂha‘“’ ﬁﬁasur ement
signal to an C ' ko WU .8l :@l3baoe
applied to Thégf, 5@%%?’}2%gﬁg@?ﬁg%@%ﬁ%ﬁf?ﬁ%ﬁ@g& & thogidesbod®. | ty
in the sel ectinobe dowmatleserab themedieesukface b sditaim highst tareadislensily witk vol t age

on the control, electrode is not [imted to being equal to the em ssion
el ectrode vo¥efiﬁbegﬁﬁ(elilﬁ°°d of’a Hash.

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 electrodé 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



Since the slider air bearing surface (ABS) is coated with a DLC (di anond

| i ke carbon) |ayer for protection against both nmechanical wear and chem cal
corrosi onywg é2/049880d be desirable to fabricate the field em&EsLQR W21

el ectrodes in a manner that does not disturb the function of the protective
DLC coating. This can be done by producing the field em ssion el ectrodes
out of the sane netal as the wite transducer poles, coating the ABS
(including the field emission electrodé®) with DLC in the normal nanner,
and finally ion inplanting the DLC directly over the field em ssion

el ectrodes to ke |t conduyctive. In 2 0 | i.cat jaon the DLC coatin
can be produlEHClGH- t H SR PHe Ivaf@ﬂﬁ?fﬁi”?i@?g%cﬁﬁg‘? !“P??(tg ilﬁﬁ"’rﬂ?&%ﬁ tion Istgp
wi |l not Dbe @g@/%yéﬁ&m@gﬁa BRRC g MRte Beatl 08) Tn/hfrPikferelarngloned di anond

mat eri al “m woul d produce 0.53V, which is an ideal level as a sense
signal for athteledtvadktipo 302 tents ti protrivde atfighed iemapsratyredin thersgmeveayfasy cont r ol

el ectrode, a,sonewhat greatef.,voltage, i,s =15 desirable. The
net al /i nsul a‘élsPgEé’rR/H’fP&HSI%Pf?hEF%adZ\?EFJ}?F%?O% x 10g V/ mwoul d produce a
vol tage of 3.8V aj dasationSthRMedd Arifehadt308 [esSover e/ mediaGuffGce3evg (100)

i ncl udes a disc (304) that includes a media surface (306, 514). The disc
drive (100) alflyohdigittl 3les As tkirded/wtiB0beads808 g8tst dter.i it dirolgedss smetead/ wri t e

head (308) that s s ed ar,t. from.the nediga.S ace (306 4) by a fl
hei gh'E spéciﬁ?@vaf%%)‘ﬁg af‘frgq%ﬁ 3@?:1 @5 %}ﬁ&@%ﬁ%ﬁ’%%ﬂtﬁ? qﬁ%ﬁ‘m%eﬁpi#é?lné an y
el ectrode tiQntR0A) diso poth@scehmBinsliRe SdnkscledutfiaGResehddn caideions2® a first
portion (314) of the nedia surface (306) across a gap (316, 516). The
sensor (3l 2, Thel changimgagsos oatpué oa sepductar F20dp ded h&%ﬁ@w&héhé@;ﬁ(@ﬂe, 516)
and provides.l o a.sensor. elegt4l cal I -af the

| englto h ofd 1 ht«?eﬁa%acttév%é%&é&“g?sﬁAﬁnﬁea%Pﬁég‘#%éﬁ%%é‘é,lﬁ@ﬁ%g? BUIGhLE i y hei ght
spaci ng as aatfrhctiiel Gstcof 344, r herbyethiding ube oslidet e300r itoat ilewsuitpaftibtlly, 508). A

feedback circuit (410, 420, 506) provides the actuator el ectrl,c%{] i nput as

P
a feedback feareransate dor theerotseiapat gk deppaaireul puflysignl Pds e 1y
hel ght spact fighiiigen, ahd ffe taRGitHIEA 36O 8eh bOFn EHEE L AL A TRERUS.
characteristics and advantages of various enbodinents of the invention have
been set f or3d6 whhéhdedraf dgmbggdatetqrolgtip protrusioge tWigh this tlosaespadihg of t he
structure and function, of varjous, enbodinents of the invention, this

di scl osut® !lgighqrmj.tsciqnglttlﬁ,gre@ﬁ veding changes may be made in detail,
especially i n mttRt % Qfuskhl G'uba AhaRP oA EPRRRAR WitPhenngobdthi n t he
principles of the present invention to the full extent indicated by the
broad gener aillusteated rig BIG.t he thégurs 7 rillustiatds tondral pgystedie Rspecss rof Hiee

