Dl SK DRI VE HAVI NG REDUCED VARI ATI ON OF DI SK SURFACE LUBRI CANT LAYER

THI CKNESS FI ELD OF THE I NVENTI ON This invention relates to disk drives, and
nore particularly to disk drives having a |ayer of lubricant between the
di sk surface and the read/wite head. BACKGROUND Magnetic disk drives
typically include a thin layer of |lubricant applied to the surface of the
recording disk, in order to reduce undesirable interactions between the
head and the disk, such as friction and/or stiction. Typical |ubricant

| ayer thicknesses are in a range fromabout 0.8 nmto about 1.6 nm but in
sonme cases this range can run fromO0.6 nmto 2.0 nm Typically, the

| ubricant layer material is a perfluoropol yether (PFPE) |ubricant. PFPE

| ubricants are copolynmers with the followi ng chem cal structure: X- |
(OCF2CF2) m (OCF2) n] -O X, where min = 2/3 and X represents endgroups of
the polyner. Through sel ection of these endgroups, the material is
nodified to vary the filnms adsorption, affinity, reactivity, etc. Sone
comon endgroups are X = F, X = CF2CH2OH and X = CH2OCH2CH( OH) CH2- OH f or
PFPE Z, ZddI$HAORIARIHAEOCING eRpRECENeVHRISDHEN oPFt DESE PPREACHDLri cants are 1

al so known under a_var] rks or trade nanes (e.g., "Fonblin Z"
famly, am%UQ%%E$N%w%%§%%éﬁaﬁééﬁ€§§ﬁ1 Zdol by Moresco). As disk drive

technol ogy evol ves toward increasing areal density and storage capacity,
t he separation between
FIELD OF THE INVENTION

This invention relates to disk drives, and more
particularly to disk drives having a layer of lubricant

between the disk surface and the read/write head.

BACKGROUND

Magnetic disk drives typically include a thin layer of
lubricant applied to the surface of the recording disk, in
order to reduce undesirable interactions between the head
and the disk, such as friction and/or stiction. Typical
lubricant layer thicknesses are in a range from about 0.8
nm to about 1.6 nm, but in some cases this range can run
from 0.6 nm to 2.0 nm. Typically, the lubricant layer
material is a perfluoropolyether (PFPE) lubricant. PFPE
lubricants are copolymers with the following chemical
structure:

X-[ (OCF,CFy)m- (OCF,) n] -0-X,
where m/n = 2/3 and X represents endgroups of the polymer.
Through selection of these endgroups, the material is
modified to vary the film's adsorption, affinity,
reactivity, etc. Some common endgroups are X = F, X =
CF,CH,OH and X = CH,OCH,CH (OH)CH,-OH for PFPE Z, Zdol and

Ztetraol respectively. Some of these PFPE lubricants are



the head and the disk generally decreases. As a result of this decreasing
separation between head and di sk, undesirable interactions between the head
and the lubricant |ayer becone likely, and, in fact, have recently been
reported (e.g., in Ma et al., I|IEEE Transactions on Magnetics, 38(1) pp
112-117, Jan 2002). The article by M e |. .reports the for ign of a

peri odi c no %E%%ﬁW%fu?ﬁ rl%bY?E%%Yyt%lcgﬁ%%%maf%ﬁgoﬁ gf?§%£35$%8 anpl i t ude
of this nodwd ajion psewsis! oW yaasly)rack fAyoRy thieni nsraagessrvhere track
flying time is the tinme spent by t%e head over a single track while the

di sk is rotcdel nyy M¢mﬁ$@®grted modul ati on has a period which corresponds

to v/if, where v s the | near veloci of th rack wi,th re st to the
head, and f 1 duethahi Saroe, EoRinidoy etibres Bivaloantisasthe,

i ncl udi ng the:dieagens My eatbagt opegaechpatcal, mode oéphhetheadoasgeshl y can
contribute to lubricant thickness nodulation. For exanple, in the Ma et al.
article, a bt headeandving Alskederntylby dapbadsad- 5Pk M E p?fch node

having o freauensyc of 190, kb wer eohobb gbserxedyt gagoni Libute

si mul t aneou rrcan ckness nodul ati on. I'Ekness nodul ati on

of the |ubrigasditatyps istevadesonabbetwséncenéthégadsntiottei vabikheahead
assenbly into unwanted notion. This problemis exacerbated by the fact
that the pef2yrbadreerne nbiukelybyahfle 1ubfreanthareckaesst lpBEPEtion is at

