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 undesiﬂ bl e interactions between the

head and the disk, such as friction and/of'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 perfluoropodyether (PFPE) | ubricant. PFPE

| ubricants.are copolynmers with the followi ng chem cal structure: X- [ (OC
F2CF2) m (OC F2) n] -OX where mn = ZIi.and X represents endgroups of
the polynmer. Through sel ection of these emdgroups, 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- CH for

PFPE Z, Zdelsianskivd eimaalc resnesdn velniaBoe of phesesibPict ubricants are

1 al so known under a variety of trademarks or trade names (e.g., "Fonblin
Z" fam |y LUBRLICAND OHY Bhi TBH GNEREHe from Zdol by Mresco).

FIELD OF THE INVENTION
This invention relates to disk drives, and more
particularly to disk drives having & 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,CF2)m- (OCF2)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



As di sk drive technol ogy evol ves toward i ncreasing areal density and
storage capacity, the separation between 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 |ikely, and, in fact, have recently been reported (e.g., in Ma et
al ., | EEE dfirsandaWronsiday  aviaidtd tos o B8(rBdepm riki -orl AL raldh 002y . The
article by Ma et ,al. report,s the formatjq . er.i odi ¢ dul ation of the
| ubri cant (tenigc‘Kne?sO"g:ilolﬁ’g Zta ﬁaiﬂblcllé(’ 'ﬁ{led a%ﬁq udBGH vt 4% %u#%cfr? on grows
slowy as zddiagk; Mordxtd)i.me increases, where track flying time is the

time spent by the head over a single track while the disk is rotating. The
reported nodul &3 oh Hasiml yreriasthriHicdy Strireshdmend WFreahdte v is the

| i near velaqcity of the track withr ect. to e nd. f. i

mechani cal®® eraels c?%élnscle ¥ raélc?ﬁ esnkccc’yrac(rjfré a Nea tﬁ}s’ S ettr%% yslb&)%%autgllnoﬂlg lf%%%e%d.
Mor e t han tore heehanrid alhamedles ofgdriver-diaad asseiddas cans eontsivlut @£t o

| ubri cant thickness nodul ation. For exanple, in the Ma et al. article, a

rol | node tHhehd ¥if G Fasddige ri@pagiat igib e tarap haad & figikch node having a

frequency of - . 0 | il t@cﬂgoﬁ to

| ubri cant ut%hqec]:sli')lgreasg;llézrn)l u e%%nlmﬁﬁtﬁ%ci%eh%s q{rfctr)déﬁrgaﬁ% zdn}{’g:)fl the Tu ﬁr/i cant
layer is lundesidaddnes 1sikeley, tarignds tfadd,i wevdherdsact lassamdhly into
unwant ed notion. This problemis exacerbated by the fact that the

per t ur bat IESPITIRGE E 154 t He Mbratedtt- 4+ iERndS NSRSt At Gt i s at one or
more mechap Sl F&SONANGS pp 112-117, Jan 2002) .

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 simultaneously 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



frequenci es of the head assenbly, which tends to increase 2 the effect of
the perturbation due to resonant enhancenent. This head notion is

undesi rabl e because it interferes with reading data fromand/or witing
data to the disk. Accordingly, it is an object of the present invention to
reduce the anplitude of such thickness variation of the |ubricant |ayer,
thereby reducieTFeassed alred digad it ioh dand ddfeddrittdiathatdament .
performance. A further object of the invention is to reduce the anplitude

of such tFhdendesd wmertisgri drF emdasd nale dafauseydt ds1bvey Bt atiids whi ch

do not d ucd t yS] . I nter.acti o et head and di sk
(e.qg., by%{%%c%ﬁé”%gidr"?gt%[ %ﬁeﬁ&%&ﬁ%?%ﬁlﬁgﬁ%tﬁ%ag grl{% di SE; SUWARY The
present inventipeedralimgdiygk idy iive dmaviinga |y atheofpdaderitcantventt isordi sk
surface, where an undesirable |ubricant |ayer thickness nodulation is
reduced byvdedwg e &IElHG Usisecdt igrroft ik rdissk V@it 19r Hhs s the

angul ar velogliyAf ythe Ol shAndf A ies ananlc reaneney ol A dead

assenbl y containing I'n-thi's mannme anplitude o
| ubri cant atnki dkipesssineduiaik arive peadicaasede. NAr Gvirnged skjdritvef
performance. In a preferred enbodinment of the invention, (o/f is varied by

per i odi calPg 1PFERtHEN A dfydesivcreld@ AR fudee af Sty tBrimess
DESCRI PTI QY ,@F ¢ Tidn RRAHNGS JH 9Wamd 1SGREMRId:GY Iappilons & tap o g of a

disk drive.
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
o/f during operation of the disk drive. Here ® 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 w.