expressed. For exanple, [ in | i der, can .be used.and a arate
conduct or ca?fr%gsli?gﬁtemal:@r?ngﬁt%@% 70% Sﬁﬂeé sofl?lé@p lf)gﬁféé)ﬁ lfyhféi)r%elszlg rode tip
and the capagichp G dSWhhaRE loddnfaresliahd appliad tab Gl glinbdepdinteiar upsardS
enbodi nent described herein is directed to a magnetic disc drive, it wll
be appr el at zmodypamivkf feter B4 applied: théhayndersids of the sliderhodsd90 gnd ghe
present inventio an _be appljed to ot St.ens ...l 0 i cal
drives, or 'o?)cfnitré)gf’&dﬁ)lw&r@\ﬂcwgﬁt%(rfeepgﬁ id?% t%’r%?nctf%'tea%sgc%%gag%dﬂgéi rit of
the present ¢dpaginive abtuator 408 fhat Middted GeGlidérNidy [1Slatite toha mRkdtacdirfate.
controlling fl'y height in a disc drive, conprising: providing a fly height
spaci ng bet wEkhcapapiding eafptos 4AR drcaroled by ddecaived acthalen dlednifalde®iton a

di sc; sensin i [ S gl gL and t hat
faces a fi rs?ldgg%p icgﬁe%%:?%(geloﬂn@c?? 'amsl%r aglgl%%gzﬁtgg@?gg%g% {t{aﬁlelaéeljlﬂeé@ rode tip
conducti pg apoetamnpriseca fasdfoewhrd peh. [The stidert todyudflo telpondapo tlenfbrecae

el ectrode tip providing a sensor electrical output representatjve, of the

| ength of t hePRiispto atcﬁmﬁlaﬁ]ieﬁ@t ¢ marticplar fly; hepght ‘i@i q%regrgong%gﬂpt legghor a
‘recei ved act yipf or el ectrical input; and providing the actuator electrical

i nput as a feedback function of the sensor electrical output to control the
fly hei ght spaci nghe 2ap TasthretlBoid sehsed by m fieldhemission tshesoel|ddt whichcur r ent

o Pheer et 4 ecdbabc P VA A0 "ERAGGL Rnsld 14 SELGR/ 9 curren




3. The method of A aim2 further conprising: controlling the gap in a range
of 5 to 15 nanoneters. 4. The nethod of claim 1l further conprising:

provi di ngwiche/edsset rode tip with a tip surface conprising pratgohdbossel ect ed
fromthe group: p-doped dianond, dianond-Iike carbon (DLC), tungsten,

nmol ybdenum | ant hanum hexabori de, silica particles and beryllia particles.
5. The nmethod of Caim1l further conprising: formng the electrode tip as
part of a layer of nmetal in the read/ vltte head. 6. The method of Caim1
wherein the actuating is perforned capacitively. 7. The nmethod of Claim®6

ol ect r ode. sulERaEice el SeriGt UBLHEN dRk 9l LI RDod e dobIpSRALL AHC,  ono
Pt hod o O T ey o B g ot aherd- 7 O The
el ect rode suVFed SUBPBHRS JUncHaR (Re t@ég%ﬁéldp@ﬁisi?i@lﬁ sertsor Héddi e ddgctriclapaci t or
W oc that | roneiAR Bl 148 phoViadliPed: 808k for i olhefty 3yt the yEERR,, T 0% °
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electrical input: and, a.feedba circuit providing. the actuator electrical
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fly hei ofgt syragd A9 heiBt. TWeetli egitﬁr%Qn&Easg,%@%ﬁg‘ngggfdt@dE Fxgorglaﬁﬁt rode tip

has a tip surface adapted to praovide quantum ne e em ssi on
current thrcheban leeghatd2 detreastise Tae Sicldiemission fenShiad Ith @nsdsdhederrédse gap i S

in arange of ;5 to 15 napnoneters. . The disc drjve of claim9 erein the
tip has a tiaﬁdsﬁr@é@ép%w?s@ﬁbeaﬁﬁgé?rﬁ% °§9“gcY°é%g? rfg?‘ﬂst &k toufe p- doped
di anond and g@pasind abtusfor 08 0NTRDleEpacitivendsiu@Br 408! YlodasdiMiedrafitanum
hexaboride, silica particles and beryllia particles.” 13. The disc drive of