Cends 101 TETERaEt o1 B e T Dot oft 1 RE" por Fop bat PARTabecks Phsonant
enhancenmentMagridt ScHeasls (b i op i s24untesi rabl 2oberause it interferes with
The article by Ma et al. reports the formation of a

periodic modulation of the lubricant thickness along a
track. The amplitude of this modulation grows slowly as
track flying time increases, where track flying time is the
time spent by the head over a single track while the disk
is rotating. The reported modulation has a period which
corresponds to v/f, where v is the linear velocity of the
track with respect to the head, and f is a mechanical
resonance frequency of a head assembly including the head.
More than one mechanical mode of the head assembly can
contribute to lubricant thickness modulation. For example,
in the Ma et al. article, a roll mode having a frequency of
about 40-50 kHz and a pitch mode having a frequency of 196
kHz were both observed to contribute simultaneocusly to
lubricant thickness modulation.

Such thickness modulation of the lubricant layer is
undesirable, since it tends 'to drive the head assembly into
unwanted motion. This problem is exacerbated by the fact
that the perturbation induced by the lubricant thickness
modulation is at one or more mechanical resonance

frequencies of the head assembly, which tends to increase



reading data fromand/or witing data to the disk. Accordingly, it is an

obj ect of the present invention to reduce the anplitude of such thickness
variation of the lubricant |ayer, thereby reducing associ ated head notion
and inproving disk drive performance. A further object of the invention is
to reduce the anplitude of such thickness variation of the |ubricant |ayer
usi ng appr ddchest fghite P fd - heh qre et o r%cﬁ%gﬂ#@@h?s@%%ﬂin?ﬁﬂ@ﬁbctl on

oo i Ml oD s PAAELAaR DO LA, SEPAL ) O Dot deeops cfread and

di sk) . ese invention 1s avin

lubricant afealidickisid face aterer arrwwle@dam etolﬂﬂ%lcﬁ:ﬁ@}t Iayer t hi ckness
nmodul ation is reduced by varying un/f during operation of the disk drive.

Here co is the AﬁﬁﬂHQﬂHQAﬂwxﬂﬁyﬂiﬁaﬁfﬂ?lﬁQﬂ<Qﬁuﬁﬁe rresersohanentEeyuency
of 2 hea_assenbly contaiging o head, o Ui & evocr, Lies A Lyge of

t he Iubrlcant | ess. o atlon 'S ecrease nprOV|
per f or manceLudm carfy efeyeed tkmmmgr nesdu@ifng r&smmﬁed)memlrﬁotmlvarl ed by
periodically varying the angular velocity of the disk co. BRI EF DESCRI PTI ON
OF THE DRAWNNGS M GRIfi&1a @cﬂ‘ér?hﬂ‘@alﬂ’%/rwcaeto Vit herr pieit afri ve.

£

Figure 2 sohembleal) v shans @ sldleyia ol sk JF1xeey 38 Guie, 3
schematically s i lO§ e vﬁgw 0 I's %ﬁq ea %s?tlone% o%%r a disk
track. DERNdﬂﬂéﬂiﬁﬁ]ﬂﬂyﬁhﬁNIﬂ%fﬂﬁéﬂﬁvmﬂyﬁf5using approaches which do

not depend on reducing the physical interaction between

head and disk (e.g., by increasing the separation between

head and disk).

SUMMARY

The present invention is a disk drive having a layer
of lubricant on a disk surface, where an undesirable
lubricant layer thickness modulation is reduced by varying
®/f during operation of the disk drive. Here o is the
angular velocity of the disk and f is a resonant frequency
of a head assembly containing the head. In this manner, the
amplitude of the lubricant thickness modulation is
decreased, improving disk drive performance. In a preferred

embodiment of the invention, ®/f is varied by periodically

varying the angular velocity of the disk o.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 schematically shows a top view of a disk
drive.

