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Fig. 1.2 (a) Longitudinal magnetic recording. (b) Perpendicular recording, using a probe
head and a soft underlayer in the medium. (c) Perpendicular recording, using a ring head
and no soft underlayer.
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Fig. 1.5 PFPE lubricant molecules on the DLC overcoat.
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Fig. 1.6 Schematic of dynamic flying height control®®.
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Fig. 1.7 Schematic of measurement of flying characteristic using pin on disk tribometer.
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Fig. 1.8 Schematic of modified SFA for the measurement of lateral force.
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Cantilever

Fig. 1.9 SEM image of the AFM cantilever.
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Fig. 1.10 Optical lever method for the detection of deflection of the AFM cantilever.
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Fig. 1.11 Schematic of torsion measurement in FFM.
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Fig. 1.12 (a) Schematic of Bhushan’s viscometer and (b) schematic diagram of modified
slider head®?.
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Fig. 1.13 Schematic of fiber wobbling method.
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Table. 1.1 Characteristics of each measurement methods.

Measurement method | SFA FFM Pin on disk type | FWM
tester

Rigidity in the gap | Low Low Low High

direction

Share rate 1~105" ~10° 5™ 10*~10"s" 10°~10"s"

Substrate of sample Only mica Not limited Not limited Not limited
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Lubricant

Fig. 1.14 Gap variation due to the tilt of the disk surface to the shearing movement of the
probe.
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A Optical fiber probe
Shear force
Sample
Substrate
e
Deﬂection, Ax
Fig. 2.1 Concept of the fiber wobbling method.
(b)
Optical fiber probe Cylindrical lens
@ m -—..._j'l;
Piezo actuator/
Laser beam Sharpened
Optical fiber probe Position sensitive probe end
\ detector (PSD)
\ Sample
L
e Objective lens
< ()

L
o /‘Sample
Piezo stage

Fig. 2.2 (a) Schematic of fiber wobbling method and (b) around the probe tipa and (c)

Laser spot

magnified image of the laser spot on the position sensitive detector.
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Fig. 2.3 Micrographs of (a) side view of the optical fiber probe, (b) magnified side view of
the end ball.

(a) (b)

Fig. 2.4 Micrographs of (a) side view of the optical fiber probe, (b) magnified side view of
the end cone.

2.2 HAMBDEAIE

T AN=T 57V U TEICBNT, B2 Ly 98L& 07 m—7 IRz s
SEAMNEZT e —TDlbAh&Z ETHZ EIZE-oTHRET D, REITIE, bhAhE
DHEEZ DN TOREM L, A ORI OV TS . 218 TR ~7= L 91,

THR—=T DB EITT 7 A= AR L XL UTHIA LI R FIEIC K 0 lES

39



. K523 e —T O bR EEONFERERT. K25, y, zEHE, &
NENT v—7OlcbRJim, FRONTw, 7a—70d ) mazrRnd. xih, z#o
JFS VYA ERR HERPSDYD b & F 5. Kl 5 A 7-PSD ETO L—H—2AK > D
B x 2RI K268, K2.6()F L —H—AR v NBAEALT DHETONREE, ©F DPSD
DHLIZL—F =Ry FPLE L TWDIREE R L, K2.6(b) XN L=t DIRIEZ <.
KT 7 AN=T B =T DT 7 A N—=F o aAfE L RE LTHW S0, b——Jeid x il
FEOHREN Sz FEICIFEL SR, 20, K2.61IRT L H I L —P—AK
v Mz T A Rl E T AR & 2D AR THWZPSDIZUAEIR O S DO TH Y,
WODBEET HUAIED 7 + M Z A A4 — R(X2.6Da~d) Lk S D, 7 7 A 3—7
0 — 7N AX BN L2 E & D, PSDEDO L —H =Ky NOENE A LT5 L, [X2.6
WCRT LD 7 + NEAF— R@ko)llBiT 5 L—YF— 0 REFmfgIEL AS 7215 b
L, MUCHEBESTETEEDO 7+ NEAA— oL TINS5, WoD7 4 M F A A4 —
RO N EENENL~gET5HE, PSDETOL—F =Ry hOZENIX, PSDAEHE
KT DEYD T+ NEAT—REEYDDOT7 + A F— RENZENNLEDEZH IO
ZZ A =, +1 )=y +14) & LTHLND. FEEZ, EFO7 4 FAA—RnboH)
ZAL, =, + 1) =l +1) 25, L—PF—AKy hOzi OB L HENETHD. 1=
2L, AL IEE328ICHIRT 2 ATERIEICHN D DR TH Y, HAMIREITIZSLELE L
RN RO T7 4 A F— RNLOKBEROZEAl, &7 7 A N—TF v —T gD

AX DEURIZHRAQ YD L HickREN 2,

aNP
Al, =25 ——— - AX 2.1
X 0.614 2.1

=L, aikAQ2)TEIND.

40



AX

Objective lens
Laser Probe PSD

Fig. 2.5 Optical system of the probe deflection measurement using the end ball as a micro
lens.

Laser spot  pgp
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X arf
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A i, AX’ . E AX . E
(b) After AX’ displacement i
a j :
}
]
x
]
)
c
AS decrease

AS'increase

Fig. 2.6 Schematic of the displacement of laser spot on the position sensitive detector.
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Fig. 2.7 Sphere moving parallel to the flat surface.
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Lubricant Probe{ip Gap decrease

Disk

Gap 1
width, h

/|

Piezo stage

0

1. Decrease the gap by piezo stage at > 2. Detect the solid contact, where h = 0
constant rate (Stop the measurement)

Gap width =7 nm Gap width = 0 nm
3. Displacement of piezo stage until
the solid contact is equal to the gap width. <

Gap width = h —h; nm

Fig. 2.8 Procedure of the determination of gap widths in FWM.
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Fig. 2.9 Mechanical model for the fiber wobbling measurement.
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Fig. 2.10 Schematic of the experimental setup of the fiber wobbling method.

54



Optical fiber probe Piezo actuator

Laser diode
module

3-axis
micrometer stage |

Piezo stage @ .
o~y Goniometer

Fig. 2.11 Experimental setup.
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Fig. 2.12 Magnification of the optical fiber probe.
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Table. 2.1 Mechanical properties of the optical fiber probe.