Cl ai m 9 wheraéirastive eclapies ferse 406 iap thesdegerasedovoltage.afbe detreasst ettragtiven t he

read/ wite . Tha di dri ve 0O i,m.9 wherejin the actuator is a

capaci t ilée }?fagg)tr C]ﬁ)_rce '2;%6 tatSes” the ?ly fhei%h? to  ihcrease, Et‘fuereby moving a’&le
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



-18 15. The disc drive of daim 14 wherein the capacitive actuator
conprises a first capacitive electrode surface that is disposed on the
slider angdpakodsgces a second portion of the nedia surfa%ﬁllj@tm;‘mns a
second capacitive electrode. 16. The disc drive of Caim15 further
conprising spacing the first capacitive electrode surface is spaced apart
fromthe second capacitive el ectrode bY a capacitor spacing that is greater
than the gap spacing. 17. A disc drivel2conprising: a slider including a
read/ wite head, and a disk including a nedia surface spaced apart fromthe

read/ wite afI he| ht and an actu dustl thefly
hei ght spacﬁﬁ@ the; u‘?11 %HF’ gﬁ?i ﬁ\?éd’ g}@naeatagre %CI é%ai 4n8r§|lza| ﬁ?} and
feedback ”E%&Jeonssmétégménb@of Hélsﬂﬁ'@btan&Iﬂ?ec‘l'dlﬁﬁéiéfaolftdgéc‘sbmféé b a
guant um nechani cal current across a gap between the slider and nedi a

surface, thearé eeldtiad ko pwlt@ geat@omtufmgcqnﬁ@l at theadlength@f dbe gapand thwput to
trol t h
SOA nr oty Hoight 2B i B o derotaod oy those ghilled in the artuht the clecticAlyny () o K

OT m energization source can alternatlvely comprise a controlled current source. A
{vql fa\ V\]ca] C %ca] c”a] ca] cTa] ca] ca] ca}ica] ca] ca] ca] ca] ca] ca] ca] ca&lca] cajcalc
a] ca] ca] ca] odag q;ia]lmg] ﬂ;%f] dﬂg;t;eéqsc Q;'pg er’s mechanical coupling between

" d~7U0} [ Kz N
B elspelea el g o ol ool ol ol o
Lristwl x! v ##() ) *BE ﬂluZHlﬂw@J]l@&bﬁﬁil@@hﬂﬁ}g@ﬂi@ab@@]{m]lg alrﬁl&drCta] tha] ca] cal ca

ca] ca] ca] ca] ca] ca] ca] ca] calca] cal ca]ca] ca] ca] ca] cal *U**D+n L& ET <
%)0 1]125]223]84bgnm]ggn]ent Lowll inl’ 13 11]1 FI(!? ]how]ever the actuator 330 (FTG 6)

cal 5217 x iQi o 13}»8%} Ysaboebaahant o aboasalen shaal gal eelealoal cal cal

—?] : ] o ] %tdatdﬂ%%ﬁ«}:ﬁfdvldedaﬂata]:maﬂes a|stid¢raelatiag ca] ca] ca]
calca ca calcal ca ca ca cal ca alcal cal ca 11133
JKH#KL' NxSS" TR W&@b >é@6]E i h A% @&W&f&@% 5315 %“?@]Q]Ctglé’gﬂa‘%‘iﬁ é"‘di? ]ca? ca] ca]
ca] ca] ca] cal galcatsal aahgﬁhg%s:atﬁemateawﬁl Cal ca) bal e cal ca) cal ca] ca ca

I\\P
’(Eja"" R] ” ( v aKaadB(h 0d Halstohret{ackdid e05@jgththdavwbetusédyin) 4 disd dm}m]:haﬁ dat ca] ca] ca]
cadd cal el calcal o5 (P Alr 8l SR IAR) Sahed 68eR B Sahadbs Fhsabeg] cal cal ca
jikkkrlxllj; éH:H{HE}’S” B! Loyt VruidaoThad ¥t Lhsabaalg abagh cal cal ca

] ca] ca] ca] caJ ca] ca] ca] ca] ca) ca] ca] ¢a]ca]c cagca] ca] ca] ca] ca] ca] ca] ca] ca] ca
] cal G }}}}} vesEBpjak@dwbovewith késppat]te sl h&lﬁ} §.ca] ca] ca] ca] calca)]calcalcalc