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 2 schematically shows a side view of a disk drive.
schematically shows a side view of a disk drive head positioned over a
di sk track. DETAI LED DESCRI PTI ON OF THE DRAW NGS 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

31 Figure 3

Figure 1) and &ipatt assanisingat2oa Diwlelkdis ot atiale abian @h 2 akisk 16 and has

a |layer
surface.

of . magneti c, recaor,di n terial 38. (.sho on Figure 3) onits
\ﬂ'rtlhvi%h?%éﬁsclt]roé%o AT BTt 38 Sre a multiplicity of
radi ally spaced tracks, one of which is shown as 14 on Figure 1. Slider
is positioned over track 14 in order to enable head 19 to

track 14 &¥d/ALEL iRES R 2@ (Gracdld Bl LRAGINGRer 18 is a part of head
assenbly 20. d_assenbl y 20 . . ncludes conmponents .(not_ shown on Figure 1)
H%a &%Oengltd.cgcllé{d Srﬁ'IOd\lS =1 pq:oog tVl W Oqsaét Vg]ls

for positioninglqﬁiﬁi _ _ _
(i.e., overritke 1@ent eikiknarefealseliaetiadetr ack) skFilgyre 21seleematsi cal Iy
shows a side view of the disk drive of Figure 1. A notor 22 is connected

esir adial 1'on re

18

read data from

ive to the disk

to di sk 12ajity o rewmefividge theadildt el Do 2 A st UM%t Gperabl y
connectedEt

controls tﬁgﬂggigg éﬁk%nsg%ﬂgg%gﬁgggﬁé?ggge ?gﬁ P%Eggﬁﬁgtgﬁggﬁkﬁ%ﬂggﬁgi53

of disk laxil QW endl schenntlipald b Showme isd dedsrewref mMdwewisk 38rive of
Figure 1 in the vicinity of_ head 19. A |ubricant

{shown on Figure 3) on its surface. Within magnetic
recording material 38 are a multiplicity of radially spaced
tracks, one of which is shown as 14 on Figure 1. Slider 18
is positioned over track 14 in order to enable head 12 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 12 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.
Circuitry 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



| ayer 36 is deposited above magnetic recording material 38. Typically
there is a protective overcoat |ayer between magnetic recording nmaterial 38
and lubricant |ayer 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 4 30 on slider 18.

Lubri cant spayer <36 doit arsact suwkt Baski 48y er18s 2RdesHERsi Rlenhaghijgecan | ead
to nodul ation of the thickness of lubricant |ayer 36, as shown by the

wavi ness 16f, artdopsusir fiade 3k tdfor] ulari dastd Itay evodd3g.atisirs dinttdreacti on  can
occur via various physi.cal .nechani sns ch as  shear tresses. due to the

vi scosi tyt@fllcéﬁnresﬁe.é’rfisrﬂ&?i?aﬁ‘tpﬁéaé’ﬁﬁ egséj'diafsf ST et et B ¥ Beari ng 32
and air opseithel, sigeLle Al hibeaMtadd BAHORVanTdes Yaakyaleiens

bet ween sl i der f% and lubricant |ayer 36. Suppose head assenbly 20 is set
i nt o osci ldaat icorwat vaa fueeguerse yphfy ssivehl tieathant spey,i cdicdaldsy shass with

respect to, disk 12, as schemat.ically indicated by .the dotted arrow on
Fi gure 3. SER&S SR Suss&d IR d’ﬁsﬁfﬁqqlttyer‘?gsl taoun%(ﬁﬂyrd‘tneg t & HEKHEYS of

lubri cant {igyelr o3 Al RN %qreqj@éritrg; WA .andWiBe oh =iWhd:s diee Idmear
velocity of a track at radius r of a disk having angular velocity u. This
modul at i oin earimy 32er tamrb’o rhékdh aksemsial 2 F catcefs diarasn fS.lIIti;ijts any

i nteractign between slider 18 an ubricant |ayer 36, independent of the
physi cal rjrgt@né‘1 URIHEAN) PY&S ot creates the possibility of an