Shape of the end

Ball

Cone

Material Silica glass Silica glass
Density 2210 kg/m3 2210 kg/m3
Length, | 4.2 mm 4.2 mm
Diameter of the fiber, d, 115 um 115 um
Diameter of the end, R 191 pm 16 um
Mass of the end, m 8.06 X109 kg 2.99X108 kg
Resonant Frequency, f, 4.98 kHz 5.03 kHz
Spring constant, Kk 27.2 N/m 26.68 N/
Average of roughness, R, 0.15 nm 0.2 nm
Route mean square of roughness, Ryms 0.21 nm 0.27 nm
Max roughness, Rmax 1.44 nm 1.27 nm

Optical fiber probe

\

Clamp

Glass epoxy plate

Load cell

Fig. 2.14 Schematic of the spring constant measurement.
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Fig. 2.15 Relationship between the load and the deflection of optical fiber probe.
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Fig. 2.16 Resonance curve of the optical fiber probe.
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(a) End ball probe (b) End cone probe

Fig. 2.17 Topographical image of of (a) the end-ball and (b) the end-cone probe measured
with AFM.
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Fig. 2.18 Surface topography of (a) the end-ball and (b) the end-cone probe used in the

experiment.
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Fig. 2.19 Schematic of the optical fiber probe glued on to the glass epoxy plate.
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Glass epoxy plate

Optical fiber probe

Fig. 2.20 Attachment of the optical fiber probe.
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Fig. 2.21 Input voltage vs. probe amplitude at oscillation frequency of 1000 Hz.
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Fig. 2.22 Relationship between probe amplitude and oscillation frequency of 100 Hz to

25000 Hz.
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Fig. 2.23 Input voltage vs. the displacement of piezo stage.
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Fig. 2.24 Absolute deviation of the displacement of the piezo stage during the linear drive.
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(a) Trajectory of laser beam (b) Movement of laser spot on
when probe moves parallel to PSD in parallel alignment.
disk plane.

[ S —

() Trajectory of laser beam (d) Movement of laser spot on

when probe moves not parallel PSD in non-parallel alignment.

to disk plane.

Fig. 3.1 Concept of the parallelism adjustment method.
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Laser beam

Fig. 3.2 Schematic of the gap displacement when probe moves not parallel to disk plane.

(a) Probe position A 7
Probe |
(Position A)

Laser beam
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Disk

(b) Probe position B Probe : |
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Fig. 3.3 Schematic of the trajectory of the lase beam passes through the probe located at
(a) positon A and (b) position B, which are indicated in Fig. 3.2.
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(a) Initial state (b) After displacement

Spot on upperside

. AS increase
Spot on downside

Fig. 3.4 Schematic of the laser spot displacement on the position sensitive detector. in the

case of non-parallel alignment.
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Fig. 3.5 Schematic of the experiment setup used for the tilting-angular alignment.

Anode Anode
Si photo diode
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Fig. 3.6 Dimensions of the position sensitive detector.
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Fig. 3.7 Schematic of the circuit architecture of signal processor.
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Fig. 3.8 Tilting angle 6, vs. normalized displacement and phase shift of laser spot
movement in z direction..
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Fig. 3.9 Schematic of relationship between tilting angle and displacement signal.
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Fig. 3.10 Tilting angle @ vs. normalized displacement and phase shift of laser spot
movement in z direction.
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Fig. 3.11 Probe amplitude change and the phase shift measured with Z03 lubricant film
with parallelism adjustment.
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Fig. 3.12 Results of shearing experiments of Z03 lubricant film without parallelism
adjustment. (a) Negative phase shift and (b) increase in probe amplitude were occasionally

observed.
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Fig. 3.13 Lubricant confined between two parallel surfaces.
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Fig. 3.14 (a)Mechanical model of the probe and (b)the modeled impulsive force.
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Fig. 3.15 Model of the shearing surfaces (a)before the solid contact and (b)during the solid
contact.

87



T mEBEEBERLS, TRbBIRM DR ET L. Lo T, Bt 7 vicisn
TIXE 315 HFIZEBWT, 2o =Rpax £ 725 & DRI 2 B IREEA AU RIS L,
2o — Rmax DWEBRIZIB T 5 Lo 5 BRI xHET 5.

WIZ, Tr—=TICHIMEND A 7 VA TIDET IMUIZOW TR S . EARSE R 123
Lo 2B HM, 7r—7 LR E ORIRAYZR 28 B3 W2~ O BRkiE O = 5
TIUVHALIRIDEEZDND. ZNOREEMOOL SO L DIZEHIT HHfl ) & Hfih
Kz ET7 /LT 20REETHL. 22T, KETATE T e —7BNE—HHIZLd
B2 EMOM, $hbb 7 n—7 OIREBIRIEZAL LT, REIOFOLLEZ EEIZ-AD
MENDHADNEE T, b LIIHANL-ADNEE T e —7 208 L H 8T 5, 7
KL Z D DI & S 2 AR B2 DH— DA VLV ZRINCE S Z D
b L. BEHEMIIL ST —TICEI LGNS T, FINShbdIORES EE
OEMMEFE O TR IND. 22T, =73 V2o s LT, 7
0 — 7 el b R & OMIZIZ T O BB ERGE L. 2F 0, K 3.140b)0IRT A v

IV ATIDORE SFinlE, WAUTTRT IO, GWET /U K D EH U7z T B NI BEEGR

BurFfHTH & TRDT.
Fin = &N
R — .
= /uEpoq/;z;Bo-“'Sa eXp(_%Z(XS)JdSa (3.16)

Z 2 CplXERERICE T 2 BALEEH TV DRER, ATH—REOWMFERETHD. b
HRMEEHE L RDIEE & ORI TRBFET 2120, HOHREEZOBEORZ —>D
WLEBEZZOWRE EERET DL, BURSHIY OEEL n FHEMRSHTZY DK
DEEHZD. MEOTDIC, RWEOMSEEEWRROMSO—LFEL, RATETZ

L& Lz

88



1
—H—m (3.17)

F7z, EF#EEMT 5 T O0BEEOEEHIEREZERL, Tu—T7 LRz ETOY TR

wEp, Es, T VU E Y, wELclE, KATREND.

(3.18)
p Es

F72, KGOS E TH HSal%, K 3.15bNIR LIz T v —7 & BRI D BT ok

filifEE (apparent contact area) % EPET 5. FNT OREARIEEL O P2 LT 22 BILR D 5 IR
KNickvERENo.

r:\/R2 _(R_(Rmax —Zp ))2

:\/R2 —{RZ —2R(Rmax _ZO)"'(RmaX _20)2}

(3.19)

AWFFETHTRI G & LTV D KO REMREAMOER, SF 0 7'n—7 2 BRI LA

ATNDE Ry — 2o WY 7T A— M A—XTT o —7 DR R T4/ En

A, R INLEBIIC KA TESND.

r = y2R(Rmax — 20 ) (3.20)

FLC, BRI OBAER O ERESAT DV TIES=ar? & L7z,

WIZ 1 [BIDA 7V ZASIOENE-I TR LA 270V 2 F10350030 5 AT i l2 DWW Tk

89



5. BEOREEREM S NS M E T 2720120, B—0A 2 2Ov 2 FIOHINEEFT 248
DG LB O BB O — B S A MERDH D, 2T, L >FHO¥EIICE

T DR oMo L, KTk AL L L

T, =— |—
4=57 (3.21)

ZZTDJREHAHO L S EIHCEB T, T u—T7 @i 5 Ao ot oK, D
(XA C < FEBHT IV TEREMEEA Lo > BT om0 MmaR . £, (3R
X5 7 e — 7 OMRKRE A RT. TRDOEWI(1/20)% T ol & EEEE
fRERE O TR THeFIRL Sy U, NI T 2 AR o & L7z, X 3.16 1XR2TF D
B AT DRAID o d6 L ONE FEEAM LAY L w 5 B3 2 W O FD D HL L & A=A IR
L7ebDThD. DI 3.16 13T K 918, AT oHftimfES, & & oM fEkA, FATIC

L v 9 BhEREE 2ABEY 4 2 BICEE 3 2 i & B 25 & RMEICRATERENS.