578=j kKC. W
il S?Lfﬂ 9?%252% lff@é‘%céjfl gg csa‘%lts:pacis% }’S Ne S;il Sr fdlc]aﬂggaceg ﬁatc%ﬁa] caJU] cajc
a] ga/qléj] 8':1] cal ﬁadsga/hfealac?ﬂrﬁeabgc%hggg? @%Qﬂ%ghﬁ%%g%ié B4 0@hd dap $1B10%& ()-!h
0, \V 0, ) 0 _ A s 0
og/& () -308s mmhs)m?@am@g 514 dogetlier - osmg(a) SEK’(S?Td&%% zThe sensor 522
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109&' ()-f. 108@8@(‘()011)/1;:5@5@ (h)it 1@prek O tHe) lefigth bOUR £ap-516. Ledd 521Qrchnaets

~\ 10" @&10% 2 2& ( 109%&'
& 0v1a line %2 resistor 93 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
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.
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type actuator. It will be understood by those skilled in the art that the

ectric

5 arrangement illustrated in FIG. 9 is schematic and that a wide variety of
mechanical support (e.g., gimballing) arrangements for slider 501 can be
-adapted to use the feedback arrangement shown. Electrical energization source
524 can be a separate circuit as illustrated or can be integrated into the controller
506.

10 FIG. 10 illustrates a block diagram corresponding with the arrangement
illustrated in FIG. 9, and the reference numbers used in FIG. 10 are the same as
those used in FI1G. 9.

Capacitive (electrostatic) 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
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field emission electrode to disc spacing, the electrostatic force would be constant

regardless of the spacing and there would be no stabilization of the fly height.

5 By placing the electrode tip and capacitive electrode on a slider as shown in

Figure 6, so that the spacing of the fly control electrode to disc is several times
larger than the field emission to disc spacing, feedback gain can be generated.

With a nominal spacing of 0.3 pin (microinch) at the emission electrode

and 1.0 pin at the control electrode, a 0.1 pin decrease in spacing will reduce the

10  electrostatic force by 45%, and a 0.1 pin increase in spaéing will increase the

electrostatic force by 46%. If higher feedback gain is required, the emission

electrode can be used as a spacing sensor to provide a measurement signal to an

electronic feedback circuit used to control the voltage applied to the fly control

electrode. This 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 implantati‘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
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aLiovcs: (- Senoe v R RanTRE LS et onece ()<L 10w ()-1-
10% " & ()-!" @10%&C8itmary, a disc drive (100) includes a disc (304) that includes a
\ media surface (306, 514). The disc drive (100) also includes a slider (300, 501)

5 that includes a read/write head (308) that is spaced apart from the media surface
(306, 514) by a fly height spacing (310). A field emission sensor (312, 512)
comprising an electrode tip (302) is disposed on the slider (300, 501) and faces a
first portion (314) of the media surface (306) across a gap (316, 516). The sensor
(312, 512) conducts an electric current through the gap (316, 516) and provides

10 a sensor electrical output (416) representative of the length of the gap (316,
516). An actuator (330, 502) adjusts the fly height spacing as a function of a
received actuator electrical input (410, 508). A feedback circuit (410, 420, 506)
provides the actuator electrical input as a feedback function of the sensor
electrical output to control the fly 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 structure 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.
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2.

a first portion of the media surface across a gap, the electrode tip
conducting an electric current that passes through the gap, and
the electrode tip providing a sensor electrical output
representative of the length of the gap;

actuating the fly height spacing as a function of a received actuator
electrical input; and

providing the actuator electrical input as a feedback function of the

| sensor electrical output to control the fly height spacing.

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.

6.
7.

The method of Claim 2 further comprising:

controlling the gap in a range of 5 to 15 nanometers.

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.

The method of Claim 1 further comprising:

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

The method of Claim 1 wherein the actuating is performed capacitively.

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.
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9. A disc drive, comprising:

a disc that includes a media surface;

a slider that includes a read/write head that is spaced apart from the
media surface by a fly height spacing;

a sensor 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.
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17. A disc drive, comprising:
a slider including a read/write head, and a disk including a media surface

spaced apart from the read/write head by a fly height spacing and

an actuator adjusting the fly height spacing as a function of 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.