Figure 2 schematically shows a side view of a disk

drive.



Figure 1 schematically shows a top view of a disk drive 10. Disk drive 10
includes a disk 12, a slider 18 having a read/wite head 19 (shown on
Figure 3, but not on Figure 1) and a head assenbly 20. Disk 12 rotates
about an axis 16 and has a |ayer of magnetic recording material 38 (shown
on Figure 3) on its surface. Wthin magnetic recording material 38 are a
nul tiplicity of Fa®TE 13y sshedad 1 qaldok Shaytfe S idl i 9% Shawflesk 14 on

Figure 1. Sli.der i it I in order to enable head 19
to read daralq'%r (l}r]% dr gc%ksq%}oglﬁ /%S’e\%/%[ e&lcé{gutjaf)gﬂt'r ack 14. Slider 18 is a
part of head assenbly 20. Head assenbly 20 includes conponents (not shown

on Figure 1) forlgpositioniarﬁ head 19 to a desired radial position relative
to the di sPETHIIED DRFGRIEE @etleriHneHW A&l ected track). Figure 2

schematically s A S depdewof; the digsk drddee Afefigure dis) notor 22
i s connected tol}g:@k 1%\%thh a 'sha &28, to roto\ge di'sk 12, Asci rcuitry 24
i s operabl firisenneéct edise dwtoe 22, iasluddiscat édsly 1R, nea 26 iderFilgure 2.
Circuitry 24 controls the speed of nptor 22 and thereby _caontrols the

angul ar vele&iig 6f Il At FiNGA% P scHimt i¥alTyF Sifowy P8t dPVi @ of the
disk drivesoladd Qur &aby I ddiey i ity Ofg €@ k9 oA il canbodiayer 36 s

deposi ted above magnetic recording nateria Typically there I1s a

prot ective acder ddataridayers etlweer afbgresinet re aorah mii mptnertiet 1 88 3%hd

| ubricant |ayer 36 (not shown). Disk 12 passes unger slider 18 in the
direction (& & 40 I FiYurd &t%é%e%}f:es'l i #&thi8 FRITGTSKE 12 there is

an air bearidg 32 nAinfatREArd NG 3% £x dén?.lla:jfﬂicceit}ﬂ P P dersddeed

Lubricant layer 36 Tnteracts wth sli
tracks, one of which is shown as 14 on Figure 1. Slider 18

is positioned over track 14 in order to enable head 19 to
read data from track 14 and/or write data to track 14.
Slider 18 is a part of head assembly 20. Head assembly 20
includes components (not shown on Figure 1) for positioning
head 19 to a desired radial position relative to the disk
(i.e., over the centerline of a selected track).

Figure 2 schematically shows a side view of the disk
drive of Figure 1. A motor 22 is connected to disk 12 with
a shaft 28, to rotate disk 12. A circuitry 24 is operably
connected to motor 22, as indicated by line 26 on Figure 2.
Circﬁitry 24 controls the speed of motor 22 and thereby
controls the angular velocity of disk 12.

Figure 3 schematically shows a side view of the disk
drive of Figure 1 in the vicinity of head 19. A lubricant
layer 36 is deposited above magnetic recording material 38.
Typically there is a protective overcoat layer between
magnetic recording material 38 and lubricant layer 36 (not
shown). Disk 12 passes under slider 18 in the direction
shown as 40 in Figure 3. Between slider 18 and disk 12

there is an air bearing 32. Air bearing 32 exerts a force



18, and such interaction can |lead to nodul ation of the thickness of
| ubricant |ayer 36, as shown by the waviness of a top surface 34 of
| ubricant layer 36. This interaction can occur via various physical
mechani snms, such as shear stresses due to the viscosity of air bearing 32,

a pressure_difference bhetween air bearing 32 and air on either side of air
bearing 3230ar® §L1¢&T dét- WadPSirarted 2yEtweén i8trgert s181dhd SldStcant