oscillation of HeadhASIRIM] Yas2hig) N rie) s et dw ddiilaknessh du ation

of lubricating
frequency f such that it periodically moves with respect to

disk 12, as schematically indicated by the dotted arrow on
Figure 3. Then this oscillation will tend toc 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, Nw = 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 o of disk 12, so

the modulation of lubricating layer 36 on disk 12 is

constructively reinforced on successive revolutions of disk



| ayer 36. In order for such reinforcenent of oscillation of head assenbly
20 to occur in practice, tw conditions nust be satisfied. The first
condition is the synchronism condition, No = 2nf, where Nis a positive

i nteger. When the synchronismcondition is satisfied, the angul ar
frequency of the oscillation of head assenbly 20 is an integer nmultiple of

the angul ar, vekeci-hy %?n@ﬁr@hi%ml%on@@tlbﬂe1@Uﬂ@kabbﬂﬁsgﬁebub&h%®t|ng | ayer

36 on disk 12 is <consfructively reinforced on successive revol utions of
di sk 5 12.there hes sasthnortiism dortdinfieorenae rot Wt isfiest, athen there is

destructive interference in the ef t of. ., succeedi ng, revol uti ons of disk
15 on"t he SHEASALITGh 170y Lk Eatima sty 2 38 i B A9 <t

dest ruct i Vi, diRiRiR anbRed efdls 4oy %yﬁﬁamwlﬁlmtd@ﬁﬁmtlﬁ@e second
condi ti on that nust be satisfied to obtain reinforcenent of head assenbly

Zg osci | | dtriten fiex ariva hd&ﬁscHQ\ﬂrﬂﬁgkwqmbﬁamﬂaﬁuﬁﬁﬁﬁﬂﬂ Iatlon (i.e., the
physi cal |nter ction befween, sl.ider and bric t| 6)_ . must
overcone the dik Ci%f S 10 ﬁ%aato RSk g)eer utbCFl gﬁzﬁ% | ayer
36. Such gﬂe%%frbaﬁde%%r{tor&e%éarafla%%mmwl&@lﬂ 1SS dr) sheathasserdl y 20,

which tends to decrease the oscillation anplitude of head assenbly 20, and
di f f usi on ddriiniery tf)omfrffaxxe ttl“@simli]mttim slir feace i3‘4% afhydidak cating |ayer

35, qahl ch L0 40 TR0 LIV RKDSSP (VPO BONR 1 Y gl Y- The
must overcome the dissipative forces acting on slider 18
and lubricating layer 36. Such dissipative 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



effects al so depends on how efficiently the thickness perturbation of

| ubricating |ayer 36 is coupled to head assenbly 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
assenbly 20 are coupled efficiently to head assenbly 20, while a

pert ur bat iaart satasa o rsgquengy Mhitds i fagsdaiehechmpmecharicsiantesonance
frequency of head assenbly 20 is .cou Iﬁg}ineffici n;g to head assenbly
20. During™d &0 adriiVFe bo fRRRITAE T b Qrﬁf%ﬁfﬁﬁi QEQQ?Qﬁ%i on slider
18, such thaly ids RIpYiydes) & 4 &sbar {Gn)f AGer O Sid dafe hsd Nt dendlsr to
restore it to a nomnal separation fromdisk 12. This nom nal separation
is determlded by a bal ance of the stiffness of head assenbly 20 and the
static air bearing force 30 shown on Figure 3. Since air_hearing 32 6 acts
as a spring, it YRSy REERHEY K59 %%nﬁﬁ%ﬁﬂeqele%uﬁfih? éfirst

appr oxi Ml Ak e FESARANS, fipauaNE Oft Nead anrenbly, 2hd sciart (k/ m

where mis the ss of slider 18. Typical nechani cal resonance frequencies
of head assemdporRiirey argulde oraprerofief) ame 200Kk Ha rgan than the
correspondj ng angul ar frequenci es_are ch larger than the. di sk _angular
velocity.‘#ﬁg?émﬁqianV% Q%F%rn€®ﬁ§ﬁgé§ﬁ' nggﬁaﬁéeafpgﬁaéﬁﬁf%% head
assenbly '"hMH s satdsf igs themshcdvanismgondi ti on
%%sotrﬁfe{bc e ffﬂ&g}@w of Sf i858 QSR

and which is se to Tr eXists. W have N = [2lufr/o)] = 2ni'/a, where
[ X] is the nedriest dattiegfares dche Sime driswomndiftion farid which is
close to fr exists. We have N = [2nfr/®] = 2nf'/w®, where
[x] is 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