D, =4rA+S, (3.22)

HiRBED 7 0 — 7 L FER IR OBEfRIE, BT OB T T v ¥ AT Z 2 E O
AT OB TH L. Lnl, lxoREEMmEET L, ZogEMmREE LT 5
ZLEESTERY. 22T, GWETAEHANTo,  Ruw?? DFa I H AL D FfIERED
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D=4S/z-A+S (3.23)

ZIZT, SIEGWET VLD IRATEREIND.
Rmax — Z(Xs)
S= ﬂpaﬂﬁsa eXp(_—a )-272dS, (3.24)
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Fig. 3.16 Schemartic of apparent toatal contact area and real total vontact area betweem
the probe and the substrate in numerical model.
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Tin=— (3.25)

PLEOfT FlEE £ DD L, £7, Yua—7ICHMENE A 7V A T ORE SF,IE
KGB1OIW T v =7 LEROESWIEREL EAREHEL S ITBIT D RV S o, RAMES
Rmax, ZERICHT 2 AR B 72 W DREH pL H—2RE O RPERp, &7 u—7 &M
DEEER S uE RN L, X 3.16 TH S35 [T o> fEfil i F5 58 (apparent contact area) CF& %y
THETHD., WIZ, A7 VARSI OHNEM TaE, sEHiEEh S5 7 a—7 o
WIREHE L, DB KUDHNTHB2D)HRD BN D, DB LUDIE, GWET /L LYK
B22HMBRDHILDHS, R T OBEMERS, 3 L OXB20) TR ENDZD¥FEr, Ly HH)
RIEAZ AW CTHGB2)B L UG I v EHEIND. £/, FIINOEM Tnix G325 niE
WREBIAZ AT L2 ETHLILD. BONTEF,, To, Tl VRINDHA VA TIHIK
3.14(a) T/ LTZIREN R TN - 72BRIT, bl S0 2 EAAIREEL S D IREN IR IR a, 2 ZEAEAT
LR

BAEFFATET L THWDHART A =2 LRIV CHEM LI2EE2R 31 B L U3210F
LD, =T ORI FERIAEH L7 =TI/ bE T8 ume Lz, £/,
Ta—TOMBIRIH T ATHLHDT, Ta—T7OWMEE LTV 7 5REy L 70x10° Pa, K
TYUHWIE 017 EFTADEDERAWE. T r—T OIFRERKIERE X Y 26.7 N/m&
Liz. 7o —7%—HHEDITNRERRIZET ML LT & 2 OEROEEMES L OREREK
clE, Fr—T7 MMM AREL, ZOMERFRE H/N TIRIET 1 B HERE RO
W27 49T 47 LTRDE. BonELY, m=3x10® kg, c=10* Ns/m& L7=. Fo—
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EBRTHW 72— T IOV TAFMMIE DFERN D, L 9 #hif & 72 5 mD R
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Table. 3.1 Prameters regarding probe used in numerical model

Parameter, symbol Value
Radius of end of fiber, R 8 um
Sprin constant, k 26.7 N/m
Mass, m 3x10™ kg
Damping coefficient, C 10 Ns/m
Oscillation amplitude, A 25 nm
Oscillation frequency, f 1000 Hz
Route mean square of roughness, o 0.27 nm
Max roughness, Rmax p 1.27 nm
Young’s modulus of probe, E, 70x10° Pa
Poisson ratio of probe, v, 0.17

Table. 3.2 Prameters regarding Si substrate used in numerical model

Substrate

Parameter, symbol

No-etched Si Etched Si
Route mean square of roughness, o 0.16 nm 0.67 nm
Max roughness, Rpax s 1.1 nm 3.8 nm
Density of asperities, p 144x10" 25x10"
Radius of asperities, S 20 nm 50 nm
Young’s modulus of Si substrates, E 150x10° Pa

Poisson ratio of  Si substrates, vs

0.28
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M S 0p, Rmax plTEALE4L 0.27 nm, 1.27 nm& L7-.

ERIZBET 537 A—=2121%, EBRICBWTHEN L7 RO v Y 2 o ERISH IS L7
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VG147 HWT 3 P S ol L O KL SRy B3RO 72, =y F o FALBL 2 L= U
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R pm2LL T TH 5 Z L b, AFMIZ KV 572 — T DR BRI HOW T, EA N 1 pm
(1) B BEE D VA B LR S HT- 0 0% En %z Rk, Zhd  AFE L THEAmEH
720 DREERpL Uiz, 78R LAL, BRI H72 OZEEnARmRIZE T 2 H
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VOB ER L) 3y B TIEE R 25x107 fH/m’, 50 nm, RAFEOEHOT
144x10" fEl/m*, 20 nm& L7z, HEROY > VHREERT YV Ul oW TiEm v F 0 74l
HE LEBE L RLEOEA L BICY Y a2 OPMEEE LTZER2Zh 150x10° Pa, 0.28 & L
7o, BEBAREAIE, ERB LT —TOMETH DL VY a v b T A L OB
HIR&EThDD, KR THRITASRE L TWD X5 7%, ZWRORRM T ~DH LiAZ
ER 1mmAFTHY, 7oLw o B nmE W 5 UM R FEI D BB ST, B
REL D IEfEEZ EBRNICHE L Z L IXRETHH. £ 2T, FTEMEMITICBNTIE, b