Layer 36 34ppase head, ﬁ.;&eéﬁyalti?&l | SrSAed 1 QRELIAIAN S @e T equency |

such that it "perio nmoves wth respect to 12, as schematically
i ndi cat ed kpitfeedot tofd Jaromowaort IRy 8 @. akherhdwn oysdid lvedvioress | | tend

to nodul ate the_ thickness | ubri cant | r 36 at_a r.iod ual to v/f,
where v = &F iPs YORe Sre4® \(}{ﬁ c?céoft %%%q?;&y% a'irﬁafdiﬂl 184 %%§%W%avi ng
angul ar vel Qe - &Q- viR Syamdilatdiasiddl dd¥ihn Reld Urdischead assenbly 20 at
frequency f. Thus any interaction between siider 18 and |ubricant |ayer 36,
i ndependentstafestske physsitcalthmatwirscafithheo fi itier detdmwimg 3% eat geregwure

possibility of an oscillation of head ass I 20, being reinforced b
Pht ckness. HOGUSIAToR. S G RES Ty BT (it g8t B Guchice of

rei nforcement: ¢f29¢id I8t e Pfohaad, asseys QA& L wddh MRLddce, two
conditions nust be satisfied. The first condition is the synchronism

condi tion, ISojpnd Aiubriwkerte INver a3gositive integer. Wien the synchronism
condition is satjsfied, .the anqular, f uency. of the oscillation of head
assenmbly 20 is gﬁpgoﬁeeﬁémﬁqﬁeﬁ%elyofzrqeﬂf ﬁ%ﬁlﬁ}ﬁ%eqsoccllﬁt]fwcﬁﬁ ¥ sk 12, so
t he nodul atdeppehdwhr iatd nhdayer itk lndves GO riedpavet Yeo
rei nforced on successive revol utions of disk

disk 12, as schematically indicated by the dotted arrow on

Figure 3. Then this oscillation will tend to modulate the

thickness of lubricant layer 36 at a period equal to v/f,
where v = or is the linear velocity of a track at radius r

of a disk having angular velocity . This modulation, in
turn, perturbs head assembly 20 at frequency f. Thus any
interaction between slider 18 and lubricant layer 36,
independent of the physical nature of the interaction,
creates the possibility of an oscillation of head assembly
20 being reinforced by thickness modulation of lubricating
layer 36.

In order for such reinforcement of oscillation of head
assembly 20 to occur in practice, two conditions must be
satisfied. The first condition is the synchronism
condition, No = 2nf, where N is a positive integer. When
the synchronism condition is satisfied, the angular
frequency of the oscillation of head assembly 20 is an
integer multiple of the angular velocity @ of disk 12, so
the modulation of lubricating layer 36 on disk 12 is

constructively reinforced on successive revolutions of disk



5 12. If the synchronismcondition is not satisfied, then there is
destructive interference in the effect of succeeding revolutions of disk 12
on the nodul ation of lubricating |ayer 36, and typically such destructive
interference leads to a negligible net effect. The second condition that
must be satisfied to obtain reinforcenment of head assenbly 20 oscillation
is that thdZ2.dr¥i hjef 6veehireniche COSEIILLaN 68 DPPlresatikd igkysitédn

interactio t | 8_an i i overcone the
il sei pat | v RE A SRRl AL AN D SiRoc T OEe St
di ssi pat i veudoafeees ighdaidd utneetrri tadid0d® ian head rasiendd yor20; £ whi ch t ends

to decrease the oscillation anplitude of head assenbly 20, and diffusion

driven by SUFEEEtieWsileyam 1op Xt ragy Bul 1ot ?QQHNq%égqqﬁFW%?er 36, which
tends to sqg&%@€§gﬁ§gg(yg5§§1xy 'ﬁﬁdfﬁ -Hfétggéé%ﬁ%ﬁﬁh_The bal ance bet ween

driving force an Ssipative effects SO0 depen ow efficiently the
t hi ckness pert uthatsearomf daratitciadn nthdtayerst36od sl jegd ttoo haatch irassenbl y
20, which in turn primarily depends on the frequency of the perturbation.
Pert ur bat i ¢t o qGeapien Qe dreathiats e vat2 brosfearl af 1Rit hishi i t rds®nance