<< fr. Thus, if driving forces overcone dissipation, nodulation of the

t hi ckness of lubrication |ayer 36 at one or nore frequencies f' is to be
expected, consistent with the report of Ma et al. cited above. Since
nodul ati on of the thickness of lubrication layer 36 is undesirable, the
present invention provides various approaches for reducing thickness

variation of JHibrdGat INig vd a%afe36. “ 15 18neX Fc@rtf@é qidiSc$EPAT ghé oN

between slider 18 and |ubricating |ayer 36 wi tend to decrease over tine
as di sk drdiwk tdadhegl egyd eval s es madierrelna i rtcarsesaarrt@ ttheequrnay ngf f orce for
t hi ckness varjation of |ubricating |layer 36. Therefore we are mainly
concer ned &% A% ches for reduci ng thickness variation of

| ncer et i on bt bt AR LA 20 S ar Al ho 590 S PRERE on the

consi der atdfortsmgld&@k aﬁq\&% e &wwfﬂlmm@a éﬁ@léﬁlﬁ%ﬁtwarl ation of
| ubricating |ayer 36 can be effectively reduced by varying a/f during

oper at i on wusinyheednskfdri veryihgre.coltsisheimppatatof vegueacyhefi t he
disk drive, and f is a nechanical resonance frequency of head assenbly 20.
A preferréd dpprigactafyorf vand fy co/dyidg icng Opetnéonm variatheons skndrive

is to var he di.sk angul ar vel ocit S|n s for var ng co. It is
si mpl er tcy}'{tp a(}:omc%g'%y%r[ 3 %%R%f’r gtoof%\r)'a l[ﬁl ckness
variati onsfégbnald&r Ifq%tqu&dl@sero@&ecaca raassa@r&cm@d @L% Iner&cémiqql

reduced simultaneocusly. An alternative and not preferred

approach for varying ®/f during cperation 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 mctor. 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 sinusocid, square wave,
saw tooth, or any other periodic waveform type, can also be
implemented in circuitry 24 with techniques 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 tc 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



resonance frequencies of head assenbly 20 are necessarily reduced

simul taneously. An alternative and not preferred approach for varying co/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 notors operate at a speed, usually expressed in

revol uti onsngoieit i {(IRPNer Wdch MeM | esr Bepiendi 1. ©n, tdethepl t age or
current applied to the nmotor. Accordingly, a skilled art worker will be
able to de¥iRfniit4d®uitry 24 for driving a disk drive notor 22 at a

variable speed ysi nge oWy Al N GE NN AESy SILLALL Yo PEQVi si ON of 2

periodically varying such as a sinusoid, square wave, saw tooth, or
any ot her qugspmosh i ovavef orub f v t cadr gt ben ag | leeemnt Bdve ot Chatcadt ry 24
wi th techni ques known_ in the art. Accordingly, circuitry 24 is a suitable
means for TReardd e 1t of r e ysaig odi 3 | K& 3T Hef TN YR ef Br I hadh&eler al

par anet er I - I ] I ca ygﬁgi |
accor danc:a %rﬁj%ﬁilga]i%eynﬁéo@érﬁﬁés\g@q%% ane dé)r'sr}?an%{afdfe t he év)\ggéé ormtype
(e.g., sinmusdhh ceftiage vayveyrdwitangte: wave, etc.), the frequency of the

periodic RPM variation (i.e., dither frequency), and the %@qulitude of the
peri odi ¢ RPM valg"ieny (ihe. ditdiehampbngids 2 THE T ecteof hese RPM

mg; or g]aﬂg{f@ﬁrusgmm YpRLeSs ot Of b cant, saonugatiion as JReen
dithering at a frequency of 0.5 Hz with AZ0H lubricant, 6
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 separaticon between slider 18 and disk 12. In 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 REM
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 ratioc of head assembly 20. More specifically, the
dither amplitude (0 to peak) required to substantially
eliminate corrugation should be greater than the damping
ratico 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.