B S 5 BEARE O BEEMREIC R T DA E 2 RO 72, RIS, 7 r—T7 ORI 2
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PERBRMENC LV B2 Tl L2 & 2 AT RTOFERIZONT 099 ThH o 7=, flio#f
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Fig. 3.17 Effect of friction coefficient on resonant oscillation component of probe
amplitude with indentation depth of (a) 0.2, (b) 0.3, (¢) 0.4 and (d) 0.5 nm.
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Fig. 3.18 Relationship between the resonant oscillation component of probe amplitude and
the indentation depth analyzed by numerical model. Red line shows the result of the
substrate with 0.16 nm root-mean-square rughness. Blue dotted line shows the result of the
substrate with 0.67 nm root-mean-square rughness.
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FeURIE 8 um Th o7z, (FRTEEITE 2.5.1 H T L2 FIETHIE L72fE R D 26.7
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Fig. 3.19 Schematic diagram of the experimental setup of fiber wobbling method modified

for the sensitive solid contact detection.
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Fig. 3.20 Resonance curve of the optical fiber probe.
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Fig. 3.21 (a) Surface topography, (b) Topographical image and (c) probability distribution
of height of etched Si substrate used in experiment.
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Fig. 3.22 (a) Surface topography, (b) Topographical image and (c) probability distribution

of height of Si substrate used in experiment.
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Fig. 3.23 Probe amplitude, phase shift and normalized resonant component measured with
non-lubricated Si substrate using the cone-ended probe.
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Fig. 3.24 Magnified view of probe amplitude, phase shift and normalized resonant
component measured with non-lubricated Si substrate using the cone-ended probe
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Fig. 3.25 Comparison between experimental and numerical results regarding the
relationship between amplitude of excited resonant oscillation and indatation depth.
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B — il & iz EAIRE) O iRiRa, 2 EBUL Lo fla, g, X325 IR T KoL, &
RLEEARIZ 31T D A 7V AR & 225 i S D IEHL AR 2 RGE L 727 WIT K D TG 503,
EBRER MR L. g, ERICBO TEREAMEICHE SN e —7 OlE
TEh s, Lw oM oRERLoEMICERT 26D THLHZ AR LTS, BLED
FERIT, ABFECIRE L BRSO RO Z YL R LTS, I LIAZBEOHN
W T — 7 b &AL 5 AR IREY SN L7z 01, B Ze ke Hods ] OB o ¥ N
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R K DEUMA R RE {TpoTefeb LIIRTE 5.

335.c EREMEADRERSEERHRBSR

Ty F U TRUBO VY a v ERE =y F o IOV 2 R, B LR A B
AL TWRWIERT 4 A7 BEBITHOWT, B Al 2 fhite & 2 E A IRBYHRIE 0 1 E
RAEE 326 1TRT. EBRAERD D EEESZFRET 2 HIEICON TR 5. ERBE AR
B4R 2 BRI O B A IRBI A 5 D15 5 T8 E OFH Zu, FERELZ oL L, BREOT/IMEIC
L CHRIRa, 23R 8 Cut3 oz bRl 4 [E RS & U7 (X 3.26(a)). BiflIIC R Lo
AT =YD BOF A EBERBERAE T2 L1CL0, BT L o BB Okt
EE2RTbDERD.

AWFFETHE R LT E g R 1T DR/ MR IR A 2 KB ICH I Lz, £3, %
DOEHFEZONWTIRAL . EHRE S OFSREAS,, MEREES,, Lo 5Bk o
EfNiExAET 5L, EEREASRIEIZI T 515 5545 (Signal to Noise Ratio: SNR) (&

wRIcXvFRIND.

(mjm
g Sr_Ldn (3.27)
S

T 2 TS, B IREN Y O1E FIRE OB L O B OEM EaERE LB DL
U7z, HEINERIE, BEHABRARE % ORIER Rk L TR/ ZRIEIC L 2 EHUERI TR LT
—RBE DM E & Lz (1X3.26(a)). HMEFIREES, 1T, BB B3 2 ELAT O A HRE A
oy DIEWEREoD =1, T72BS, =3c& Liz. SNRA 1 L 725 4h%, [EAEERLS O R/ MR
HER R Ahpin & L7z, DFE D, Angin IARRIEEIZ T 5 L O BRFE O#EHE O R ERE 4

BT 5. K326 L-koicmyF Uo7l T LT, MEENEAINT
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Fig. 3.26 Normalized resonant component of probe amplitude measured with (a)
non-lubricated Si substrate, (b) non-lubricated etched Si substrate and (c) magnetic disk
using the cone-end probe around the solid contact.
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Wi\ U a R DA, BRI S O /g ERANE, 5 B OREOFEAE T 0.15 nm
Thole. Ty F U 7B ER LYY 2 Bk, BEEA BAA STV R WERT « A
7 BME L YBLIESE, AninlZZTNZ40.25 nm, 021 nmTh o7z, FERIZ L > Th
MBI ENE T 20X, REMISOBEBVWRREREBZZ 65, & 335bHETRLIZED
2, BEMEAT & FEZBROWTIZEB W T, [E UM LA E TIEEREH S O/~ S Wikt )
DZERHAIC L DHM DN REL 8 b 728, L0 REREHFEHNHE SIS, LD KE
REAREARE S L, KVEWREREN GO L LD, =y F 7R
DYV aUHM, Ty F U TN ENE L) 2 U HEN, MRT 4 AT O R R EM
SIEZENZH0.16 nm, 0.67 nm, 045 nmTH Y, Kkl S OKE 22 HMIE L H R DMK
FLTWDZ ERBbns.

EEIEMAET 295a11E, BREIROBER O L AREEOREMK A THIND. £
T, FESHEEE B LR T 4 A7 IO T O RRHERE O EZIT -7, RS
RONRFEN2bOEK 327 17T, K326 LEERIC, BEARBAZICOVWTE, Tr—7
ET 4 A7 LREE L THRWN L X OfFSIREDFEE W TIESME L b D &R,
703 & Zdol4000 DIEVEIEN AT S 72 EHT B W TERE R IR AL 5 [ OHIE D
0.15nm, 0.20nm Th-o7z. Ziud, 1L LB ERERESRINEICL Y, BRERD 28546
IZBWThH, 7/ & S IR ORGSO RIE 2457 70 b B CREAREEALS O RIE D " RE T H
HTEEBERLTVD.

TVEIEOREE RO R E 1T 33.1 HOXBI)IZHOWTIR=L 51, #EEE e —70
B ORE SITKRFT 2 LZ2 0N, #EREIC L 2 ELRAET 272012, ol
DR PRE WERER O 7 1 —7 (el =445 100 pum) 2 AW HEIz >0 Th
B AE AR O R 208 Uz, EBREER 2 3.28 127 . BUBHTIIRS T « 2 7 Btk |
(12 203 OFVER (R 2 nm) Z#8Afi LizbOxH\W e, EBROMREE, kimEEnkEns

=7 Z MWz & E2iE, 3 EOREDOFEREIRAE 1L.50m TH Y, el fain/hsn
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Fig. 3.27 Normalized resonant component of probe amplitude measured with (a) Z03 and
(b) Zdol4000-lubricated magnetic disk using the cone-end probe around the solid contact.
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Fig. 3.28 Normalized resonant component of probe amplitude measured with

Z03-lubricated etched magnetic disk using the ball-end probe around the solid contact.
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7'n— 7 Gl A 8 pm) A TR R EE S RIE IR T L7, ZoRERIT, Jelm i
MREWT 1 —7 [T L OBAEFEA R E < RD72018, MEEIC X D=
RELF WD EZEZXbND. —F, BmEENNENWT v —T71%, SElimfEs /)
SV DITHIBIEORERIC LD BEDK T EMEI 5N TERLLEZLLND.
HEEIIES N —EThoTh, BEERERIZH > THfiT 5720, EREROREH S
B CRRIE SR OB S Ak b0, Lii> T, MBI E O EET 2RI
7a— T RRIEA oV AR RIS, T e — I B IRE A S5 FTREME
BEZHND. Lnl, M 327 IRT LI, MBI L 2MMEISE N5 VTV
BRI REIR IC )T, FEARBEUR O RITRIE S /e hr o7z, R L IERRHT,
ZLw o8 L TWDBRHEBEICE T, BEARBER TN Lz, 2, 4
EREREE O OMEEFIRBNC I S W ERIRE D, HEEORMEIC L VRSN LE

Abhs.