[reauency ofifigRfl RRSAMEYL A AT SOMM G PT (@ Shtdne ! nﬁéﬁfsse”b' y 20,

while a perturb on at a frequency I C ar from ani cal
resonance fimeguerndyi cof Hesadcassenider 28 issnd douptiethtinmef fiayent3d) t o head
assenbly 20. During disk _ drive operation, air bearjing 32 acts as spring
on slider THST SHSFIR HIE SHAARAL WS TS e Hiore Sh SIidRF 4Bt hat

tends to reg{Pneddi & A pal FepakaichoRikkpadlisk forces include
mechanical loss in head assembly 20, which tends to
decrease the oscillation amplitude of head assembly 20, and
diffusion driven by surface tension in top surface 34 of
lubricating layer 36, which tends to smooth out thickness
variations in this layer.

The balance between driving force and dissipative
effects also depends on how efficiently the thickness
perturbation of lubricating layer 36 is coupled to head
assembly 20, which in turn primarily depends on the
frequency of the perturbation. Perturbations at frequencies
which are at or near a mechanical resonance frequency of
head assembly 20 are coupled efficiently to head assembly
20, while a perturbation at a frequency which is far from
any mechanical resonance frequency of head assembly 20 is
coupled inefficiently to head assembly 20. During disk
drive operation, air bearing 32 acts as a spring on slider
18, such that it provides a restoring force on slider 18
that tends to restore it to a nominal separation from disk
12. This nominal separation is determined by a balance of
the stiffness of head assembly 20 and the static air

bearing force 30 shown on Figure 3. Since air bearing 32



12. This nom nal separation is determ ned by a bal ance of the stiffness of
head assenbly 20 and the static air bearing force 30 shown on Figure 3.
Since air bearing 32 6 acts as a spring, it has an associated spring
constant k, and to a first approximtion, the resonant frequency of head
assenbly 20 is sqgrt(k/m where mis the mass of slider 18. Typical

nmechani cal acé&sorgnce sfprréqwencllteéqacﬁ He P S ABISS] PRA0 &Qﬁﬁ‘%fﬂétolfder of 40
to 200 kHz Jhe ﬁ%f?% I reaueng %ﬂ’&h; rger than
the disk an%lqar r}lv OCI ty g!re oﬂ?leh&;HJ a&}é is a ne%ﬁfalﬁélc@é eésgnance
frequency ofedteadsassdnbly0 26 dden(la/mi)r eduareyn s tie cesatosfsksdehe
synchroni sm condition and which is close to fr exists. W have N = [2nfr/w]

= 2nf' /w, \/Were [X] is the nearest integer to x. Since fr > w [|f" - fri
<< fr. Thus, i1 o RIEAS QNGB S PRl DAY aldpn of the
t hi ckness of Iub |cat| on ayer 36 at one or frequencies tf' is to be

expect ed, Gonsimaflgnt2OnMadrde drheclreepordemfoivel @tta@l20@ikied, adoethSi nce
nodul ation of the thjckness of lubrication |ayer 36 is undesirable, th

present i NVEEREESP PYONI UL U oS S HFTt Ofch ?dﬁm‘?réd]tﬂﬁ‘}%rt%}i‘%‘?(n@%
variation of élytérrfgqﬂté&ngfel&:}’ﬁ:r y 367kl e'f%r%Xp‘?&t%q tg,ata tRer3eARLAL i on

bet ween sI| | ubricating layer 36 will tend to decrease over tine
as di sk drmeesd:rfmhmolmlmmiwesﬁ Mt ezbysemrtﬂxeazs(],ngthéte a direquegnéyrce for

t hi ckness v, n of lu rlcatlng Ia er 36. Therefore we are inly

concer ned ré" Oc Scﬁrﬂ% hg Gy Jr@“t?f?%ijntejs%n VAR a“(rﬁjo$03fs

lubricating | ayer 36, "g‘xfshcsd.o RRt rdeReRd on Jrgqughi an G- tAE Rilysical
[x] 1s the nearest integer to x. Since fr >> o, |f' - fr|
<< fr. Thus, if driving forces overcome dissipation,
modulation of the thickness of lubrication layer 36 at one
or more frequencies f' is to be expected, consistent with
the report of Ma et al. cited above.