The dither frequency, and the waveformtype (e.g., whether a sinusoid or
triangl e wave was used), have little effect on the corrugation growh
rate. However, the dither anplitude has a great effect on the corrugation
growh rate. In one exanple (triangle wave dithering at a frequency of 0.5
Hz with A20H lubricant, 6 nmflying height and average angul ar velocity
of 10, 000 WIRRM)i,s acrimegeik: di t her anplitude of 100 RPM substantially
elimnates lubricant corrugation. Here, the flying height 1is the
separati on between slider 18 and disk 12. In this exanple, 0 to peak

di ther ammi i tpidessofq 20, 8RN 90, HPM  significantly decrease the growth
rate of lubricant corrugation, while O to peak dither anplitudes of 10 RPM

and | ess do nota)sigmdgresntd yrefdmeting hdl orlrargentd on st hofrate. W
believe the m nimumdither a Iit#ﬂe re ucillr d to substantially elimnate
corrugat i oS T8 atdH 3 CHHE CUdMpi attv*of head assenbly 20. Mre

speci fically, the 5 didera i tpdeod O 19 Reak) s eauiF 8k tige sabst anti al |y
el imnate corrugation should be greater than the danping ratio of head
assenbly Z®gitnemadhe raverageniRPM tod  sH sk ndagnetAle ereeeidiety, didle; peak to

peak anplitude variation should be greater than about tw ce the danping
ratio of head HssedMi§P20t%h fedtd v%ar]acg;eé]FéMagtf ad?s?“%‘ffa%i nce

di t hering \;ehteo%ii Ggrive RPM can affect nmany aspects of its perfornmance,
it is preferre 0 Select a dither anplitude that bal ances reduced

lubricant  corryigatd a0 ansh opefi gy sk @kt Ve deisé 98 CORNSEE 8t NE Sdisk
drive, whereby thickness variation 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 ® 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

® 1s periodically varied.

4. The disk drive of claim 3, wherein said angular velocity

® 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.
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9 What is clainmed is: 1. A disk drive conprising: a) a magnetic recording
di sk having a layer of lubricant on a surface of said disk; b) a head
assenbly conprising a read/ wite head positioned in proximty to said
magnetic recording disk; <c¢) a notor for rotating said disk at an angul ar
velocity (o; d) nmeans for varying co during operation of the disk drive,
wher eby t he cKitessdivek idtion of chith| ayerheofein ubzridamgibar edatedit?. The
di sk drive of claim1l, wherein said head assenbly has a danping ratio and
sai d di sk haks aPeavedagRl bngiidbiedvel ocity, and wherein a peak to peak
anplitude of said varying o) is greater than about tw ce the product of
the danping ratio and the average angular velocity. 3. The disk drive of
claim1l, whereinetsad trgubpsraelogid ydok idrpes i estsel sinyaried. 4. The
di sk drive of claim3, wherein said angular velocity co is periodically
vari ed accordi iy tRreVifdied of MaEectedredtofihedbtoupr ebudiadting of a

si nusoi d, J.%strql“@a(r?t V\@/ye]gn&_lg &H)Pé},gé €, PAVE; .5di ,pe di sk drive of claiml1,

wher ei n sai d neans for' varying o) conprises circuitry for driving said
notor at a varbalpmspeaty dGéad Tdesaisky din veratincl @y md, sabeérei n sai d
angul ar veCI1 ocity

isk, "'said head assembly comprising a read/write head;
c) rotating said disk at an angular velocity ;
d) varying o during operation of the disk drive,
whereby thickness variation of said layer of lubricant is

reduced.

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 ®
is periodically varied according to a waveform selected
from the group consisting of a sinuscid, 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.
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mis periodically varied. 7. A nethod for operating a disk drive
conprising: a) providing a nagnetic recordi ng di sk having a | ubricant

| ayer on a surface of said disk; b) providing a head assenbly in proximty
to said disk, said head assenbly conprising a read/ wite head; «c)
rotating said disk at an angul ar velocity o; d) varying co during

oper at | on 1of e, dias, S I, ey eby, LN GRS Sl [atd o Of vl Lavsr Of

| ubricant 1s reduced. The met hod of claim7, wherein said head assenbly
has a danp ngriaidiaznd; sadriati sk has an average angular velocity, and
wherein a peak to peak anplitude of said varying co is greater than about
tw ce the product of the danping ratio and the average angul ar velocity.

9. The method of claim7, wherein said angular velocity co is periodically
varied. 10. The nethod of claim9, wherein said angular velocity co is
periodically varied according to a waveform sel ected fromthe group
consisting of a sinusoid, a square wave and a triangle wave. 11. The

met hod of claim 7, wherein said varying said angular velocity co conprises
driving a notor connected to said disk at a variable speed. 11 12. The

met hod of claim 11, wherein said angular velocity w is periodically
varied. 12

12|