34 FEDH

FWM IZBEWTEREER L 5 BIBEOHIE 2 289 5 72012, Bl — > OFH L % i
NLTe, U7 e =70 L 8T & RO & OYATE 2 Sk ISR T L 7 E
THY, bHIVEDT L I BIRE OF R & 72 5 FE AR 2 mIRE ISR T 2 5L TH
5.

55 3.2 HiCITATE OFREIEIC DWW TR~ 7o, AGREIEIE, 6RO FWMICEBIT 57 r—
T OEMPEEZICH L, ATEOTIE PSD EIZEK IS L—F—ZAK v hORH
FI~OZEN & LCTRIET 250 Th 5. BN & 0 REITFIIZ 0.01 mrad, E
BRAIIZ1340.17 mrad DFFE THENFRETH D Z & Z2x L. Zhud, 7'v—7iRIE4 50nm
UTFETHIE, HTEOTIUCL D Ly ) BIRHOEE) & 4+0.17 nm LA FIZHfl+2 2 &

WHEETH Y, T/ ESTHEEEORBEIEREICANRGETH L LA D, FRIZ
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AN HERIC LD AMEO Y LD b —HTRRELLDIE, HATELZHET LA T —
DOYEREDIRFUEK D, - T, LV ERKERAT —VEEATLHZ LICLY SR D5 5K
JETREENRETH 5.

F 33 2%, Lw o BB OIFR & 72 2 B IREEA R 2 SAE I ATRE & 2 8872 07
EDOWENLIZ DWW T Ao, REOKRIFEHIE, BEEREREFOREZMIIL>T T e—7
Wb SN2 BEAIREI O I LV BEREMALZRET b0 THL. BELEBHIED
JRERERR O T2, EREMICKT D14 IV ANRERE L, BEERERm ORI S %
Greenwood-Williamson &7 /L2 K V) GRilk U 72 BUEAFATE 7 /L 2 M5 U 7o BB AT s 3 &
O, BB LY e — T S D BEAREN S EERI ISR T D alietEn b 5 =
L, ELICIEFE SN AIEB O KR E SN T 00— 5o BRI KT 5 LA L& & [E R
WOREH SNUKFET 2 Z L 2P ST Lz, TE2RD FWM OZEERERIZHT 7127 v —7 0
BEARE Z MM 2HERZMZ, EBRMIC S BEFIEE ORI A b BEAREEAR 2  H Al6E
Thd I &Zm U, BEMTET MK DMTHRER & EBREERIC OV T, [EAIRBNIRIE
DRI S B L OB OLELEICK T DKL L, MEIMER—ET 52 &b
F UM FE PO 2 Y 2 el U7, SEBRAIC [ A il nd oo e HHURREE 22 1 E L 72, [
RO A HEZ K 0.2 nm OFRFHZ(LIZK L TRFRETH S Z & 2R LT,

ARFETHRUTIRE LT VAT RHEE & [EASR O IHIE 27k D FWM IZEAT 5 Z &
T, B AW IR & RIRFIZ 0.1~0.2 nm OFEE CREMEIZ L D BhSRRE 2 5% E L7k

MR E S RIREIC e o - &N R 5.
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45 EHRRAOFEBHSTFOESNELM
S IC R IFXT B EDAEEA

41 IFLCHIC

WA T 4 A 7 BB W TEGREE L ER T 2720123 a 2 7 Mgk OEH
MUEATHD. a2 FREIZBWTE, MRy NIRRT ¢ A7 REITEM S L7
JEE 1~2 nm OWREEBEEZ FICHEML o B L RN HEITT 2IREE 2D, MR~y F
DLEEMRETE, Lo 2EIIEBT 2 +0RMAMEZ MRS 2720120, RIEEROH
fih U 5 BhRFIZISUT DREBE DRI LB TH 5. RETIL & I ETOEEAIS T
DIEBEAS KL IC R IE T HBICE R Lz, 2L 7RISR T BRI By FREo
FHEAERIZE VI E D0 FOEBEIKAFEL TS, LavL, RBFECTHITOS & LT
WOHEEBEDO L 9IS, ZORIDBGFOREILFARETHD &9 Ga1ciE, Ebo
TEYEA 7 F OMEEMET 0 7R3 6 SHAEERZT TR, a7 ke omicidk
OHAEFEHORELR D 1T25EEZZ26N5S. & ITHFHO MR Z &M
WA 1%, B BIB9S E L CEED FEER T2 2 Mo Tngd. 251
TZBEE DI, EARIALZWAE L TOZRWIREN D FITHA~T, £ OWE Rz LRI LT
RS RIEICHHI S ND. T72005, BRT 4 A7 LI S - BB O R,
A5y & HAR L O FRIEAERR, [EES T L IRE D+ OFELRITKGET 2720,
ZDEEIZOWNT FWM Z W IEIC L VAL L 2L & Le. S6I2, a4
7 FEERICB WL TIEBIR A Y REBIRT 4 A7 BICBW CIREGOTER S ME L 22 5. %
Z T FWM IZ X AR EICH W TIE, T e —T7 &7 ¢ A7 2 Ha S 5i0fe & 5l X #fEd
WREOMW FICBWTEREZITHI Z L Lz, ZhCk D, BERT « 27 Ei ETcoliEsl
ST OEEBME L 7 v — T RITER S N DIRRG OB A BN L, TASKBIEIZ &

ETREBICONWTHLHLNITAZ 2 HAE LT,
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4.2 HEEEH

ERIIZFEROMKGFRIEE I WO N DR T + A7 A Lz, 4.1 1T#x7T
A A7 FMROWrRIRK 2 RN R . BRT ¢ A7 BRIE, T 7 AERO BB,
TfEfE, BEGLEENER SN TEY, RRENIIMMERME S MEEMEL B & L TDLC
RAEREPBI SN TN D, AEIOERICHH L 7ZDLCREBICITERNIRINI N TE Y,
AU X0 WA OWAETEN R E LTS AFMEHWT, AT AR T 1 A7 #F
HORERZRE Uiz, BEFFIL 1 pmx1 pm& L7z, JIEORERZXK 4.2 ([2x5. #A
B2 b DL LT, M 42T DR TR ULIZEFOWIE 7 7 7 7 A V&K 420b)IC77. L
BEORRD 10 @ATCBWTHIR 7 1 7 7 A A2 JE L, B ESH SRy, 3R SRy,
R E SRy DFEE I L2 & 25, ZHENR,=037 nm, Ryps=0.45 nm, Rpa=2.01 nm
Thol.
T¥EAIZIE, Perfluoropolyether(PFPE)% O MM 1 Al 203 & ML A Zdol4000, 35 LY
Tetraol D —ffiHZ A\ o. TN EZNOREAIOFEMARAME 2% 4.1 (2777, PFPE RiETEH

DEHDEFEL, RO LI ITKRSND.