Since modulation of the thickness of lubrication layer
36 is undesirable, the present invention provides various
approaches for reducing thickness variation of lubricating
layer 36. It is expected that the separation between slider
18 and lubricating layer 36 will tend to decrease over time
as disk drive technology evolves, thereby increasing the
driving force for thickness variation of lubricating layer
36. Therefore we are mainly concerned here with approaches
for reducing thickness variation of lubricating layer 36
which do not depend on reduction of the physical
interaction between head assembly 20 and lubricating layer
36.
Based on the considerations given above, we have

discovered that thickness variation of lubricating layer 36

can be effectively reduced by varying o/f during operation



interaction between head assenbly 20 and lubricating |ayer 36. Based on the
consi derations given above, we have discovered that thickness variation of

| ubricating layer 36 can be effectively reduced by varying wf during
operation 7 of the disk drive, where co is the angul ar frequency of the
disk drive, and f is a nmechanical resonance frequency of head assenbly 20.
A preferrebfapprodéRkf 8rivaryWRG IR 2 diF ithG aprEEorf resfuanty dilsikihfrive is

to vary the.dis ul vel ocgi Ly i aryi lt-1s

Simpl er totvaryI50 haindl E e porosta e d e Ry e

vari ati onshead hgbempati ng.l ayer 36 corresponding to all nechani cal
resonance frequencies of head assenbly 20 are necessarily reduced

si mul t aneousl! y. RApralfeerrdt ape randhndo rprefraringd o /dpphoacty fayenaridmg wi f
during operation of the disk.drive is vary .f. As discussed.,in detail in
US Patent BLo6085855 K RG8Endrated TREvel oy et GrGHIE ™ o Ce i rety.

typical | disic Lty Y. L OKs, OpeLal £, ah o Apesd  Hatiall Y. oxpLess6di 10,

revol uti ons per vari'es ‘depending on vol tage or

current appki t Ol gAY [aTe] SAVAmp-Y q I - iid be
able to degkgﬁgcﬁgcﬁ??¥g?é4anr%93$%vﬁﬁééa di;ﬁﬁ%#%€%§%;niﬁﬁgg?%ﬁéﬂ;jtariable

speed usi ngubknowan idgsilgyetre Slonicgues.spSinaingr Ity, aprlowiesiham igfala
periodically varyi such as _a sinusoid, %ﬁ%re wave, saw t.qoth, or

1 ng RPM
Bny ot hor BEFPBAPESWETEAUFRLLS o O fo hiras) 5 S50 R ord 858 Aad t 1y 24

with tfechn&ge@%e&ngmuimah@%usa_ryt.- Agcordipghyivel LAMI hbY Bfeksraeguitable
means or

approach for varying o/f during operation of the disk drive
is to vary f.

As discussed in detail in US Patent 6,262,545,
incorporated herein by reference in its entirety, typical
disk drive motors operate at a speed, usually expressed in
revolutions per minute (RPM), which varies depending on the
voltage or current applied to the motor. Accordingly, a
skilled art worker will be able to design circuitry 24 for
driving a disk drive motor 22 at a variable speed using
known design techniques. Similarly, provision of a
periodically varying RPM, such as a sinusoid, square wave,
saw tooth, or any other periodic waveform type, can also be
implemented in circuitry 24 with technigques known in the
art. Accordingly, circuitry 24 is a suitable means for
varying o.

A periodically varying RPM waveform has several
parameters which can be varied to reduce lubricant
corrugation in accordance with the invention. These
parameters include the waveform type (e.g., sinusoid,
square wave, triangle wave, etc.), the frequency of the

periodic RPM variation (i.e., dither frequency), and the



varying co. A periodically varying RPM waveform has several paraneters

whi ch can be varied to reduce |ubricant corrugation in accordance with the
i nvention. These paraneters include the waveformtype (e.g., sinusoid,
square wave, triangle wave, etc.), the frequency of the periodic RPM

variation (i.e., djth f requency)., t he 8 anplitude of ,the periodic RPM
vari ation %im.pg.l,t”d%et ﬁ’g trﬁrgﬁ]iltf}/d%f a#ﬂ’é Veaf]i‘lea&lrgé} {Jh'ees'e’ RPN Vel ef or m
par anet er s [@f1 igupnessi on of lubricant corrugation has been investigated.