X—CF,—0—(CF,—CF,—0),—(CF,0),—CF,—X @.1)

i3

X IR 2L LTS, WTNOBEAS b, M43 17T L9 ICESERO S TGz
b, EHOWIRET 0.7~0.8 nm FEE TH Y, & 1% Z03, Zdol4000, Tetraol DN HY
l4nm CTh 5. 7L IREEOHIAIS 1%, B OFHRER BT DIZK 4.4 17T X
INCT v FLa g NVBRE LD, HEASFEIBELZICL - THIEH LTS 2D
T H DAL JROGFOFEIT - BICRE D THERMEL & 5. FEEER (I&ES T

DRESZRDDL—DODIETHY, B TFOBELNDED T AR T 2887 A FET
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Soft magnetic layer
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Fig. 4.1 Cross-section image of the magnetic disk.
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Fig. 4.2 (a) Height image of the magnetic disk surface measured by using AFM and (b)
surface topography at A-A’ cross section.
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Table. 4.1 Properties of PFPE lubricants (Z03, Zdol2000, Zdol4000).

Properties Units 703 Z.dol4000 Z Tetraol
End group, X — —CF; —CH,O0H —CH,0OCH,CH
(OH)CH,OH
Molecular weight, M, amu 4000 4000 4000
Vapor pressure Torr — 1x10°® 5x107
at20 C
Vapor pressure Torr - 1x10™ 2x10™
at 100 C
Surface tension dyne/cm 23 22 —
at20 C
Radius of gyration R, nm 1.4 1.5 1.5
Viscosity at 20 ‘C Pas 0.05 0.18 3.5

lﬂ.ﬁ-o.? nm

Fig. 4.3 Dimension of PFPE Zdol with a molecular weight of 4000 amu.
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Fig. 4.4 Molecular conformation of Zdol4000.

DD “FFHOF R L LTEHRSN DT, FK 4.1 1R LI EEEA R, OEIE KT
—HBLOR, EHTREM, ORFEKR M, P ZHNTHE Lz b0 TH 5™, il ETo

YRR 1%, K4S T KRR L7c K 2 R/ v 7 REBIZE 1T 2 7 U 7 ba A LBk
LV BEROTNLANCIENY & b COREELEBRE D22 Enmbh T ™. 2
MRV ES 2mmBEDOEE TH->TH, HMIKRMAZTRIHET L2 ENATREL R D.
SREDOTEIEFIOE I RIBEX DL ICH D, 203 OFCRET Y v FB TS T
%. —J7, Zdol4000 33 L O'Tetraol D i AN 1E, Zdol4000 (X 1 29D, Teraoll 2 DF 2D 7K
i L THOUE S LTV DL Zdol4000 35 I UNTetraol D 43 - 13 /KER ZEDOMRMEIZ K 0, Z03 12k~ T
S ELEOMEMERNR. 512, KT 4 A7 EDZ03 53 F 03 FEAR BB aE 35 D
(2%t L C, Zdol4000 <°Tetraol D 43113 i A i DM I & 0 T 4 A 7 BT AL aE L=
BEEDTEET DI ERHMbNTWAD. 7272, B EOTXTOLFMbsFlET 5
DT TIT R, —HOSFITWEHREOE LREBMEO & L REBELMERTTD. 0L 545y
TEZZITIERBN T LRSI LT 5. EENTLMEBDFORIGITR S FRIZEIDFE
SIND. Ay FRITEBENES S FOREICHTHEES FOEOEAG E L TERIN

L. ZHERET HIIE, EEBESSA S R A TRBIC L0 i) o ABE) L C, &
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W EDWREN Sy FZbREL, BEESFOHNPER EIRDRELT D, =) T A—=2Tk
ST U AEFTOREIDOEER & U o AP DFEEh, 2 E L, hpy/h iZ X VAR R
ERH U, Ay FRIMAVLHELESNR AL L NS €5 2 &3 TE 5. AN
FECIIINELER & F N T INERRERE) & INBVREE 2 F8Ei 5 Z Ll kv, R REEHIHE
THZENTE D, MBMLEIC X > THEES FOMBMMEESND A =L E LTI,
HNEMC K > CTHREN Sy T OBGEB NI 72 0, WRIEAR GG FL 2N O E A M2
THOMERPERT DL LI, A L X —{2 L0 MR & WaE A b & OfbFHs
BOERPMEESNHT-DOEZZ HILTND.

FERA~OF /7 ESEEEOBMINET 4 v FEE AW 70 v FEORIR %X 4.6 1257
ToOE T, EHREORWEE CAR L AEIR ZER T 5. kI, EEEE SR T 5
FER 2 ORI L CREICKE L, AT v /e —4 THRETHBEIAT— 12
LY, —EEETT A AT EFBBRTICETSYE, T4 A7 0% HHRERKICR L
LIAT, RIESEDZ LR T 4 A7 RN LRI E BT D, WM &
W, T4 AT O E BITEENLEEL, T 4 A7 RENITEFREME O EVE A5 1
DHPFESNVERZ LT H. ZOHIETIE, BROBELHE LT HELZRES L2 &
(&0, 0.1 nm A —F DORFEZHEPER BT 5 Z ERRETH D, AL LT 203
& Zdol4000 D ¥EEIZ I hydrofluoroether: HFE-7200 %, Tetraol M ¥ EZ 1T Vertrel XF % fifi F

L7-. % 4.2 |2 HFE-7200 £ X O* Vertrel XF D% % 79,

(a) Lubricant Molecule in bulk state (b) Lubricant Molecules in thin film on the substrate.

Lubricant molecule
2R Polar end group

™ Substrate

Fig. 4.5 Conformation of lubricant molecules (a) in bulk state and (b) thin film on the
substrate.
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Lubricant solution

Fig. 4.6 Schematic of dip coating method.

Table. 4.2 Properties of HFE-7200 and Vertrel XF.

Properties Units |HFE-7200 (C4FoOC,H5s)|Vertrel XF (C, H,F 1)
Boiling point temperature C 76 55
Freezing point
C -138 -80
temperature
Vapor pressure MPa 0.0160 0.0301
Density kg, ‘m’ 1430 1580
Viscosity Pa-s 5.7x10™ 6.7x10™
Surface tension mN, m 13.6 14.1
Aqueous solubility ppm(Wt) 20 140
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Table. 4.3 Thickness and bonding ratios of samples.

Sample 1 | Sample 2 | Sample 3 | Sample4 | Sample 5
Type of lubricant 703 Zdol4000 | Zdol4000 | Zdol4000 Tetraol
Thickness, h [nm] 2.2 2.0 2.0 1.8 1.9
Bond ratio, b (0 - 1.0) 0 0.2 0.5 1.0 0.3

ARETITEIEIEZ AR T D 0 OEE S AENEIZ B 2 D B2 AT 52 L2 BN L
LTWa., ZO7®ll, K43 THEEOT ) EIEEEAER L. BRI TH
2nm &7 5 KO ICHHEE L7, Sample 113 203 OB CTH Y, BEESFITER SR
IR FERIF0 & 72 % . Sample 2~4 (L, {HIHAIILF U Zdol4000 T % 1378 o RPN D .
Sample 2 [TBEZICEIRICTEES FEAERL ST HDOTHY, A RET02 ThoT-.
Sample 3 |$&BEE% 2 90°C T 47 REF OINEVLEE 24T\, AR F¥E% 0.5 & L7-. Sample 4 1%
120°C T 48 W OMBLFL DRI Y o AL 24TV, KBV F 23N THRELA S FE 1.0
& L7z, Sample 51, A F8#HOFARIIZ 2 D7D OH K% D72 HIZ Zdol4000 LV & 551
I AAEH DRV Tetraol DIEIEIL TH U, MESLBLIATORNSTRAR Y R 03 TH
572, Sample 1~5 {22V, RIIZIE 25 IS LOFNEIC X 0 5O RIE 217 -
7o F7o, WO OITENEEA S STV R WERT « A7 RS HE L, EEAIN

b D% E LERROFNETHE T 72

4.3 REREHLFIE

K77 AN—=Ta—7 L LTI, oimiiEE 8 um, B 42 mm, (XHREL 26.7 N/m,
A REIE 5.03 kHz O b D& VT, EBRFIEE LTI, EFH 32 i TR~ FIETT 1

—7 DL )BT LRBEREDOFATEORE 21T -7, RIZ, To—7 LB
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WRBIZEBWT, —EOEEL L REH T n—7 ONMREZ B L. IRER & NiER
IR TOREICB N TZENLIL 1000 Hz, 25nmm & L7z, 72 —7 ONHE AR Lz E
FREEZBH LI AT U2 HNT—EEE 2 nm/s T r—7 LR ORI % 5k
IME LTz, 7 e — 71350k & i L TR iREE (B L w 9 YR EE; no contact) 7> 5 AR FEAR
EOMBIEOZE L 5 B3 24008 (IR L ¢ 5 BYRAE; lubricant contact) Z#%C, [
Hobi & el ([ (RBAIIRAE; solod contact) % BHAAT 2. ZOMO T 17— 7 SEEOIRBIZ DU
T, IMRIEENEI Sy OHRIE & ALA, 38 K OV ARBE AR 2 M 3 2 72 O B A IR Eh E 2
W2 ME Lz, 2S5 &RV TR U —E#E 2 nm/s T r—7 56l & bk & DRt %
GIZEEL7-. T7b b7 o —7 X EREMIREE NS, IR L O ENREEZRTE LY
BRABICE D, ZOBBRIZBWTH RS, 7'v—7 %O IRE O N IR EL 55 O I=E
B L O, BEAREES S OBIEZRE L. L EOREIZBNT, T u—7 %R EHS
Pa SE LA SRR L KO, Sl EMTRREASIBRR L IE5Z e L35, ZoMiE
FRIZIBWTHIE L7 IRIEZ L L ARG, 24 B TR K51, Fu—7 5% & &
B & DINTITET D R IR v A O R PE & B 32

R DFINC 7z - TUE, IR L ¢ 5 BRREE & 72 2 BRI A & WE RS R S [RE T
HLENRD D, BN 0 L7258, b b ERBERLSILE 3.3.5.cHEICR 72 5k

S A IRBN 5y DIRIE OMERE RN D RIET 5. SO\ T m—7 LA
fih 2 BRIAT DR &, SIEERRRICR T v —7 LB EN E2ICHN I L v 5 BkEEIC
BATT 2BHIT & b IMIRIRENE L 77 DHRIE & AR D2 B LTIk~ % FE TR
E L. BTy e —7 MBS Bl A BT 5 &, Lo 8% 5 1 MBI Rs
BMENEIC LV, 7 e — T OIREOIRERIG T L S HICAAHENITERT 2. 72720
BRI REHPEIRE DY, 71— 7 Jelin ORBYNC & L T2 OIREMBIE & A D & B 52k b
U\ SEB 2 I IR ORI AT 2. b b, IR Z ORFIEIZ BN T

Ve SBL 22 5, 70— ZIRBIOMARZACICBRE ST 5. —07, e SRR 72
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BaiX, IREREA(LIC K VBURIZEET 5. Len-> T, BREOF/MEIZH L T r—
TIREOWIBOWA, & L NAHENOHRMIZ LD TR SN ZKREEZ, Yr—7LH
IR il 2 BAG 3 DR & B LTz, AR TIEZ O % % v F 4 U UKilfhg & L5
0 BEICE, M4.T@IEAITRT L0, e —7 LRSS TV D & x
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Fig. 4.7 Schematic to explain how (a) touch-down and (b) take-off gaps were determined.
The touch-down gap was the point where the decrease of probe amplitude or the phase
shift firstly exceeded the noise level during the gap decrease. In contrast, the take off-gap
was the point where both the amplitude and the phase shift agreed with their constant
values within the difference of noise level during the gap increase.
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Fig. 4.8 Probe amplitude, phase shift, and normalized resonant component measured with

oscillation amplitude of 25 nm with no-lubricated magnetic disk in (a) approaching and

(b) separating processes.
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Fig. 4.9 Probe amplitude, phase shift, and normalized resonant component measured with

oscillation amplitude of 25 nm with Zdol4000-lubricated magnetic disk with bonding ratio

of 0.2 in (a) approaching and (b) separating processes.
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Fig. 4.10 Probe amplitude, phase shift, and normalized resonant component measured
with oscillation amplitude of 25 nm with Zdol4000-lubricated magnetic disk with bonding
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Fig. 4.11 Probe amplitude, phase shift, and normalized resonant component measured
with oscillation amplitude of 25 nm with Zdol4000-lubricated magnetic disk with bonding
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Fig. 4.12 Probe amplitude, phase shift, and normalized resonant component measured

with oscillation amplitude of 25 nm with Z03-lubricated magnetic disk (a) approaching

and (b) separating processes.
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Fig. 4.13 Probe amplitude, phase shift, and normalized resonant component measured

with oscillation amplitude of 25 nm with Tetraol-lubricated magnetic disk in (a)

approaching and (b) separating processes.
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Table. 4.4 Touch-down gap and take-off gap.