The dither frequency, and the waveformtype ée.g., whet her a sinusoid or
triangl e wave wdhasddecthafe thasg KB actef oM tiRr A reigfat?®n growt h rate.

However, the dither. anpld tude .has .a great effect_ on, the corrugati grow h
rate. In one p@xraerﬁ)ﬁleo 1"( torfi alr%%relcﬁanvte (’%cﬁ ]ia%asti lnogrl at®a k’Fereerhuler}l\g:éys oJfg‘Ji‘)Eégde W th

A20H | ubri gt & hd¥nfdegurthdigi gitd aink ausragarmangar (& ey ociwyeoie 40, 000
RPM, a 0 to peak dither anplitude of 100 RPM substantially elimnates
| ubri cant corrivyedish. oHdrrdante Mafsg'areitird) i atre Sdpakatebredet ween

slider 18 d.dis this %ﬁm! 0 to peak dither anplitudes of 25
I\t}Iqle EOl"'%ﬁ‘uldc“%nﬁ}{y Hecreas eaq:t%'

RPM and 50 si gni e grom h rate of |ubricant

corrugation, whiHoverdrg peak ditHwer amplitudeshaf slgRRM afntedtessn do not
significantly affect the corrugation growmh rate. W believe the m ni num
di t her anplifuETHATIER tFowsdbstadift allPy CBRj RFAEPE Sc dtrigadien Wagsr el at ed

to the damping.rafd ¢Of, headasramly 2% MR SPeeidd caldYicdhe, o
nm flying height and average angular velocity of 10,000
RPM), a 0 to peak dither amplitude of 100 RPM substantially
eliminates lubricant corrugation. Here, the flying height
is the separation between slider 18 and disk 12. 1In this
example, 0 to peak dither amplitudes of 25 RPM and 50 RPM
significantly decrease the growth rate of lubricant
corrugation, while 0 to peak dither amplitudes of 10 RPM
and less do not significantly affect the corrugation growth
rate.

We believe the minimum dither amplitude required to
substantially eliminate corrugation is related to the
damping ratio of head assembly 20. More specifically, the
dither amplitude (0 to peak) required to substantially
eliminate corrugation should be greater than the damping
ratio of head assembly 20 times the average RPM of disk 12.
Alternatively, the peak to peak amplitude variation should
be greater than about twice the damping ratio of head
assembly 20 times the average RPM of disk 12.

Since dithering the disk drive RPM can affect many
aspects of its performance, it is preferred to select a
dither amplitude that balances reduced lubricant

corrugation and other disk drive design constraints.



dither anplitude (0 to peak) required to substantially elimnate
corrugation should be greater than the danping ratio of head assenbly 20
times the average RPM of disk 12. Alternatively, the peak to peak anplitude
variation should be greater than about tw ce the danping ratio of head
assenbly Zg,t't{srer?z.tgg.saverage RPM of disk 12. Since dithering the disk drive
RPM can af é‘é‘ i éspects of its performance, it is preferred to select a
di ther anplitude that bal ances reduced |ubricant corrugation and other disk
drive design constraints. 9 What is clainmed is; 1. A disk drive conprising:
a) a magnetic réc%%ﬁrﬁ@ @MyKISHEvi ng a | ayer of |ubricant on a surface of
said disk; b) . Sl r WL It i.tioned in
proximty to s%i%ﬁg ﬁ:ﬁg?igéépélé g% i rz{gﬁg?g@%rg?ﬁ%/n\r%*too% %]%r?ﬁfogg%a}dng sai d

di sk at andiglagul ar vel ocity co; d) means for varying w during operation of

the disk drive, whereby thickness  variation of said |layer of [ubricant is
reduced: and whraherdgasemtly sonprisinga fragvials deadipesiiened 1a PEOXBHR At ed when

said thick i .atlon: fasaid layer of lubricant is reduced. 2. The disk
drive of c{hgﬁ?%a%?&mgérde??wgggsikg head assenbly has a danping ratio and said

di sk has an avec¢)agaownfor ratatiug kaididisk,at amdnguheneiarityg qpeak t o peak anplitude
of said varying wis greater than about, tw_.ce fhe prodyct of the danping
ratio and the palgdOaYRGYing © dumgqneyptios of *Cﬂ?éhgi dffveggebshigkngsh 1.