Lubricant 703 Zdol4000 Zdol4000 Zdol4000 Tetraol
Thickness, h_ [nm] 2.2 2.0 2.0 1.8 1.9
Bond ratio, b (0 - 1.0) 0 0.2 0.5 1.0 0.3
Touch-down gap, hq [nm] 3.9 2.0 1.6 2.1 1.6
Take-off gap, h¢ [nm] 170 11.1 8.4 1.9 1.9
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(a) Approaching process

Z03 (Only mobile molecules)
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Attractive force from the probe is equivalent to that from the disk.

Zdol (Mobile and bonded molecules) & Zdol (Only bonded molecules) & Tetraol
(Mobile and bonded molecules)

Before contact Lo X .
No liquid bridge Solid contact
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Interaction with disk surface is much larger than attractive force form the probe tip.

(b) Separating process
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Fig. 4.14 Schematic of configuration of lubricant molecules between the probe tip and the

substrate in (a) approaching and (b) separating processes.
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Fig. 4.15 Comparison between experimental result and contact time regarding the
relationship between probe to sample gap and damping coefficient with
Zdol4000-lubricated magnetic disk with bonding ratio of 0.2.

Fig. 4.16 Schematic of breakage of liquid meniscus bridge®.

134



W={ Rsin g T
1-sin(6, + @)
4émﬂ@—¢%%@m%@—@—{z—géiﬁ+%ﬁnﬂ@—¢0} (4.4)

—%mﬁa—cm¢fa—cm¢)

ZIT, AMERIZBWT FRORR E R AT —TOMBEIZT T A THY, FEFIZTHIEH
BN, E2 FNTERICENDIEIE L B2 5N DT, #MA0,, O\ Thb

0 LIEBITE D, ZOLE, Vg, Vols X ORIT 2 BRI BN ne T KA TR S 1L

5.
Vg = ;{_R sin ¢ T X{é_z} (4.5)
l-sing 3 2
. 3
Vy = 7{%} x{2 cos¢—%cos3 ¢—2(%+§—%sin 2¢j}—%ﬂR3(l—cos¢)2(2—cos ?) (4.6)
h _ Rsing “4.7)

max = 1—sing

AWFROERFZTIX, 7 u—7 LEBROEAE Z ZBREIXT ) A — MLV A—F OfEEk
ThDb. —F, 7e—T0REERERIISumE ~ A 7/ 0 A — LA —=FThHHZ Lk, K
@47 L VsinglTFB L% 0.001 & 1R LTHo/hIVWERBESbND. 22T, fHEOD
2, oI/ E L, sing=¢, sin2¢=2¢, cosp=1 & T 25 & X@.6)FMEI S kD L

IcVee M LA TRIE SN D.

Ve -, :,{ET 22 (48)
1—4| 13 2

K(4.6)(4.7)(4.8) & @4 2)ITHRAT D LIRANE LD,

135



Vi =Vg +Vy = 270" x{g——} oc hd oy (4.9)
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DIEEZh, JEHEEZd &9 5 &, T r—7 & OBMEICE £ DB 1 O RVgl3 ik

ATERSND.

Vag =2arcd hp (4.10)
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Lubricant film

Fig. 4.17 Schematic of flow of lubricant molecule into contact area.
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Vagoch oct? (4.11)
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Fig. 4.18 Relationship between contact time and take-off gap measured by experimental

results.
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Fig. 4.19 Relative viscosity and relative elasticity of Zdol4000 with bonding ratio of 0.2 (a)

in approaching process at h < 2.0 nm and (b) in separating process at h < 11.1 nm.
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Fig. 4.20 Relative viscosity and relative elasticity of Zdol4000 with bonding ratio of 0.5 (a)

in approaching process at h < 1.6 nm and (b) in separating process at h < 8.4 nm.
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Fig. 4.21 Relative viscosity and relative elasticity of Zdol4000 with bonding ratio of 1.0 (a)
in approaching process at h < 2.1 nm and (b) in separating process at h < 1.9nm.
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Fig. 4.22 Relative viscosity and relative elasticity of Z03 (a) in approaching process at h <
3.9 nm and (b) in separating process at h <170 nm.
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(a) Approaching process (b) Separating process
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Fig. 4.23 Relative viscosity and relative elasticity of Tetraol (a) in approaching process at h

< 1.6 nm and (b) in separating process at h < 1.9 nm.
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(a) Approaching process (b) Separating process
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Fig. 5.1 Probe amplitude, phase shift, and normalized resonant component measured with
oscillation amplitude of 50 nm with Z03 in (a) approaching and (b) separating processes.
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Fig. 5.2 Probe amplitude, phase shift, and normalized resonant component measured with
oscillation amplitude of 25 nm with Z03 in (a) approaching and (b) separating processes.
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Fig. 5.3 Probe amplitude, phase shift, and normalized resonant component measured with
oscillation amplitude of 17.5 nm with Z03 in (a) approaching and (b) separating processes.
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Fig. 5.4 Probe amplitude, phase shift, and normalized resonant component measured with
oscillation amplitude of 10 nm with Z03 in (a) approaching and (b) separating processes.
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Fig. 5.5 Probe amplitude, phase shift, and normalized resonant component measured with

oscillation amplitude of 5 nm with Z03 in (a) approaching and (b) separating processes.
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Fig. 5.6 Relationship between gap and calculated damping coefficient, ¢ and elastic

coefficient ks with oscillation amplitude of 50 nm with Z03 in (a) approaching and (b)

separating processes.

150



(a) Approaching process

8

6

4

coefficient, ¢ uNs/m

Damping

(=}

coefficient, k. pN/m

Elastic

'
[\

T T T T T
: : g
' »
SN N 1 Z
‘opPo . =
10010 5 of -
IR =R i S Noise level B <10
' ! ! o
: PP o0 5
L : r_o® 4 £5
: . . & =
| | o 0O © £
E | : 000 0 o Oo %o po9 £ 8
: i ! I of _© 1
i Z
Noise level =
5 2 3
; oL P 6 00 ° 0® 3
(RO 1 0 o0 1 o° > o0 o B
\ i ] i 500 & p=g o)
e ole o Go° 0o £%
| | | | © m
K ¢ = e
0 2 4 6 8 10
Probe to sample gap, h nm

[S>3
=1

—_
wn

W

(=X}

(=]

(b) Separating process

Noise level

<)
o
S

80
Probe to sample gap, h

120

160 200

Fig. 5.7 Relationship between gap and calculated damping coefficient, ¢ and elastic

coefficient ks with oscillation amplitude of 25 nm with Z03 in (a) approaching and (b)

separating processes.
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Fig. 5.11 Relationship between shear rate and damping coefficient, c;, in (a) approaching
and (b) separating processes. Both in (a) and (b), damping coefficient decreased
exponentially at every gap width. These results indicate the shear thinning behavior of Z03
films on the magnetic disk surface.
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