wher ei n sajg; ﬁgg%%dyﬁ,{dﬂpgﬂw Wt § REhdeQdif! |y varied. 4. The disk drive
of claim 3, v??ner el n sal anguT ar velocity wis periodically wvaried
accor di ng tvherainaidefead/mriehextand shidatiskt dre sepacargd wheas sad imckness warsgtinnsoi d, a

of said layer of lubricant is reduced.

2. The disk drive of claim 1, wherein said head assembly has a damping ratio and
said disk has an average angular velocity, and wherein a peak to peak amplitude of
said varying w is greater than about twice the product of the damping ratio and the

average angular velocity.

3. The disk drive of claim 1, wherein said angular velocity o is periodically
varied.
4. The disk drive of claim 3, wherein said angular velocity o is periodically

varied according to a waveform selected from the group consisting of a sinusoid, a

square wave and a triangle wave.

5. The disk drive of claim 1, wherein said means for varying ® comprises

circuitry for driving said motor at a variable speed.

6. The disk drive of claim 5, wherein said angular velocity o is periodically

varied.
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square wave and a triangle wave. 5. The disk drive of claim1l, wherein said
means for varying co conprises circuitry for driving said notor at a

vari abl e speed. 6. The disk drive of claim5, wherein said angular velocity
wis periodically wvaried. 10 7. A nethod for operating a disk drive

conprising, a) provjdi a net i ecordi ng di sk having a |ubricant |ayer
on a syrfaz'e of né%d’%‘i gﬂéﬂ?f’ggﬂgBtdbs\i‘i‘.%ivﬁéo‘é‘pﬂgga' assenbly in proximty to
sai d disk, sai da)fkﬁa@dﬁ@%eMéﬁeticqwmih% WRE havingadiidahelaheesh a Surfdcebat i ng
said disk at an ‘angul ar velocity co; d) varying co during operation of the

di sk dri vesaidliskeby t hi ckness variation of said |ayer of lubricant is
reduced; and e),separatin aid rnead/wite head. sai.d di sk n said

t hi ckness vari aﬂg v1d8*g %%ia als%%bﬁy&prpﬁﬁlfyctgﬁﬁldﬁcgsq?’éﬁ'&ggaa a%f?‘%]? e met hod of
claim?7, whehgisingsateddhaad hagsenbly has a danping ratio and said disk has
an average angul ar velocity, and wherein a peak to peak anplitude of said

varying co is geataingsaddiskirsan apgileevdesédtystoduct of the danping ratio and

the average an a?{/iné G(H &ﬁh{%{lspgge}tllol%? tl{geélgé)&l‘l\%fo w%l?%'gmn}é{:lﬁ%gg? g?ﬁégﬁoﬁ%'fd

angul ar velocity co’'i1'S peri y vari ed. aim9,

wher ei N sak4id agudfdubi@noBirtduded; darfl periodically varied according to a
waveform sel ected fromthe group consisting of a sinusoid, a square wave

and a triangl e Wd¢parating sarhecageyigdeast and saidlivk whire paidl thigkriess vatiaicng sai d
vari abl o spoalt Mg orHFRLl REFAR) 20 1T her oi m sard angul ar vel ocity co
is periodically wvaried. 11

8. The method of claim 7, wherein said head assembly has a damping ratio and

said disk has an average angular velocity, and wherein a peak to peak amplitude of

said varying o is greater than about twice the product of the damping ratio and the

average angular velocity.

9. The method of claim 7, wherein said angular velocity o is periodically varied.
10.  The method of claim 9, wherein said angular velocity o is periodically varied
according to a waveform selected from the group consisting of a sinusoid, a square

wave and a triangle wave.

11.  The method of claim 7, wherein said varying said angular velocity ®

comprises driving a motor connected to said disk at a variable speed.

12.  The method of claim 11, wherein said angular velocity o is periodically

varied.

11





